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Preface 

Since publication of the Sodium- NaK Supplement to the Liquid Metals Handbook in 1955, liquid metal 
technology has expanded in depth, in spectra, and in the size of equipment that has been developed. Even 
so, further expansion is needed to satisfy the requirements of the Liquid Metals Fast Breeder Program. 
Reliable components, with engineering capabilities up to an order of magnitude greater than those 
developed to date, are required, an expansion of capability beyond the mere extrapolation of laboratory 
devices. 

The capability increase now demanded renders the admonition contained in the Foreword to the 1955 
supplement that only test will demonstrate satisfactory performance of a component constructed for an 
advanced technology as vital now as it was in 1955. Testing alone can demonstrate that all facets of sound 
engineering have been incorporated into the design and manufacture of the final product. 

Through the technology described in this Sodium-NaK Engineering Handbook, it is hoped that 
designers will have a basis for freeing their imaginations from the bonds of small-scale experience and create 
systems and components which incorporate the lessons of the past into the industrial requirements of the 
future. 

V 

Robert W. Dickinson, Director 
Liquid Metal Engineering Center 





Editor's Preface 

This handbook, comprised of five volumes, is intended for use by present and future designers in the Liquid 
Metals Fast Breeder Reactor (LMFBR) Program and by the engineering and scientific community 
performing other type investigation and experimentation requiring high-temperature sodium and NaK 
technology. The arrangement of subject matter progresses from a technological discussion of sodium and 
sodium-potassium alloy (NaK) to discussions of various categories and uses of hardware in sodium and 
NaK systems. 

Emphasis is placed on sodium and NaK as heat-transport media; other applications of these metals are 
treated in the final volume. Several thousand documents were reviewed in accumulating and compiling 
information; those believed to be most valuable are cited as references. 

Sufficient detail is included for basic understanding of sodium and NaK technology and of technical 
aspects of sodium and NaK components and instrument systems. Information presented is considered 
adequate for use in feasibility studies and conceptual design, sizing components and systems, developing 
preliminary component and system descriptions, identifying technological limitations and problem areas, 
and defining basic constraints and parameters. Preparation of a finished design, however, will require more 
extensive research into the reference literature. 

The handbook includes the work of some 50 contributors; the efforts of each were coordinated to 
facilitate an end product with a common theme, each part consistent in perspective with the whole, but 
considerable individual license was permitted in presentation of that material. Therefore each volume and 
chapter reflects the style of its author and, to this extent, differs from other volumes and chapters. 

In many instances, the data from various sources were in conflict and the authors had no basis for 
selecting those which were most valid. In such instances explanations and references are supplied in 
sufficient detail to permit the reader to perform independent research. Attention is invited to the existence 
of the Liquid Metals Information Center, located at the Liquid Metal Engineering Center, as a continuing 
source of current information. 

0. J. Foust 

v ii 



Note to Reader 

The reader is advised that, although the publication of this volume is in the late 1970's, the material in it 
was written in 1968. Although most of the information is still valid and useful, on certain topics the 
material is appreciably out of date. Therefore more recent publications should be consulted for the 
current status of some topics. 
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Chapter 1 
Purification 

R. B. HINZE 

1-1 INTRODUCTION 

The performance of a liquid-metal 
heat-transfer system can be seriously 
impaired by the presence of impurities 
in the coolant. Impurities can cause 
plugging, which interferes with coolant 
flow, and also detrimental changes in 
the properties of structural materials 
used to contain the liquid metal. 
Hence impurity concentration must be 
controlled. 

Many impurities are controlled by 
procurement specification and by ex-
clusion of the impurity from the liquid-
metal system. For certain impurities 
(e.g., oxygen) this is impractical. 
In these cases puri~ication-process 
equipment in the heat-transfer system 
is used to control impurity concen-
tration. 

Purification is an important part 
of the successful design and utiliza-
tion of a sodium or NaK heat-transfer 
system. Purification considerations 
must be an integral part of the en-
gineering effort beginning with concep-
tual design and continuing through 
piping and component manufacture and 
installation, plant start-up, and op-
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eration of the heat-transfer system. 
In this chapter significant im-

purities and their sources are iden-
tified. The effects of impurities on 
heat-transfer systems are briefly re-
viewed to emphasize the necessity for 
sodium purification. General guidance 
is presented for the preparation of 
sodium purity requirements for par-
ticular applications. 

Chemical and physical principles of 
the various purification methods are 
reviewed. The concept of saturation 
temperature is discussed, and the rela-
tion of saturation temperature to 
plugging temperature is noted. Theim-
portant historical fact that almost all 
impurity experience has been based on 
plugging temperature observations, 
rather than on results of chemical 
analysis for specific impurities, is 
stressed. The significance of this 
fact and the need to be aware of the ap-
plicable impurity solubility relation 
in interpretation of the literature are 
discussed. The difference between 
three of the existing relations for 
solubility of oxygen in sodium is 
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emphasized. 
Purification methods and equipment 

applicable to engineering- scale systems 
are described and discussed. Problems 
encountered with existing equipment are 
identified, and guidance in their so-
lution is presented. Finally, appli-
cation of these methods and equipment to 
sodium heat-transfer systems is out-
lined. 

Purification principles and general 
information reported for sodium are 
also applicable to NaK unless other-
wise noted. 

1-2 IMPURITIES 

Impurities in the sodium or NaK used 
in a heat-transfer system, in either a 
nuclear or a nonradioactive environment, 
can have deleterious effects on the per-
formance and reliability of the heat-
transfer system and, in some cases, on 
other systems (e.g., the neutron bal-
ance in a reactor). Impurities can be 
present as contaminants in manufactured 
sodium or as the result of contact with 
other materials (including gases) 
during storage, handling, and use of the 
liquid metal. Impurity sources are dis-
cussed in Sec. 1-2.1. 

Certain impurity effects are of con-
cern in any heat-transfer system, 
whether nuclear or nonnuclear. Oxygen, 
carbon, hydrogen and nitrogen can con-
tribute to metallurgical changes in 
structural members and fuel-element 
cladding that affect performance, ser-
vice life and reliability. Contami-
nation with oxygen, carbon, hydrogen, 
and calcium can result in the forma-
tion of compounds that precipitate in 
sodium. These precipitates can collect, 
forming plugs that interfere with 
normal coolant flow, and can prevent 
the satisfactory operation of mechanical 
devices submerged in the liquid metal. 
The effect of sodium oxide precipitation 
on heat-transfer surfaces is discussed 
in Vol. II, Sec. 2-15.3. Corrosion 
products and certain miscellaneous im-
purities also may require control. 

HINZE 

Nuclear effects must be considered 
when liquid metals are used to cool 
reactors. The possible effect of car-
bon and hydrogen on the neutron-
moderation process in the reactor core 
should be evaluated. The concentration 
of neutron-absorbing elements and 
fission products in the coolant may re-
quire control. 

Inert gases, such as helium and 
argon, dissolved or entrained in sodium 
might be considered impurities. Gases 
can collect in a system and affect 
coolant-flow distribution and hence the 
performance of heat-transfer surfaces. 
Gas bubbles passing through a nuclear 
core can cause reactor period pertur-
bations if the reactor void coeffi-
cient is significant. Heat- transfer 
effects are noted in Vol. II, Sec. 
2-15.2. Argon- gas transfer from the 
free surface of NaK in a surge tank to 
other places in a piping loop has been 
reported [l]; the transfer resulted 
from the differential temperature solu-
bility of argon in NaK. Problems of 
this nature arising from the presence 
of gas in the liquid metal are con-
sidered system design problems; so-
lutions to these problems are not dis-
cussed here. 

1-2.1 Sources 

Common sources of impurities are 
summarized in Table 1.1. 

Possible additional sources of carbon 
are: 

1. Cutting fluids swept in from im-
properly cleaned gas lines. 

2. Leakage of organic lubricants in 
pumps. 

3. Leakage of organic service 
coolant, if such a coolant is used. 

4. Decarburization of pipe or other 
structural materials, e.g., ferritic 
steel. 

5. Graphite in or adjacent to the 
core. 
Hydrocarbons in items 1 to 3 are also 
sources of hydrogen. Hydrogen is re-
leased by the decomposition of zirconium 
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TABLE 1.1 - Impurity Sources 

Source Impurity 

Impurity in manufactured sodium 

Added during shipping§ and precharge 
handling 

Oxygen, carbon,* hydrogen, nitrogen, 
calcium,t neutron- absorbing ele~~ntsl 

Oxygen,~ carbon,~,** hydrogen, ~,ii 

Contamination on surface of as-
installed piping or components 

Impurities in purge and cover gas 

Air in-leakage through seals or 
during fuel-handling, main-
tenance, and repair operations 

Decomposition of organic compounds 
that may enter the system 

Decomposition of water that may 
enter the system 

nitrogen 
Oxygen,## carbon, hydrogen,## neutron-

absorbing elements 
Oxygen, carbon,§§ hydrogen,tt nitrogen 

Oxygen, carbon,§§ hydrogen,tt nitrogen 

Carbon, hydrogen 

Oxygen, hydrogen 

*carbon is derived from the graphite electrodes used in the fused-salt 
·electrolytic manufacturing process. 

tcalcium is present in manufactured sodium as a result of calcium chloride 
additions used to reduce the melting point of molten sodium chloride in the elec-
trolytic cell. The removal of calcium to low levels (10 to 20 ppm) represents the 
major difference between commercial- and reactor- grade sodium. If enough oxygen 
is available in the sodium to react (e.g., in a charge tank) with all the calcium 
present, all the calcium can be oxidized to form insoluble calcium oxide. Calcium 
oxide can be removed by filtration prior to charging the sodium to the system. 
However, if the specified or inherent oxygen content is low, this technique will 
not remove all the calcium. Consequently it is important to specify a low calcium 
concentration when the oxygen content will be low, e.g., in tank car or drum ship-
ment as opposed to sodium received in brick form. 

#Neutron- absorbing elements include both neutron poisons and elements whose 
neutron- activation products pose potential accessibility problems [2]. 

§A residual "heel" of approximately 1000 lb of sodium remains in tank cars 
after unloading. This residual sodium is not normally removed if the car is to 
be used to transport commercial-grade sodium. Consequently impurities from 
several shipments can accumulate in the heel. When reactor-grade sodium is to be 
shipped, the heel normally is removed so that sodium unloaded from the car will 
meet the purity requirements of reactor-grade sodium. 

~Atmospheric contaminants are more prevalent in brick sodium than in sodium cast 
in drums or delivered in tank cars because of relative exposure to air during 
handling. 

**Carbon is derived from organic film on container walls. 
ttHydrogen is in the form of water vapor. 
fiOxygen and hydrogen are in the form of liquid water. 
~6Carbon is in the form of oxides of carbon. 
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hydride in reactors containing 
this compound as a moderator material. 
It is possible that nitrogen can enter 
a system by diffusion through austen~ 
itic-stainless-steel piping walls at 
1100 to 1200°F [3]. It has been pos-
tulated that hydrogen formed on the 
water side of steam generators diffuses 
through tube walls and enters secondary-
system sodium [4]. 

Improper or careless precleaning of 
the system can result in residual dirt, 
grease or oil, metal chips, weld slag, 
surface oxides, moisture, etc., which 
can be major sources of contamination, 
contributing to the oxygen, hydrogen, 
carbon,and insolubles content of the 
sodium. Precleaning methods are dis-
cussed in Vol. IV, Chap. 4, and in Ref. 
5; even with the use of good pre-
cleaning methods, however, there will 
be some residual-metal surface oxides 
and adsorbed gases. Although occur-
rences are rare, foreign materials 
other than water and the organic com-
pounds noted in Table 1.1 can be in-
advertently introduced into sodium sys-
tems during operation or maintenance 
(e.g., lead shot, calcium carbonate, 
or other materials normally used to 
control liquid-metal fires outside 
piping systems). 

Despite the use of clad fuel el-
ements, reactor coolant systems become 
contaminated with fission products as 
a result of minor cladding defects and 
cracks or other failures. The use of 
open (vented) fuel elements, which is 
being considered for the liquid-metal 
fast breeder reactor (LMFBR), would 
result in an increase of orders of 
magnitude in fission-product concen-
tration in the coolant. 

Corrosion products are present in 
liquid-metal systems operating at tem-
peratures of interest for electrical 
power generation [2]; i,e., above 
700°F. Concentration of corrosion 
products in the coolant are quite small 
because these products are deposited 
at locations in the system where their 
chemical activity is less than at the 
corrosion site. 
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1-2. 2 Effects 

(a) Plugging 
Mechanical difficulties are caused by 

excessive amounts of oxygen and other 
elements that have decreased solubility 
at low temperatures. Sodium compounds 
of these elements, e.g., sodium oxide 
and sodium hydride, precipitate as 
solids and deposit whenever the tempera-
ture is less than the saturation tem-
perature for the compound. (Defini-
tions and usage of the terms "satu-
ration temperature" and "plugging tem-
perature" are noted in Sec. 1-3.1.) 
Formation of these deposits can impede 
coolant flow and interfere with the 
operation of mechanical devices sub-
merged in sodium. The consequences of 
such plugging must be carefully con-
sidered in the design of the system and 
in maintenance of system-coolant 
purity. 

Experience with operating reactors 
and with nonnuclear test facilities 
containing normal sodium-piping design 
features demonstrated that maintenance 
of a saturation temperature of 300°F 
or less as determined by a plugging 
meter is adequate to prevent oxide and 
hydride plugging [6]. An example of 
such a sodium-piping feature is the 
location of the first block valve in 
a branch line close to the mainstream 
tee so that the temperature at the 
block valve exceeds saturation tempera-
ture. Another example is the provision 
of controlled electric heaters on an 
instrument-connecting pipe to maintain 
temperature greater than the saturation 
temperature. 

Plugging can also be caused by ox-
ides of elements that can reduce sodium 
oxide, e.g., calcium oxide and magnesium 
oxide [7]. Hydrocarbons in contact 
with sodium form residues that can con-
tribute to plugging [8]. Other insol-
uble matter, notably metal chips and 
weld slag, can cause plugging. 

Large quantities of mercury, more 
than 30 at.%, can cause plugging through 
the formation of intennetallic compounds 
with melting points higher than sodium 
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(see Vol. I, Fig. 2.25). 

(b) On Stainless and Ferritic 
Steels 

A brief introduction to the effects 
of sodium impurities on corrosion and 
mass transfer is given here and in Sec. 
l-2.2(c) to emphasize the significance 
of sodium impurities on these pro-
cesses. For more complete discussions, 
see Chap. 2 and Refs. 2 and 9. 

Oxygen affects the corrosion pro-
cesses and mass transfer of metallic 
elements [10, 11]. Decreasing the con-
centration of oxygen in sodium is the 
most effective means of controlling 
mass transfer of metallic elements 
at a given temperature. 

Influence of oxygen on the behavior 
of carbon in sodium (on solubility of 
carbon in sodium and on carbon trans-
fer in sodium systems) has been sum-
marized [6]. Chemical reactions be-
tween carbon and oxygen reportedly 
play a role in carbon transfer in so-
dium systems [12]. The role of carbon 
in sodium was under study in 1969, in-
cluding attempts to identify particular 
forms or compounds of carbon causing 
carburization. Consequently earlier 
concepts and data are being challenged 
and must be reevaluated for validity 
and applicability using recent infor-
mation. 

Carburization of materials is the 
most significant effect of carbon in 
sodium systems. Two types of carbu-
rization, grain boundary and volume, 
have been observed in 304 stainless 
steel exposed to sodium containing 
carbon [13]. Grain-boundary car-
burization appears to have little or 
no effect on mechanical properties; 
however, the brittle case formed by 
volume (bulk) carburization can pro-
duce two characteristic effects on 
mechanical properties, depending on 
the ratio of case depth to section 
thickness. Relatively thin carburized 
layers cause weakening of the section, 
when plastically strained, by cracking 
of the case; yet, under fatigue and 
stress-rupture testing of smooth and 
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notched specimens, the cracks seem to 
have no tendency to propagate in the 
ductile base material [13]. The 
strength of members with thin carbu-
rized layers is reduced proportionally 
to the reduction in effective cross-
sectional area resisting load. Car-
burized specimens with relatively high 
ratios of case depth to section thick-
ness exhibit higher strength (under 
steady loads) and lower ductility than 
uncarburized material. When the case 
is thick, the carburized material is 
stronger than the uncarburized section, 
but failure can occur at extremely low 
plastic deformation. When the case 
depth reaches approximately 10% of 
section thickness, the failure mode 
changes from ductile to brittle [14]. 

The opposite effect, decarburization 
of material, can also occur. This is a 
problem with ferritic steels in par-
ticular. Decarburization is accom-
panied by a loss in strength. 

The presence of nitrogen in sodium 
can cause nitriding of structural 
materials in the system [8] and can 
induce a susceptibility to cracking 
when materials are later exposed to 
relatively mild corrosive environments, 
e.g., moist air [15]. Nitriding results 
in an increase in the yield strength 
and flexural fatigue life and a marked 
decrease in the ultimate strength and 
ductility at temperatures up to 1000°F 
[16]. Calcium, and possibly carbon, 
acts as a carrier for nitrogen in so-
dium [6]. 

Austenitic stainless steels are in-
sensitive to hydrogen embrittlement 
under ordinary conditions [17]. 

(c) On Other Materials 
Oxide-film formation has a detri-

mental effect on the fatigue life of 
zirconium when stress exceeds the yield 
point. The surface oxide acts as a 
crack initiator in a fatigue situation. 
Because of the adherent nature of the 
oxide film, cracks that form in it 
propagate into the metal substrate and 
result in failure [18]. The mechanisms 
of corrosion of niobium and vanadium 
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are oxygen controlled [17]. The 
transfer of carbon and nitrogen from 
steel to refractory metals is suffi-
cient to alter the mechanical prop-
erties of the refractory metals. Ni-
triding of zirconium and niobium has 
been reported [19]. Hydrogen can 
cause low-temperature embrittlement of 
transition and refractory metals. 

(d) Other Effects 
Certain metals, particularly po-

tassium and mercury, are highly soluble 
in sodium. The thermal conductivity of 
sodium is sensitive to the presence of 
these impurities, decreasing signifi-
cantly (~1%) for values of potassium or 
mercury much greater than 1000 ppm. 
Since the desirably high heat-transfer 
coefficient for sodium is adversely 
affected by decreasing the thermal 
conductivity, it is desirable to limit 
potassium and mercury to values less 
than 1000 ppm [20]. 

The electrical conductivity of a 
mixture of sodium and impurities such 
as oxides is lower than the electrical 
conductivity of pure sodium. This 
effect has been reported to be approxi-
mately 0.01% change in resistivity per 
parts per million change in "oxygen 
concentration." However, the reported 
change in oxygen concentration was 
based on chemical analysis for total 
alkalinity (mercury-amalgamation tech-
nique). This method included hydride 
and hydroxide hydrogen, which were 
known to be present, as well as oxy-
gen. The result of this analysis, 
total alkalinity, was expressed as 
oxygen in sodium monoxide [21]. Hence 
the reported "oxygen concentration" 
did not reflect the concentration of 
oxygen actually present in the sodium. 

The concentration of elements having 
a significant neutron-absorption prob-
ability must be limited in thermal-
energy reactors for neutron-economy 
reasons. Sodium currently available 
commercially contains only a few im-
purities of this class (e.g., lithium 
and boron) which are of significance 
in a fast reactor. 

HINZE 

Provision for limiting the concen-
tration of elements with neutron-
activation products posing potential 
accessibility problems has been a 
feature of sodium procurement speci-
fications. Analysis of activity data 
on the Hallam Nuclear Power Facility 
(HNPF) sodium indicates that the so-
dium more than met the activation re-
quirement; in fact, it was very free 
of these impurities. In reactors that 
have experienced some fuel damage, 
activity due to fission products com-
pletely controls accessibility for 
maintenance in pipe galleries. From 
experience with commercially available 
sodium in reactors and from qualitative 
consideration of (1) anticipated 
ruptured-fuel-cladding operating criterion, 
(2) possible use of open (vented) fuel 
elements, (3) expected fuel-cladding 
corrosion-product deposition in piping, 
and (4) 22Na production, it was con-
cluded that activity contributions from 
neutron-activation products of original 
sodium impurities do not warrant a 
limitation on concentration of these 
impurities in a sodium purity speci-
fication [6]. 

1-2.3 Purity Requirements 

There is no general acceptance of 
any set of purity criteria applicable to 
sodium systems. Sodium or NaK purity re-
quirements must be established for each 
system with regard to temperature levels, 
service life, coolant velocity, and all 
the cladding, structural, and special 
(e.g., valve trim, bearing, seal) 
materials that will be in contact with 
the liquid metal. The effect of 
neutron-absorbing impurities on neutron 
economy is- a consideration for reactor 
core coolants. Some general guidance 
is presented for the use of those speci-
fying purity requirements for individual 
systems. 

Purity requirements from procurement 
specifications for four reactors and 
two other programs are presented in 
Table 1.2. Purification equipment was 
used at the reactors to improve purity 
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levels, principally of oxygen, attained 
by procurement specification. Simi-
larly, sodium used in the LMFBR clad-
ding program was conditioned in a 
purification loop prior to use in test 
rigs. Table 1.2 also gives the chemi-
cal analysis of sodium received at 
Experimental Breeder Reactor No. II 
(EBR-II), Enrico Fermi Atomic Power 
Plant (EFAPP), and HNPF. This sodium 
was purchased to the specifications 
summarized in the first part of the 
table. The final part of the table 
lists impurity values furnished by two 
vendors. One list is for reactor-
grade sodium, the other for commercial 
grade. The striking differences in 
these two lists are the concentrations 
of calcium and silicon. 

To supplement the as - received 
analyses given in Table 1.2, results 
of impurity analyses of sodium samples 
taken from EFAPP, Sodium Reactor Experi-
ment (SRE), and HNPF are presented in 
Table 1. 3. 

Suggested impurity limits for use in 
procurement specifications are pre-
sented in Table 1.4. This table is 
the result of a state-of-the-art review 
and is presented as a reference for 
those preparing sodium procurement 
specifications. The requirements 
listed have been met by vendors in the 
United States. However, if these 
vendors change their sources of raw 
materials or their manufacturing pro-
cesses, higher levels of certain im-
purities than now exist in their prod-
uct may result. The requirements in 
Table 1.4 can be used as a guide for 
evaluating the significances of any 
such changes. 

These requirements are considered 
conservative; not all need be included 
in each specification. For example, 
if sodium is to be used in a component 
test loop, where neutron absorption is 
of no importance, a neutron-absorption 
cross-section test need not be speci-
fied, and a higher concentration limit 
for lithium (i.e., 20 ppm) would be 
appropriate. Purity requirements 
should be specified to meet the par-

ticular needs of the system in which 
the sodium will be used. 

7 

Impurities can be arranged in two 
groups according to the means for con-
trolling impurity concentration. The 
first group includes those impurities 
whose concentration is limited by pro-
curement specification and by exclusion 
from the sodium system. The second 
group includes impurities for which 
purification process equipment is pro-
vided in the system. Most of the im-
purities listed in Table 1.4 are in 
the first group. Oxygen, carbon, hydro-
gen, and, in some instances, calcium 
comprise the second group. Limits on 
elements in the second group are in-
cluded in procurement specifications to: 

1. Simplify handling of the liquid 
metal during transport. 

2. Minimize preoperational purifi-
cation of new sodium at the user's site. 

Air cannot be totally excluded from 
large sodium systems that use cover 
gas, require maintenance, and have 
periodic changes of fuel. As noted in 
Sec. 1-2.1, air is a source of oxygen 
and hydrogen. In addition, the fuel 
in some reactors is a source of hydro-
gen (e.g., fuels containing zirconium 
hydride). Cold traps are usually pro-
vided in large sodium systems to con-
trol oxygen concentration; they simul-
taneously control the concentration of 
hydrogen. Hence oxygen and hydrogen 
belong in the second group of impurities. 

Carbon, which is also included in 
the second group, has been introduced 
inadvertently in some sodium systems. 
Carbon can also be present in sodium 
because of transport via sodium between 
sodium containment (cladding and struc-
tural) materials. Gettering equipment 
(hot traps) has been used for carbon 
removal and is sometimes installed as 
standby equipment. 

Calcium falls into the second group 
of impurities if purification at the 
plant site is required. In the United 
Kingdom sodium with calcium concen-
tration sufficiently low for use in 
reactors is not commercially available. 
It is the practice to purchase commercial 
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* TABLE 1.3 - Sodium Impurities in Reactors 

EFAPP 

Element + + 'ff-. 'ff-. 'ff-. 
.--i .--i co co co 'ff-. 

'° '° I.I") I.I") I.I") °' -... -... C'f') -... -... -... I.I") 
r--. .--i C""l '° I.I") '° N -... 
.--i C""l '° -... N .--i -... '° -... -... -... .--i -... -... 0 -... 
I.I") I.I") °' .--i ---t '° .--i N 

Aluminum 10 10 5 7 
Barium <10 <10 <10 <10 
Boron <2 <2 <5 <5 10 10 8 3 
Cadmium <l <l <l 2 
Calcium 20 7 150 50 10 <10 10 10 

Carbon 60 77 40 50 105 150 
Cesium 
Chromium 1 1 3 2 <5 5 <5 7 
Cobalt <2 <2 <l <1 <5 <5 <5 <5 
Copper 10 <5 5 15 

Indium <10 <10 
Iron 6 8 18 14 25 500 25 30 
Lead 5 2 10 10 
Lithium <l <1 <20 <20 <5 <5 <5 5 
Mercury 

Magnesium <10 <10 <10 <10 
Manganese <5 <5 <5 5 
Nickel <2 <2 1 <1 <5 <5 <5 <5 
Nitrogen 
Oxygen 

Phosphorus 
Potassium 160 100 75 400 75 300 
Rubidium 
Silicon 10 10 18 40 100 100 100 80 
Silver 0.5 0.5 2 5 1 1 

Strontium 
Sulfur <10 <10 
Tin 25 <2 5 <2 
Halogens 20 23 

SRE 

'ff-. 

°' N N 
I.I") '° N '° ---t -... -... '° -... '° N 0 -... 0 -... 
.--i C""l '° C'f') ---t -... -... -... -... -... 
---t r--. co °' ---t 

13 <5 25 <5 20 
<10 

2 <5 <5 10 10 
<1 <1 <l <5 <5 
40 75 300 200 50 

50 +32 to +10 

12 5 400 10 <5 
<5 <5 <5 <5 <25 
20 5 30 25 50 

50 10 600 10 50 
<10 40 10 10 15 

<5 <1 <1 <1 <1 

10 25 5 35 50 
<5 5 150 <5 <5 

100 <5 250 <5 10 

250 375 200 300 75 

300 5 25 50 200 
20 

5 <5 <5 <5 <5 

*Impurity concentrations are given in parts per million. 

tnata are from Ref. 23. 

#nata are from Ref. 27. 
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HNPF 

---t ---t 

'° '° -... -... 
.--i co 
C""l .--i -... -... 
I.I") °' 
50 5 

<10 <10 
<5 <l 
50 75 

to 

5 5 
<25 <25 

10 15 

200 25 
1 5 

<1 <1 

<5 5 
<l <1 

<10 5 

50 200 

300 75 

<5 <10 
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grade sodium and remove calcium 
at the reactor site, as discussed in 
Sec. l - 3.2(d). In the United States 
sodium usually is available with a 
calcium concentration sufficiently low 
for heat- transfer service. Hence 
calcium is usually considered a member 
of th·e first group of impurities. How-
ever, treatment for calcium removal may 
be required at the user's site if com-
mercial- grade sodium with a high cal-
cium concentration is purchased, or 
even with reactor-grade sodium if the 
ratio of calcium to oxygen concen-
trations exceeds the stoichiometric 
ratio (see notes, Tables 1.1 and 1.4). 
In this case calcium would be con-
sidered part of the second group of 
impurities. 

For oxygen, hydrogen, and carbon 
(impurities in the second group) there 
are no firm rules available upon which 
to establish system- operating purity 
criteria. General operating experience 
in reactors and test facilities indi-
cates that maintenance of sodium 
saturation temperature (as measured by 
plugging meters) at 300°F or less in 
sodium systems fabricated of austenitic 
stainless steel and operating at, or 
less than, 1000°F will control the 
concentration of oxygen and hydrogen at 
acceptable levels. 

At higher temperatures, the state 
of the art is not yet adequate to per-
mit determination of optimum levels of 
oxygen concentration for reactors. Re-
sults of a study [6] using empirical 
equations developed in the Sodium Mass 
Transfer program [10] indicated that 
an oxygen concentration corresponding 
to a saturation temperature of 300°F 
would lead to excessive fuel- cladding 
corrosion; i.e., degradation of cladding 
operating at 1300°F would require fuel 
replacement in less than three years. 
Extrapolations of the General Electric 
Company data [10] show a need for very 
low oxygen concentrations, e.g., 2 to 
5 ppm [6]. However, these low levels, 
calculated by extrapolating existing 
data, have not been verified by 
test. 

11 

Existing technology does not permit 
specification of acceptable levels of 
carbon in sodium. In fact, the par-
ticular species of carbon that cause 
carburization. have not been identified. 
Metal tabs made of cladding or struc-
tural material have been used ta moni-
tor the carburization potential of so-
dium by measuring change in carbon con-
centration in the tab resulting from 
exposure of the tab to high-temperature 
sodium. Some correlations of carbon 
content of metal specimens and mechan-
ical properties are available [28]. 
Sinizer and Pearson [14] used a maxi-
mum surface carbon content of 0.5% in 
304 stainless steel as the safe limiting 
criterion for operating the SRE at 
1000°F in 1962. However, this speci-
fication was based on the concept that 
surface carbon content of a specimen 
would rapidly reach some maximum equi~ 
librium value characteristic of the 
carburization potential of the sodium 
in contact with the specimen. This 
concept does not have general accep-
tance. Additional experimental work is 
required relating mechanical properties 
to carbon content of relatively thick 
structural sections as well as thin 
cladding material and relating carbon 
pickup by tabs in exposure of short 
duration to long-term carburization of 
sodium-system materials. 

When preparing specifications of 
oxygen and carbon impurity levels for 
particular high-temperature sodium sys-
tems, we should refer to results of 
LMFBR materials investigations being 
conducted at General Electric Company, 
Atomics International, and Mine Safety 
Appliances Co. These experimental re-
sults, and any others available, should 
be factored into the determination of 
sodium purity requirements. 

1-3 PURIFICATION METHODS 

Various purification methods and the 
equipment used to effect removal of im-
purities in engineering test loops and 
large sodium and NaK systems are dis -
cussed in this section. These include 
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TABLE 1.4 - Procurement Specification Guide 

Impurity limit Reason for limit, remarks 

.. 
C C C C C 
0 0 0 0 0 0 

•ri •ri •ri •ri Q) •ri 
,I..J ,I..J :>, ,I..J ,I..J :>, C H .. QJ ,I..J 

Impurity ctj ctj ..0 CJ ctj ..0 0 ::, ,-... bO CJ ..--I "\j ctj 
H H Q) H •ri ,I..J I= C C ro H "O 

§ ,I..J ,I..J "O r:n ,I..J "O ,I..J ctj ::, •ri Q) •ri r:n r:n ,I..J Q) 
C C Q) 1,-Q C QJ ct3 H I= ,I..J •ri ,I..J r:n Q) C ::> •r1 •r1 

I= Q) Q) ,I..J r:n QJ ,1..J H Q) •ri ct3 H C QJ bO QJ H CJ ,I..J ..--I ..--I H 
•ri CJ I= CJ •r1 r:n +J CJ •ri ::, o.. X H QJ Q) CJ C ...c: CJ Q) ::, C ctj ctj Q) 

X C 0.. i:: I= 0 U) i:: I= ,I..J I= ctj Q) 0.. ,I..J 0 ctj bO C r:n "O Q) ,I..J ...c: 
ctj 3 0 •ri H Q) 0 ·r1 ctj Q) I= o.. X 0 H ...C: •ri O ..0 Q) bO ..--I QJ ,I..J 

u ..--I CJ +J U ..--I 00 ,1..J'-" 0 Q) P-4 0.. CJ ::c: CJ 0 ctj <: I= 0 

Aluminum 10 X X 
Barium 10 X 
Boron X X X 
Cadmium X 
Calcium 10 X X X h 

Carbon 30 X i 
Cesium 5 X X 
Chromium 10 X X X 
Cobalt X 
Copper 5 X 

Hydrogen 400 j 
Indium X 
Iron 25 X X 
Lead 10 X X 

aimpurity concentrations are given in parts per million by weight. 
bcomposition limit is not set. Concentration is limited by requirement that 

the macroscopic cross section for the absorption of 2200 m/sec thermal neutrons 
shall not exceed 0.0146 cm2 /g. The use of this thermal neutron cross-section test 
in the procurement of sodium for either thermal or fast neutron reactors is dis-
cussed in Ref. 6. 

CSimilar limits have been used. There have been no apparent problems to date 
when sodium meeting these requirements was used in operating systems. 

dLimits were established to provide for possible changes in sodium raw-material 
sources of the manufacturer or for changes in proprietary manufacturing processes 
which could conceivably introduce significant quantities of impurities. 

eHigh concentration has been reported in commercial sodium. 
!These are elements thermodynamically capable of reducing sodium oxide at 

1200°F. 
hOther alkali metals that may be present due to chemical similarity. 

Calcium concentration of 10 ppm requires 4 ppm oxygen for a stoichiometric 
mixture to form calcium oxide. Oxygen concentration of 4 ppm is equivalent to a 
saturation temperature of 320°F (see Fig. 1.1), a saturation temperature believed 
typical of new sodium. If the inherent oxygen concentration in a batch of sodium 
is less than that required to form a stoichiometric mixture with the calcium 
actually present, additional oxygen would be required to react with the excess 
calcitpn present to effect removal, as discussed in Sec. l -3.2(d). 

~Procurement specification on total carbon concentration is set to limit any 
purification that may be required for a particular system. 

jProcurement specification is set to minimize plugging problems during handling. 
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TABLE 1.4 - Procurement Specification Guide (Continued) 

Impurity limit Reason for limi_t, remarks 

... 
C C C C C 
0 0 0 0 0 t) 0 

•r-i •r-i •r-i •r-i QJ •r-i 
.µ .µ :>--, .µ .µ >- C H ... QJ .µ 

Impurity cu cu ..a cJ cu .0 0 ::3,,....__ bO cJ ...--i cu 
H H QJ H •r-i .µ s C C cu H 'O bO s .µ .µ 'O CJ) .µ 'O .µ cu :::3 •r-i QJ •r-i C/l CJ) .µ QJ CC+-.. 

:::3 c~ C QJ I ....c::i C QJ cu H S .µ •r-i .µ CJ) Q) C ;;> ·r-i ·r-i s Q) Q) .µ CJ) QJ .µ H Q) •r-i cu H C Q) bO QJ H cJ .µ ...--i ...--i H 
•r-i cJ s cJ •r-i CJ) .µ cJ •r-i :::3 0-, :< H QJ Q) cJ C ..c: cJ Q) :::3 C cu cu Q) 

:< C 0-, C S o CJ) C S .µ s cu Q) 0.. .µ 0 CU bO C oo 'O Q) .!:G .µ ..c: 
cu 0 0-, 0 •r-i H Q) 0 •r-i CU Q) s 0.. :< 0 H ..C: ·r-i 0 ..a Q) 0.0 ...--i Q) .µ 

cJ u ...--i cJ .µ u ...--i CJ) .µ '--' 0 Q) P-- 0-, cJ ::c: cJ 0 iz cu < s 0 

Lithium 10 X X k 
Mercury 35 X 
Magnesium 10 X X 
Manganese X X X 
Nickel 10 X X 

Nitrogen 5 z 
Oxygen 400 j 
Phosphorus 20 X X X 
Potassium 200 X X X 
Rubidium 50 X 

Silicon 10 X X 
Silver X 
Strontium 10 X X 
Sulfur 30 X X 
Tin 10 X 
Halogens 20 m 

kA supplement to the thermal cross-section criterion is necessary. In the 
absence of other poisons, the 0.0146 cm 2 /g criterion would permit lithium con-
centrations up to 135 ppm. At a neutron energy of 250 kev, 6Li has a cross 
section (n,a reaction) of 3 barns. At the same energy, sodium has an absorption 
cross section of 0.7 mb. A lithium-absorption limit of 1% of the absorption in 
sodium at this energy is necessary to prevent this resonance-absorption peak of 
lithium from controlling neutron absorption in the sodium. This additional cri-
terion can be met by limiting the concentration of lithium to 10 ppm. 

ZTentative limit is recommended until additional information is available [6]. 
mHalogens are possible corrosive agents. 

precipitation methods using cold traps; 
chemical reaction methods using hot 
traps (solid getters) or soluble get-
ters; and filtration, settling,and 
centrifuging methods. Methods and 
equipment applicable only to the re-
search laboratory are not included. 

1-3.1 Precipitation 

The precipitation method, using cold 

traps, is the most widely used of sev-
eral liquid-sodium purification 
methods. Impurity removal by precipi-
tation utilizes the difference in solu-
bility of impurities in sodium at dif-
ferent temperatures. For example, 
when sodium is cooled, impurities such 
as oxygen and hydrogen precipitate as 
the sodium becomes saturated with the 
particular impurity. 

First, we shall review the process 



14 

and define terminology. A so-
lution can be defined as a homogeneous 
mixture of two or more substances. A 
saturated solution is a solution for 
which a state of equilibrium exists 
with undissolved solute. As an 
example, in a saturated solution of 
the solute oxygen in the solvent so-
dium, some oxygen must be present as 
a separate phase. In the sodium-oxygen 
system the second (or separate) phase 
is sodium oxide, present as solid par-
ticles. Because the solubility of 
oxygen in sodium has a positive tem-
perature dependence, the amount of 
oxygen that can be held in solution in-
creases with an increase in tempera-
ture. Solubilities of other sodium 
impurities, such as hydrogen, have a 
similar temperature dependence. For a 
given concentration of each of these 
impurities in solution, there is a 
finite temperature above which the 
solution is less than saturated (all th~ 
impurity present is in solution, and 
the mixture of the impurities and so-
dium is homogeneous). At or below 
this temperature, the solution is 
saturated (some of the impurity exists 
as a second phase, and the mixture 
is nonhomogeneous). This temperature 
is defined as the saturation tempera-
ture that, in the jargon of the indus-
try, is usually referred to as "plug-
ging temperature." In fact, plugging 
temperature is determined using an in-
strument called a plugging meter [29]. 
The measured plugging temperature may 
be at variance with the true satu-
ration temperature because of details 
of design and operation of the par-
ticular plugging meter used. 

Relations showing the solubility of 
oxygen in sodium are plotted in Fig. 
1.1. A solubility curve defines the 
saturation temperature corresponding 
to a given concentration of oxygen. 
Several different solubility curves 
have been used. The solubility re-
lation developed at Knolls Atomic Power 
Laboratory (KAPL) [30] has been used 
extensively, particularly in the 1950's. 
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Fig. 1.1 Solubility of oxygen in 
sodium. 

The two points marked "GE" in Fig. 1.1 
are from the KAPL curve. Experimental 
work on the Sodium Mass Transfer Pro-
gram (10] was conducted at two plugging 
temperatures, 290 and 450°F. The two 
GE points in Fig. 1.1 are the basis for 
the designation of 10 and 50 ppm, re-
spectively, as the oxygen concentrations 
from which the oxygen factor in the 
mass-transfer empirical equations was 
developed. Based on a review and evalu-
ation of available solubility data in 
1965, Claxton (31) recorrnnended the 
upper curve in Fig. 1.1. An evaluation 
[32] of solubility data in 1968, con-
sidering the recent data from Los Alamos 
Scientific Laboratory (LASL), resulted 
in the lower curve in Fig. 1.1, which 
is used at the Liquid Metals Engineering 
Center (LMEC). 
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Impurity experience, in general, has 
been based on plugging- temperature ob -
servations, not on impurity concentra-
tion determined by chemical analysis. 
Almost all corrosion, mass-transfer,and 
impurity- plugging experience has been 
directly related to plugging- tempera-
ture data (e.g., experience at the SRE 
and the General Electric Company mass-
transfer program) [10] because of: 

1. The relative ease of making 
plugging- temperature determinations. 

2. Sodium sampling problems. 
3. Lack of confidence in results 

of chemical analysis of impurities in 
sodium. 
The last two reasons are losing sig-
nificance as better methods are being 
developed in the LMFBR program. Oxy-
gen concentrations reported in the 
literature were usually derived from: 

1. Plugging-temperature data. 
2. The assumption that oxygen was 

the impurity giving the plugging meter 
indication. 

3. The use of a particular solu-
bility curve. 
Therefore, when using sodium literature, 
we must determine the basis for any 
oxygen (or other impurity) concentrations 
reported. If a plugging-temperature 
observation was the original data, 
the particular solubility curve used to 
translate plugging temperature to oxy-
gen concentration must be known to ap-
preciate the significance of the re-
ported concentration. 

There is another important point 
concerning the reporting of impurity 
concentrations. In the literature, 
reference is made to impurities both 
as elements (e.g., oxygen) and as the 
sodium compound of the element [e.g., 
sodium oxide (Na20)]. Consequently 
the possibility for confusion exists 
in the interpretation of trapping rates 
and trap capacity since 4 lb of sodium 
oxide contains approximately 1 lb of 
oxygen. 

The purity- control device in which 
the precipitation method is conducted 
is called a cold trap. Sodium is 
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cooled in this component, and the 
crystallization and collection of pre-
cipitates, such as sodium oxide and 
sodium hydride, take place. Precip-
itate collection involves one or more 
of the following processes and oper-
ations: crystal formation and reten-
tion on metal surfaces, filtration,and 
settling. The two types of cold traps, 
forced circulation (of sodium) and 
natural convection, are described in 
the following discussion. 

Generally, the state of the art is 
such that the design of purification 
equipment is chiefly empirical. This 
is particularly true of cold traps. 
Operation of cold traps in a number 
of loops and reactor systems has 
yielded a considerable amount of infor-
mation. Even so, no single design has 
a clearly demonstrated superiority. 
Existing cold-trap designs and perfor-
mance, with emphasis on problems en-
countered, are reviewed here to show 
the state of the art of large-scale 
trapping. Design and operating prob-
lems are also summarized, and results 
of investigations pointing to solutions 
of the problems are discussed. 

(a) Forced-Circulation Cold Traps 
Engineering- scale systems (those 

containing more than a few hundred 
pounds of sodium) normally use forced-
circulation cold traps. These traps 
can control saturation temperature in 
the 250 to 300°F range. This is equiv-
alent to a concentration of 1 to 3 ppm 
of oxygen in sodium by weight, using 
the LMEC solubility curve shown in 
Fig. 1.1. 

(1) Existing Trap Experience. Be-
ginning with the Submarine Inter-
mediate Reactor (SIR) program, forced-
circulation cold traps have been de-
veloped and evaluated, with primary 
emphasis on the control of oxygen con-
centration in sodium. 

Experience with six traps of various 
designs at KAPL [33] demonstrated that 
porous- metal filters were not suitable 
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because they plugged rapidly, blocking 
flow. Data from these experiments indi-
cated that a trap packed with steel 
wool removed sodium oxide and was less 
susceptible to plugging. 

SODIUM OUT 

SODIUM IN 
600 TO 750°F---

COOLANT OUT--
-1O50F 

COOLING AND 
CRYSTALLIZING 
TANK 

ECONOMIZER 

OUT SHELL SIDE 
-35O0F 
STAINLESS-STEEL 
WIRE PACKING 

COOLANT IN 
-100°F 

Fig. 1.2 Knolls Atomic Power Lab-
oratory cold trap. 

This led to development of the trap 
shown in Fig. 1.2. The crystallizer 
region of this cold trap is packed with 
knitted stainless-steel wire, 4 to 5 
mils in diameter, packed to a density 
of 20 lb/cu ft. This packing is a 
continuous strand of wire, chosen to 
prevent slivers of wire fiber from dis-
engaging and causing mechanical dif-
ficulties in the reactor system. This 
packing provides for the growth and 
support of sodium oxide crystals. The 
gross volume of the crystallizer is 
approximately 80 gal; this provides 
approximately 5 min retention in the 
trap at a sodium flow of 12 gpm. This 
optimum retention time was determined 
experimentally. An external cooling 
system using water or Dowtherm pro-
vides the cooling. NaK is used as a 
third fluid in the jacket to improve 
heat transfer from sodium to the ser-
vice coolant. A regenerative heat 
exchanger (economizer) is provided to 
transfer heat from the trap inlet to 
effluent sodium. Analysis of SIR 
plugging-temperature data when a trap 
of this type was in service indicated 
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that the cold-trap discharge was satu-
rated with oxygen at the lowest cold-
trap temperature, and hence the cold 
trap was operating at maximum effi-
ciency [7]. 

This same basic design was used for 
the EFAPP reactor cold trap. A sec-
tion of this 500-gal trap is shown in 
Fig. 1.3. The packing was 11-mil-
diameter stainless-steel woven wire. 
The trap was cooled with NaK. Maximum 
sodium flow rate was 100 gpm, but most 
of the 3700 hr of operation on the 
first trap used was at a 50-gpm flow 
rate. A gas space was provided so 
that a frozen trap could be thawed 
while isolated from the coolant system. 
Although still operable, this trap was 
replaced with a fresh trap prior to 
nuclear operations. Examination of 
the removed trap indicated that it 
contained an estimated 50 lb of oxy-
gen, 1 lb of carbon, and lesser 
amounts of hydrogen, nitrogen, and 
metallic impurities (34]. These im-
purities were concentrated in the 

· lower (inlet) third of the wire mesh. 
The cylinder containing the wire mesh 
had collapsed, possibly because ac-
cumulated sodium oxide in the mesh had 
allowed a pressure drop in excess of 1 

'psi to be applied across the wall. Ap-
parently performance was not impaired 
by deformation of this cylin9er. Op-
eration was succesful (34], but ser-
vice conditions were not severe (inlet 
sodium appears to have been saturated 
with oxygen only once for a short 
period in 1963). 

Cold traps of a design similar to 
the KAPL trap have performed satis-
factorily in the EBR-II. The primary 
cold trap is a 500-gal vessel filled 
with 304-stainless-steel-wire mesh 
(35]. Sodium saturation temperature 
was maintained at about 320°F or lower. 
The initial primary trap was in use 
until it was removed in June 1968. One 
secondary cold trap, smaller than the 
primary trap, plugged after collecting 
100 lb of sodium oxide during initial 
cleanup of the secondary system con-
taining 2 1/4 Cr-1 Mo piping. 
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Fig. 1.3 Enrico Fermi Atomic Power 
Plant primary cold trap. 

A second cold trap collected an esti-
mated 40 additional pounds of oxide [36]. 

Cold traps installed during construc-
tion of the SRE used boiling toluene 
(boiling point, 233°F) as a coolant; a 
diagram is shown in Fig. 1.4. The 
boiling-coolant trap with an econo-
mizer in the SRE main secondary (non-
radioactive) system, which contained 
15,000 lb of sodium, provided 18 months 
of satisfactory service. Operation of 
two of these cold-trap-economizer units 
in the 50,000-lb primary system was 
intermittent because of flow restric-
tions in the economizer. It was con-
cluded that cold traps with this type 
of economizer are not suitable for use 
when saturation temperature approaches 
bulk sodium temperature (the condition 
that often exists during initial or 
postmaintenance cleanup) because 
cooling occurring in the economizer 

...: 
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Fig. 1.4 Boiling-coolant cold trap. 

lowers incoming sodium temperature, 
thus causing precipitation and for-
mation of sodium oxide plugs in the 
economizer tube [37]. 

Effectiveness of a boiling-toluene-
cooled cold trap (operated without an 
economizer) in initial cleanup of the 
SRE primary system is shown graphically 
in Fig. 1.5; performance of this and 
other SRE traps is summarized in Table 
1.5. Subsequent to initial cleanup, 
an appreciable amount of oxygen entered 
the reactor during core maintenance. 
Shortly thereafter flow through this 
cold trap stopped because of sodium 
oxide plugging. Examination showed 
that most of the oxide had collected in 
the first 2 in. of the mesh [37]. This 
demonstrated the general tendency of a 
boiling-coolant trap to precipitate ox-
ide at the trap entrance as a result of 
the sharp temperature gradient existing 
at the inlet (jacket pressure was atmo-
spheric) and confirmed similar findings 
of the prototype testing program [38]. 
Such localized oxide deposition limits 
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TABLE 1.5 - SRE Cold-Trap Performance 

Trapping Rates 

Trap type 

Boiling coolant 
Forced-convection cooled 

Oxygen, 
trapping rate, 

lb/hr 

0.009 
0.02 

Trap Capacity 

Trap type 

Boiling-coolant trap at SRE 
Prototype trap (38] 
Forced-convection-cooled trap 

Cold-Trap Operating 

Parameter 

Boiling-coolant trap* 
Flow rate, gpm 
Temperature, OF 
Inlet 
Outlet 
Minimum 

Forced-convection-cooled trapt 
Flow rate, gpm 
Temperature, OF 
Inlet 
Outlet 
Minimum 

Oxygen, 
lb 

0.67 
1.35 
2.8 

Parameters 

Sodium 

5 

484 
400 
358 

32 

345 
305 
257 

Sodium oxide, 
lb 

2.6 
5.25 

10.8 

Organic 

Toluene 
0.8 

193 
234 

Tetralin 
24 

100 
141 

*The heat-transfer rate was 62,000 Btu/hr, and the overall 
heat-transfer coefficient was 35 Btu/(hr)(sq ft)(°F). 

fThe heat-transfer rate was 190,000 Btu/hr, and the overall 
heat-transfer coefficient was 94 Btu/(hr)(sq ft)(°F). 

HINZE 
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Fig. 1.5 Sodium Reactor Experiment 
cold-trap performance. o, boiling-
coolant trap. 6, forced- convection-
cooled trap. 

effective trapping volume and trap 
capacity. 

The SRE trap [37] was changed to a 
forced- convection single-phase coolant 
design, by the method of Bruggeman [7], 
to improve trap capacity and heat-
transfer capability. With this method 
of cooling, a temperature gradient is 
established along the heat-transfer 
wall, which prevents localized pre-
cipitation of oxide at the trap en-
trance. The sodium vessel of this trap, 
shown in Fig. 1.6, was 12-in. pipe; the 
inner tube was 6 in. in outside diam-
eter. Knitted wire mesh made of 
0.011-in.-diameter 304-stainless-steel 
wire had an apparent density of 24 
lb/cu ft. Mesh in the central tube 
was separated, and bypass tubes were 
installed to provide additional 
filtering area. The upper coil of 
mesh was of slightly smaller diameter 
than the vessel to permit the oxide 
slurry to pass over the top of the 
coil to the bypass tubes and also to 
enter the side of the upper coil. 

Although its capacity was four 
times that of the boiling-coolant trap, 
examination of the forced-convection 
tetralin-cooled trap showed that 
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Fig. 1.6 Sodium Reactor Experiment 
forced-convection-cooled cold trap. 

capacity again was limited by localized 
precipitation of sodium oxide. In this 
trap, however, the deposit was at the 
low-temperature end of the trap rather 
than at the trap inlet. The top portion 
of the mesh was filled with oxide (Fig. 
1.7), and the bypass tubes were com-
pletely plugged. The quantity of sodium 
oxide reported in Table 1.5 was calcu-
lated from effective trapping volume de-
termined by inspection and from apparent 
density of oxide deposited in the mesh. 
An experimental determination [37] 
showed the apparent density of sodium 
oxide in a similar deposit to be 0.02 
lb/cu in. 

The SRE experience was utilized in the 
design of cold traps for the HNPF. The 
cold-trap feed stream was directed over 
the outside of a tube coil to solve the 
economizer plugging problem; this elim-
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Fig. 1.7 Top view of expended cold-
trap insert. 

inated narrow passages. For system sim-
plification the economizer was incor-
porated inside the cold-trap shell, as 
shown in Fig. 1.8. A forced-convection 
coolant system (using nitrogen) was 
used to increase oxide capacity, and 
small sodium passages or spaces in all 
areas that might contain oxide-satu-
rated sodium were avoided [39]. The 
cold- trap vessel shown in Fig. 1.8 is 
20 in. in diameter and 9 ft long and 
is constructed of carbon steel. So-
dium leaving the economizer section 
enters the mesh-packed section where 
it is further coo.led by nitrogen flow-
ing in the cooling jacket. Oxide pre-
cipitation and collection occur in this 
section, which is packed with stainless-
steel knitted-wire mesh (24 lb/cu ft 
apparent density). Flow through this 
section is baffled to prevent channel-
ing, thus forcing uniform cooling of the 
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entire flow. A sodium buffer zone is 
used to reduce the heat-transfer rate 
at the bottom of the trap and thus per-
mit a finer control of temperature. 
Nitrogen is recirculated through a 
closed cooling circuit. Nitrogen flow 
rate is controlled automatically to 
maintain a selected sodium temperature 
at the bottom of the trap [40]. Design 
requirements are given in Table 1.6. 
NITROGEN 

OUTLET 

SODIUM 
INLET "',-------1--===--, 

SODIUM 
OUTLET 

TIE ROD 

----NITROGEN IN LET 

Fig. 1.8 Hallam Nuclear Power 
Facility cold trap. 

Performance of a prototype HNPF 
cold trap was determined experimentally 
before the design was completed. The 
sodium side of the test trap was iden-
tical to that of the trap described pre-
viously; however, Tetralin was used as 
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TABLE 1. 6 - HNPF Cold-Trap Data 

Process requirements [40] 

Flow rate, gpm 
Temperature, °F 
Inlet 
Minimum 
Outlet (calculated) 

Flow rate, cfm 
Temperature, °F 
Inlet 
Outlet (calculated) 

Sodium 

Nitrogen 

Normal 
operation 

10 

607 
250 
470 

1845 

130 
252 

Initial 
cleanup 

17 

350 
250 
294 

1845 

130 
216 

Trapping Rate [39] 

Rate, lb sodium oxide/hr 0.26 0.72 

Capacity Requirement [39] 

200 lb sodium oxide before pressure drop exceeds 20 
psig 

the service coolant. Oxygen was added 
to sodium in the test loop as a gas. 
Trapping rates are given in Table 1.6. 
The trap capacity was greater than 100 
lb of sodium oxide. No operating prob-
lems were indicated for additions of 
approximately 100 lb. With continuing 
oxide addition trap pressure drop in-
creased. Oxide was redistributed sev-
eral times by stopping oxide addition to 
the loop while continuing circulation 
through the cold trap to reduce pres-
sure drop. An additional 100 lb was 
trapped by using this technique. It 
was concluded that a total of 200 to 
250 lb of sodium oxide could be trapped 
with only a moderate final pres-
sure drop across the trap (less than 7 
psi) if the oxide, in excess of 100 
lb, is not added continuously [39]. 
It should be noted that in a power-
producing reactor, it likely would be 
impractical, either from an initial 

cost or plant availability standpoint, 
to provide the operator with capability 
to stop oxide addition and to recir-
culate clean sodium in order to in-
crease trap capacity. 

During initial system cleanup at 
HNPF [41], these traps operated at 
design conditions and expeditiously 
purified the approximately 400,000-lb 
primary system from a saturated con-
dition at 540°F to a plugging tempera-
ture of less than 250°F. In the pro-
cess the first primary cold trap was 
filled to capacity, which was estimated 
to be at least 230 lb of sodium oxide. 
Initially some difficulty was experi-
enced with localized plugging in the 
traps when the oxide concentration of 
the system was high and the trap was 
operated with a large temperature gradi-
ent. It was found that, when the mini-
mum internal temperature of the trap 
was limited to a maximum of 50°F below 
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TABLE 1.7 Comparison of Impurity Levels in Cold Trap with Those in Sodium Coolant 

Impurity and In cold trap method of analysis 

Carbon 144 to 1550 ppm 
Gamma spectrometry: 

137Cs 4.Q X 10 2 µc/g 
12sSb 4.3 µc/g 

Emission 
spectrometry: 

Fe 200 to >500 ppm 
Si 200 to >500 ppm 
Mn 50 to 500 ppm 
Pb 5 to >500 ppm 
Cr 5 to >500 ppm 
Ni 10 to 300 ppm 

the plugging temperature, no problems 
with plugging were experienced. 

Subsequent operation at HNPF also was 
successful. During operations through 
August 1963, five traps in the primary 
system and three in the secondary sys-
tems were expended and required re-
placement [25,42]. One instance of ox-
ide plugging at the inlet of a secon-
dary cold trap was reported f42] during 
a period when the concentration of oxy-
gen in the inlet sodium was high. 
During December 1963, reactor oper-
ations required frequent changes in 
system flow rate [43]. These changes 
were effected by varying primary- pump 
speed; this caused daily fluctuations 
in cold-trap flow rate between a few 
percent and approximately 50% flow 
(100% = 30 gpm). The cold-trap tem-
perature controller (which controlled 
temperature by varying nitrogen flow) 
was unable to maintain a constant cold-
trap temperature. Several cold-trap 
temperature increases were reflected 
in increases in the bulk-sodium plug-
ging temperature; this indicated some 
release of oxide from the trap to the 
system. Control of cold-trap sodium 
flow rate independent of coolant-loop 
flow rate would have prevented this 
oxide release from the trap. 

The HNPF cold-trap design was 
adapted to the SRE [44] and used suc-
cessfully starting in 1960. The primary-

In coolant Concentration ratio 

18 to 60 ppm 77 

10- 2 X 10 4 1.sx µc/g 2.7 
0.6 X 10- 2 µc/g 6.8 X 102 

50 ppm >10 
50 ppm >10 
<5 ppm >100 
10 ppm >50 

5 ppm >100 
5 ppm 60 

system trap used vault nitrogen gas as 
its coolant. After leaving the cold 
trap, the nitrogen was cooled on a 
nitrogen-to-kerosene coil. The secon-
dary-system trap, located outdoors, was 
air cooled. Both traps were equipped 
with 10-hp blowers. From November 1961 
to August 1962, it was calculated that 
approximately 82 lb of sodium oxide was 
collected before one of these traps in 
the primary SRE system was removed. 
The oxide removal rate usually was 2 
to 6 lb/day, with a maximum rate of 
10 lb/day [45]. When trap feed was 
saturated, optimum distribution of ox-
ide in this trap was obtained by ini-
tially maintaining minimum internal 
temperature (the thermocouple well was 
located near the bottom of the sodium 
return tube) at the plugging tempera-
ture and decreasing the internal-tem-
perature-controller set point 25°F per 
system inventory throughout. Plugging 
temperature was found to follow this 
programmed decrease in trap minimum 
temperature very well [46]. 

Cold traps remove not only sodium 
oxide and' sodium hydride but carbon, 
metallic impurities and fission products 
as well. For example, a trap in ser-
vice at SRE from August 1962 to May 
1963 was examined after it had accumu-
lated approximately 3000 hr of operation. 
Samples of material from the cold trap 
were analyzed for a number of impurities. 
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Sodium from the heat-transfer system 
was also analyzed for these impurities. 
The data are presented in Table 1.7. 
The "concentration ratio" is the ratio 
of concentration of a particular im-
purity in the cold trap to that in the 
system sodium. These ratios are an 
indication of the effectiveness of this 
type of cold trap for collecting im-
purities other than sodium oxide [47]. 

Practically all the carbon in this 
SRE trap was present in particulate 
form. The size of two-thirds of the 
particles exceeded 5 µ. Based on 
measured carbon concentration, total 
carbon in the trap was calculated to 
be approximately 50 g. The trapping 
mechanism was not resolved; the fol-
lowing alternatives were considered: 

1. Carbon was trapped due to satu-
ration of sodium with carbon because 
of the decrease in temperature and pre-
cipitation of carbon particles. 

2. Carbon particles served as nu-
clei for sodium oxide crystals and were 
trapped with the oxide. 

3. Carbon particles were filtered. 
A possible trapping mechanism suggested 
for fission products is that they become 
attached to carbon particles and are 
consequently trapped out with the car-
bon. However, more 137Cs was collected 
than can be realistically associated 
with carbon particles, based on analy-
sis of the activity of this isotope on 
carbon removed from the reactor; this 
suggests that another mechanism for 
trapping fission products was effective 
[47]. (This information is presented 
to show that cold traps can collect 
materials other than sodium oxide. For 
additional information on trapping of 
fission products, see Ref. 48.) 

In the original design of the pri-
mary NaK coolant loops for the Dounreay 
Fast Reactor (DFR), air-cooled cold 
traps were connected in parallel with 
a section of main coolant pipe rather 
than across a pump; hence the cold 
traps had only a small driving head. 
The trap internal flow path was rather 
complicated (it had an internal econ-

omizer, cooling section, and basket 
packed with Raschig rings); however, 
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at full cold-trap flow of 5 gpm, flow 
through this path was only 2 gpm (3 
gpm was bypassed directly to the trap 
outlet). This design proved unsatis-
factory because sodium oxide collected 
in the bypass circuits and blocked flow. 
Later a separate purification loop 
containing two cold traps, a pump, an 
economizer,and purity-level instru-
mentation was installed. Trap internal 
design was simplified, and knitted-wire-
mesh packing was employed. Improvements 
were also made in traps located in the 
the primary coolant circuits [49, 50]. 
These modifications were successful. 
Cold-trapping capacity was increased 
[51], and saturation temperatures of 
100°C (212°F) and lower were achieved 
[52]. Removal of oxygen by cold trap-
ping was probably assisted by the get-
tering action of uranium exposed to the 
coolant [53]. 

(2) Design Problems. The foregoing 
descriptions of cold traps represent the 
the proven state of the art. The dis-
cussions on trap performance reveal the 
problems that must be solved by the de-
signer. These problems can be grouped 
into the following design consider-
ations: 

1. Rate of impurity removal. 
2. Capacity for retaining im~ 

purities. 
3. Control of trap operation. 

The first two items are discussed in 
the following paragraphs. Instrumen-
tation, system design factors,and op-
erating procedures affecting control of 
trap operation are not covered in this 
chapter. 

Requirements on rate of impurity re-
moval at particular saturation tempera-
tures fix the cooling rate. Normally 
economizers are incorporated in puri-
fication systems for power-producing 
reactors to minimize heat losses. The 
remainder of the cooling ·requirement 
must be met by heat rejection from 
sodium passing through the trap. Basic 
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methods for calculating heat transfer 
are well established, applications to 
cold traps are discussed in Refs. 39, 
40,and 54. Cooling in the trap must 
be distributed to minimize local build-
up of oxides. 

The cooled Na-Na 20 mixture must re-
main at low temperature long enough 
for sufficient crystallization to 
occur so that trap effluent will have 
a saturation temperature closely ap-
proaching the minimum temperature of 
sodium passing through the trap. (A 
trap is considered to be operating at 
maximum efficiency when these tempera-
tures are equal.) Experiments at KAPL 
[7] showed that the trapping effective-
ness was greatly increased by in-
creasing the sodium residence time in 
the trap from 2.5 to 5 min but was 
very little affected by an increase 
from 5 to 10 min; the trap used in this 
experiment contained wire-mesh packing. 
A residence time of 3 to 5 min has been 
generally accepted by cold-trap de-
signers for packed traps. 

Maximizing the capacity of cold 
traps for the retention of precipi-
tated impurities is the major design 
and operating problem. In an experi-
ment at KAPL, it was determined that 
35 wt.% sodium oxide could be accumu-
lated in the crystallizer region with 
no change in trap pressure drop. 
During terminal examination of a trap 
operated at SRE until flow was blocked, 
chemical analysis of a core sample of 
mesh obtained where plugging occurred 
showed 22 wt.% sodium and 78 wt.% so-
dium oxide [37]. It is obvious from 
operating experience cited for many 
of the cold traps reviewed earlier that 
design and operating procedure for a 
trap should permit general distri-
bution of oxide throughout packed sec-
tions of the trap and hence maximize 
oxide collection before any one por-
tion of the flow path becomes plugged. 

(3) Increasing Trap Capacity. Sev-
eral approaches have been proposed to 
increase trap capacity. 

Investigators in the USSR [55-57] 
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considered a cold trap to consist of 
three zones (cooling, settling, and fil-
tration) and experimentally determined 
precipitation and collection of sodium 
oxide in each zone. A schematic draw-
ing of their test rig and generalized 
results is shown in Fig. 1.9. A sketch 
of one of their cold traps appears in 
Fig. 1.10. Distribution of sodium 
oxide in the various zones is given in 
Table 1.8. A preference for stainless-
steel cuttings over wire for packing 
was reported. Packing density was 100 
kg/m 3 (6 1/4 lb/cu ft). These results 
show that the presence of packing is 
not required as sites for crystalliza-
tion since 65% of oxides trapped re-
mained in the cooling and settling 
zones, which did not contain packing. 
This conclusion supports the obser-
vation made at KAPL that packing is 
not absolutely essential [7]. Also, 
the value of a settling chamber with 
regard to oxide-retention capacity is 
established by the Russian work. 

TABLE 1.8 Oxide Distribution in Test 
Trap 

Fraction Volume 
Zone of oxides fraction 

trapped of zone 

Cooling 35 0.3 to 0.27 
Settling 30 0.4 to 0.45 
Filtration 35 0.3 to 0.28 

Concurrently with this work in the 
USSR, similar consideration was given 
in the United States to cooling and 
filtration in separate zones and to 
adding a settling chamber. Some experi-
mental work was done with traps without 
a filtration zone. A "packless trap" 
with only cooling and settling zones 
was used successfully at the Large Com-
ponent Test Loop (LCTL). A similar 
trap, shown in Fig. 1.11, was tested 
in the HNPF secondary .system [43]. The 
shell of this trap was identical to 
regular HNPF traps [20- in. Schedule 20 
pipe); hence the length- to- diameter 
ratio was not necessarily optimum for 
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the packless configuration. The in-
ternal design differed as follows: 

1. There was no packing. 
2. An 18-in.-OD inner sleeve was 

installed to provide a low upward 
velocity and permit settling of en-
trained oxide particles. 

3. The cooling zone was the 0.62-
in. annulus located between the inner 
sleeve and outer shell. 

4. The chamber at the bottom of 
the trap was baffled to minimize tur-
bulence. 

Considerable data and observations 
on performance of this HNPF packless 
trap were collected [43, 26, 58]. Flow 
through this trap decreased to zero 
during the first month of operation, 
presumably because of an oxide plug. 
Heating the trap to 400°F permitted re-
establishment of 100% flow [43]. Based 
on USSR observations that one-third of 
the oxide was collected in the cooling 
section, it is suspected that the an-
nulus might have been too small. In 
the HNPF secondary system, one trap 
served several coolant loops sequen-
tially. Cold-trap flow and tempera-
ture upsets at the time of loop change-
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over were believed to have added pre-
viously trapped oxide to the loop [45]. 
It appeared that the packless trap was 
more susceptible to release of oxide 
during loop-changeover upsets than the 
regular trap (59]. Collection of 100 
lb of sodium oxide was calculated 
during the period when this trap was in 
service (26]. From data reported, the 
oxide capacity of the packless trap 
was approximately equivalent to that of 
the regular trap. However, the packed 
trap presented fewer operational prob-
lems. 

Increasing the area of flow path 
in the trap tends to increase trap 
capacity. This can be achieved by in-
creasing the diameter-to-length ratio. 
However, other factors (e.g., heat re-
moval) are affected by such a change. 

An interesting cold-trap control 
feature that has potential for in-
creasing trap ' capacity has been pro-
posed in a design study for the Fast 
Flux Test Facility (FFTF). The trap 
itself is a modification of the HNPF 
design. The unique feature is a by-
pass line, containing a flow-control 
valve, around the economizer section of 
the trap (Fig. 1.12). The bypass was 
incorporated to eliminate complete de-
pendency on reduced cold-trap inlet 
flow when intratrap temperature regula-
tion is required [54]. This bypass 
could give the operators means for pre-
venting formation of oxide crystals up-
stream of the mesh section, for dis-
tributing oxide deposition in the trap 
when sodium feed to the trap is satu-
rated with oxygen, and for redistrib-
uting oxide in the mesh section when 
the feed is no longer saturated; how-
ever, precise placement or redistrib-
ution· of oxide deposits is difficult 
to achieve. At a minimum, additional 
temperature sensors in the mesh section 
would be required. 

(4) Basic Data. Fundamental infor-
mation on the crystallization process 
and filtering operation occurring in 
cold traps is very difficult to obtain; 
hence few basic data are available. 

HINZE 

INLET TEMPERATURE 
700°F (MAX.) 

BLANK-OFF 
CYLINDER 

MESH SECTION 

Fig. 1.12 Proposed Fast Flux Test 
Facility cold trap. 

Several references contain information 
of value to a cold-trap designer on the 
behavior of sodium oxide. 

In an early General Electric Com-
pany report [33], the theory of trap-
ping was discussed, and cold-trap cal-
culations and a definition of trap 
efficiency were presented. It was 
hypothesi_zed that rapid subcooling of 
sodium feed to a trap yields intense 
nucleation, with suppression of growth 
of large crystals. Evidence was pre-
sented that the efficiency of a trap 
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can be improved by operation with 
filtration-zone temperature close to 
the desired saturation temperature. 

In later work at General Electric 
Company [60], an investigation of so-
dium oxide plug formation was reported. 
Such plugs were found to be composed of 
a solid, porous structure, with metallic 
sodium retained in the interstices. 
A coefficient for oxygen diffusion 
through sodium was developed. 

Basic cold-trap studies were in-
cluded in the work (60]. The removal 
and retention of sodium oxide appeared 
to be due primarily to the mechanism of 
crystal growth at cooled surfaces. It 
appeared that packj_ng, when used, 
helped support and retain the oxide. 
Some mechanical-filter action was also 
indicated. Trap capacity was found 
to be 16 to 20% sodium oxide by 
volume in this experiment. Information 
on hardness of the deposit was ob-
tained. Wire mesh was demonstrated to 
be a more effective packing material 
than Raschig rings or screen. 

During terminal examination of the 
EFAPP cold trap, samples of mesh were 
examined in detail. All the samples 
examined exhibited a similar pattern 
of oxide deposit on the mesh. A fairly 
uniform coating was observed on the 
wire, with a filet or web-type build-
up at the intersection of the wires. 
As the coating thickness approached a 
few mils, the deposit had a fuzzy 
structure and a less dense appearance. 
This indicates the possibility of 
direct crystal growth on the wire. 
These experiments were not sufficiently 
sophisticated to prevent mechanical dis-
placement of sodium oxide particles 
from sites where bridging might have 
occurred. Metallurgical examination 
of the stainless-steel-mesh samples 
from the cold trap showed no evidence 
of surface corrosion or intergranular 
attack [34]. 

From the data obtained in a batch 
crystallization experiment [61], es-
timates were made of sodium oxide 
particle size. The radius of the most 
probable particle size was calculated 
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to be 0.175 in., and the approximate 
population-size-distribution curve was 
developed. 

Fundamental information also appears 
in the Russian reports [55, 56, 57, and 
62]. (Reference 62 is a survey report.) 

Experimental work at LASL commenced 
in 1967 to determine the mechanisms of 
impurity precipitation in cold traps 
and to measure the mass-transfer coef-
ficients involved. Initial tests were 
made using a simple, concentric-tube 
trap without any packing. Results ob-
tained during fiscal year 1968 pointed 
to two important conclusions: (1) The 
mass-transfer coefficient is a function 
of velocity of sodium in the cold trap. 
For laminar flow the coefficient in-
creases with increasing velocity ap-
proximately as the square root of the 
Reynolds number; this velocity depen-
dence indicates that the process is 
diffusion-rate limited. (2) The mass-
transfer coefficient is temperature 
dependent; the coefficient increases 
with increasing sodium temperature. 
Arrhenius graphs indicate that the ac-
tivation energy for mass transfer was 
approximately 3 kcal/mole. This value 
agrees well with the activation energy 
for diffusion of oxygen in sodium; this 
is further evidence of a diffusion-
controlled process [48]. This program 
continued in fiscal year 1969. 

(5) Conclusion. Some existing cold-
trap designs have been used successfully 
in large reactor coolant systems, par-
ticularly in systems where impurity con-
centration in the sodium has always 
been low (e.g., EBR-II). Where sodium 
oxide levels have been high because 
of maintenance or component replacement 
operations, capacity limitations of 
existing traps are very apparent. In 
these latter cases, where purification 
duty requirements have been severe, 
the time required to replace expended 
(plugged) traps contributed signifi-
cantly to the reactor operating time 
lost because of postmaintenance coolant 
cleanup. The cost of replacement 
traps and replacement installation 
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costs also contributed to operating 
expense. This experience has strongly 
indicated the need for optimization of 
cold-trap design. 

(b) Natural- Convection Cold Traps 
The simplest cold trap is any sur-

face in a system whose temperature is 
less than the saturation temperature 
of an impurity having decreased solu-
bility at low temperature. This type 
of impurity will precipitate on such 
a cold surface. In a large system 
branch lines containing stagnant sodium 
act as cold traps if the minimum tem-
perature of the lines is less than the 
saturation temperature of sodium in 
the system. If sufficient oxide is 
collected, the branch line can become 
completely plugged. Such a stagnant 
branch line has been called an "in-
formal" or "inadvertent" cold trap. 

The principle has been used to 
advantage to purify sodium and NaK in 
small systems, particularly in 
corrosion- and component-test loops 
and in charge tanks, where the rate of 
removal is not critical. The device 
utilizing this principle is called a 
"natural-convection" cold trap; an 
early, less d~scriptive term was "dif-
fusion" cold trap. In its simplest 
form it can be a capped pipe stub 
mounted on a tee in a liquid-metal 
loop and cooled by natural convection 
of air. The design method for estab-
lishment of trap length utilizes heat-
transfer equations developed for a 
finite fin with an insulated end. The 
application of this method is given in 
Ref. 63 (for valve freeze-seal design). 

A similar trap mounted on the bottom 
of a static corrosion-test tank was con-
structed of two reducers, instead of a 
straight pipe section, to give added 
oxide capacity. A blower mounted ad-
jacent to the trap was controlled auto-
matically to maintain the desired tem-
perature at the base of the trap. This 
temperature was varied in different 
tests to maintain specific oxygen con-
centrations required in the corrosion-
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test program (sodium peroxide had pre-
viously been added to the tank). This 
experience verified that solubility-
temperature-dependent impurities can 
be returned to a tank or system by 
heating the cold trap. 

Of the two designs (a well of 
straight pipe and a pot connected by 
smaller piping), the straight length of 
piping appears to furnish a faster re-
moval rate [20]. Satisfactory operation 
of natural-convection cold traps ap-
pears to depend on velocity of the so-
dium or NaK stream at the tee where the 
trap is attached to the loop. At low 
velocities trap temperatures are 
steady, and impurities are removed or 
their concentration in the system is 
maintained at a constant level. In a 
2 1/2-in. system with a trap mounted 
on the branch of a tee, a threshold 
velocity (or a velocity-related par-
ameter) above which trap temperatures 
are unstable has been observed, and 
there is negligible net collection of 
impurities. 

Although discussion of cold trapping 
usually is concerned with sodium oxide, 
the principles apply to other impurities 
whose solubility is temperature depen-
dent; for example, cold trapping of so-
dium hydride in a natural-convection 
trap has been reported [64]. 

1-3.2 Chemical Reaction 

One method of purification is to add 
a highly reactive material (getter) to 
the liquid-metal system to scavenge, or 
chemically bind, an impurity and thus 
effectively isolate it from further 
reactions in the system. These reac-
tive materials can be in solid form in 
bypass or mainstream locations, or they 
can be added as dissolved getters in 
low concentrations throughout the 
coolant. The use of reactive materials 
in solid form is called "hot trap-
ping," and the components in which the 
extraction operation is conducted are 
called "hot traps." Principal appli-
cation of hot traps has been the 



PURIFICATION 

extraction of oxygen and carbon from 
sodium and NaK, although they can re-
move hydrogen and nitrogen as well 
[65]. Hot traps can maintain an oxy-
gen concentration in sodium lower than 
that attainable with cold traps. Get-
tering material used in dissolved form 
in the liquid metal is termed a "sol-
uble getter." Soluble getters, dis-
cussed in Sec. l-3.2(c), have had 
limited applicability due to the plug-
ging potential of the compound formed 
by chemical reaction of the getter and 
impurity. 

(a) Oxygen Hot Trap 
Zirconium has proved to be a useful 

getter for oxygen. Zirconium oxide is 
very stable from a thermodynamic stand-
point; the equilibrium partial pressure 
of oxygen over zirconium oxide at 
1200°F has been estimated to be 10- 52 

atm, compared with a pressure of 10- 33 

atm over sodium oxide [37]. This indi-
cates that zirconium will reduce so-
dium oxide and chemically retain the 
oxygen gettered from sodium. Also, 
zirconium is quite insoluble in sodium. 

A zirconium hot trap was used during 
early operation of the SRE core cooling 
(primary) system, which contained 50,000 
lb of sodium. The trap was sized so 
that oxygen would be absorbed prefer-
entially on the hot-trap zirconium (at 
1200°F) rather than on the zirconium 
moderator cans (1000°F maximum tem-
perature) in the reactor core in the 
ratio of ten to one. Hot traps, where 
the getter is the same as the material 
being protected, have been operated at 
a temperature approximately 200°F above 
the temperature of the material being 
protected so the trap can compete 
effectively for the impurity being ex-
tracted. Maximum trap temperature 
is constrained by vessel- and piping-
design considerations . In the SRE, 
sodium entered at 1165°F, having been 
preheated in an economizer, and then 
passed through the zirconium coils and 
out the discharge line. Discharge tem-
perature of 1200°F was maintained by the 
30- kw furnace. Sodium flow rate was 6 
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Fig. 1.13 Sodium Reactor Experi-
ment oxygen hot trap. 

29 

gpm. Gettering material was 0.004- in.-
thick zirconium sheet assembled in 
14-in.-diameter by 6-in. coils made of 
alternate corrugated and flat sheets, 
as shown in Fig. 1.13. The trap con-
tained eight of these coils, with a 
total area of 4300 sq ft. Fittings 
shown at the top of the trap were pro-
vided to permit replacement of the 
zirconium inserts [37]. Replacement 
of these inserts was not required. 
However, experience with other sodium 
components containing inserts has 
proved the insert- removal operation to 
be difficult because of the possible 
spread of radioactive contamination. 
Special handling equipment containing 
an inert atmosphere and gas-tight gates 
would be required. Because of this 
problem, the removable-cartridge fea-
ture was eliminated when carbon hot 
traps were introduced at SRE [44]. 

Figure 1.14 shows the effect of 
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initial oxygen-hot-trap operation on 
sodium saturation temperature. The 
cold trap was valved out of the system 
at this time to avoid transferring oxy-
gen from the cold trap to the hot trap; 
isolating the cold trap during oxygen 
hot-trap operation was standard SRE 
practice. At the same time the hot 
trap was started, system sodium tem-
peratures were increased as a result 
of reactor start-up. This caused an 
increase in saturation temperature as 
residual oxide was dissolved out of 
informal cold traps in the piping sys-
tem. At 141 hr of operation, oxide 
soiution was essentially complete, and 
the saturation temperature decreased 
as shown. The chord of this curve 
between 8 and 10 ppm has a slope cor-
responding to an oxygen removal rate 
of 0.009 lb/hr. After such a start-
up period, the hot trap maintains satu-
ration temperature below the limit of 
detection with a plugging meter [37] 
(225°F). 

SRE hot-trap design was based on the 
behavior of smooth, chemically polished 
zirconium exposed in sodium containing 
10 ppm oxygen at 1200°F, for which the 
rate constant, k, relating oxidative 
weight gain per unit area with time, 
had been determined [37] to be equal to 
0.0454 mg/cm 2 /hr 112 • The derivative of 
the equation, w = kt 1 l 2 , with this 
experimentally determined constant, 
evaluated at 150 hr, is 0.016 lb of 
oxygen per hour. This predicted rate 
is about twice the rate determined 
from Fig. 1.14 after the first 150 hr 
of operation (0.009 lb of oxygen per 
hour). The difference between the 
rate predicted on the basis of material 
studies and the observed rate was 
attributed to the following factors 
[37]: 

1. The original experimental work 
was done on chemically polished zir-
conium. The strip used in the SRE trap 
had a thin oxide film resulting from 
the manufacturing process. Because of 
this initial oxide film, the condition 
of the gettering strip was represented 
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Fig. 1.14 Sodium Reactor Experiment 
oxygen-hot-trap performance. 

by a point somewhat out on the para-
bolic weight-gain vs. time curve, rather 
than at the origin as the calculation 
of predicted rate assumes. Therefore 
all the actual trapping rates would be 
less than those calculated. 

2. After 150 hr of operation, the 
oxygen content of the sodium flowing 
through the trap was being depleted. 
The inlet concentration was 9.3 ppm, 
but the outlet concentration was cal-
culated to be only 5.4 ppm. Therefore 
the actual rate consta~t, k, was less 
than 0.0454 mg/cm2 /hr 112 , which had 
been determined in sodium containing 
10 ppm oxygen. The rate constant, and 
hence the trapping rate, were decreasing 
throughout the length of the vessel. 

The rate equation used at SRE was 
experimentally determined for rela-
tively short exposures, compared with 
the expected life of a hot trap. How-
ever, the validity of the equation has 
been demonstrated for exposures to 
4000 hr for zirconium-based alloys. 
The equation should be valid as long as 
the oxide film remains intact, since 
oxygen qiffusion through this film con-
trols the rate of reaction. There was 
no indication of cracking or spalling 
of the oxide film on any of the 
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zirconium s amples exposed at Atomics 
International [37]. 

Investigators in the USSR 
[55] reported a permissible increase 
in weight of zirconium per unit sur-
face area, from the standpoint of 
embrittlement and scaling, of about 
4% in samples exposed to sodium cold 
trapped to a temperature of approxi-
mately 110°C (equivalent to 1 ppm 
oxygen). The permissible increase is 
reduced to 1.5 to 2% for samples ex-
posed in sodium purified by a hot 
trap. In the former case the increase 
in weight is limited by embrittlement 
and scaling of the oxide layers, and in 
the latter, by embrittlement of the 
complete sample. The more intensive 
embrittlement of zirconium during its 
exposure to sodium containing a smaller 
amount of oxygen was explained by the 
more uniform distribution of oxygen 
along the cross section of the sample. 
With iarge oxygen contents a thick 
layer of oxide forms on the surfaces of 
the zirconium and hampers the dif-
fusion of oxygen into the depth of the 
sample. 

The effect of sodium velocity on 
oxidative weight gain of zirconium 
was recently reported [55]. No ve-
locity effect was observed on samples 
exposed to sodium containing approxi-
mately 50 ppm oxygen. In sodium 
purified by hot trapping, however, 
zirconium weight gain was reduced by 
a factor of more than 2.3 when velocity 
was reduced from 0.2 to 0.02 m/sec. 
This was explained by the fact that 
diffusion of oxygen in sodium plays 
a significant role in the kinetics of 
the process when oxygen concentration 
in sodium is very low. This apparent 
rate-controlling role of the diffusion 
of oxygen in sodium on the oxidation 
of zirconium in sodium containing very 
little oxygen was noted in early hot-
trap experiments at Atomics Interna-
tional when chemically polished zir-
conium specimens that had extracted oxy-
gen from hot- trapped sodium did not 
exhibit the visible oxide layer always 

seen on specimens exposed to cold-
trapped sodium. 
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Other information on the oxidation 
of zirconium in sodium appears in Chap. 
2 and in Vol. I, Chap. 2, including 
references to the work of Williams [66] 
and Mackay [67]. Smith [68] has ana-
lyzed the literature and discussed the 
partition of oxygen between zirconium 
oxide film and zirconium metal. A zir-
conium getter was used to decompose Na-C 
compounds prior to a distillation oper-
ation in the preparation of very pure 
sodium for research purposes [69]. 
Zirconium in a hot trap will decar-
burize stainless steel [70]. The sig-
nificance of this side reaction must 
be evaluated during the selection of a 
zirconium hot trap for service in a so-
dium heat-transfer system, considering 
temperatures, carbon activity of the 
various materials, and material surface 
areas. 

In addition to zirconium, potential 
hot-trap materials are Ti, Zr-Ti 
alloys, Ta, Nb, V, U,and Pu [5]~ Some 
gettering of oxygen from NaK at the 
DFR in Scotland was attributed to 
uranium exposed to the coolant [53]. 
A zirconium hot trap has been used at 
Los Alamos Molten Plutonium Reactor 
Experiment (LAMPRE) to protect tantalum 
in the core. A comparison of zirconium 
and tantalum as getter material is 
given in Fig. 1.15. Tantalum loses 
weight as the oxide formed sloughs off 
the base metal [71]. Niobium metal 
and the alloy of Ta-10% W also lose 
weight in sodium containing oxy-
gen [3]. 

Interest at Atomics International 
was drawn to Zr- Ti alloy (equal atom 
percent) by its rapid oxidation in gas 
[72]. Chips (lathe turnings) of this 
alloy were used in early hot-trap 
experiments at Atomics International. 
The alloy does have disadvantages. 
This material was very brittle and 
hence difficult to machine or other-
wise work. The alloy is pyrophoric; 
chips from the lathe burst into flame. 
Extensive settling of the lathe turnings 
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Fig. 1.15 Tantalum and zirconium 
weight change after 144 hr in cold-
trapped sodium. 

used in the hot traps was observed. 
The alloy hot trap performed well, but 
zirconium was selected for SRE, partly 
because of its availability. 

Anodic electrolysis of oxide-coated 
gettering alloys in sodium was evalu-
ated as a means of increasing their 
oxygen removal rate [65]. Removal 
rate gains were not large enough to 
warrant practical application. How-
ever, some of the alloys with non-
adherent, porous oxide films achieved 
higher removal rates than had been 
sought by electrolysis. The best of 
these was Zr-13 at.% Ti, which aver-
aged 750 µg/cm2 /hr of oxygen removal 
during a 72-hr exposure at 1200°F in 
sodium containing about 150 ppm oxygen 
(cold-trap temperature, 620°F). The 
average removal rate of zirconium was 
about 20 µg/cm2 /hr at these con-
ditions. A 13-day test showed that 
this alloy would maintain its high 
oxygen-removal rate until completely 
consumed. Gettering performance of 
all the alloys forming nonadherent 
oxide films was less sensitive to 
temperature than gettering material 
that formed adherent oxide films; 
hence the former increased their com-
parative advantage at lower tempera-
tures. It appeared that the alloys 
forming nonadherent films should be 
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useful at temperatures as low as 800°F, 
and possibly lower. In a loop con-
taining no cold trap, Zr-13 at.% Ti 
produced a minimum oxygen level of less 
than 1 ppm (measured with an electro-
chemical oxygen meter) and maintained a 
significantly higher removal rate than 
zirconium at the low-oxygen levels. It 
was concluded that the use of such an 
alloy offered the potential for signifi-
cant savings in size and cost compared 
to conventional zirconium hot traps. 
The report discusses hot-trap design 
criteria [65]. 

Inconsistencies exist in the litera-
ture regarding the adherence of oxides 
formed on Zr-Ti alloys. McKee [65] 
observed that Zr-Ti, Zr-Y, and t~orium-
base alloys formed nonadherent oxide 
layers. On the contrary, Subbotin and 
coworkers [55] reported that the ox-
ide layer formed on Zr-Ti alloy ad-
heres to the base metal. When Zr-Ti 
(equal atom percent) alloy was exposed 
to cold-trapped sodium at Atomics Inter-
national in 1956, alloy specimens 
exhibited weight gains, and the oxide 
formed was adherent. 

Certain items are noted for the con-
sideration of the designer in trade 
studies between getter materials having 
adherent (fixed) and nonadherent 
(spalling, sloughing) oxide layers. 
Getter material having oxides that ad-
here to the getter metal (e.g., zir-
conium) has been preferred for hot-
trap applications, at least partially 
because of the desire to avoid the use 
of materials that could introduce im-
purities that might interfere with op-
eration of the system and to avoid the 
need for additional equipment such as 
filters. However, thin zirconium that 
has gettered a lot of oxygen is very 
brittle and friable; a potential exists 
for the loss of particles of oxidized 
zirconium from a hot trap and entrain-
ment of these particles in sodium dis-
charging from the trap. The discharge 
plenum in the SRE hot trap, where so-
dium velocity was very low, was avail-
able as a settling chamber to retain any 
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but the finest particulate matter. 
Getter material that forms a non-
adherent oxide presents two problems: 

1. Some means must be provided to 
retain the loose oxide, e.g., a filter. 

2. The loose oxide sloughed off 
the getter material may plug passages 
between the getter sheets or packing 
and restrict sodium flow and prevent 
full utilization of all the getter 
material in the trap. 

(b) Carbon Hot Trap 
Carbon has been removed from sodium 

by gettering through carburization of 
stainless steel. Feasibility of this 
method was indicated from studies of 
carburization of 304 stainless steel 
in sodium [13]. Carburization of stain-
less steel, zirconium~and other 
materials is discussed in Chap. 2 and 
in Vol. I, Sec. 2-4.2(f). 

Table 1.9 lists the results of cap-
sule tests conducted over a period of 
time on 0.060-in.-thick specimens to 
screen candidate materials for carbon 
removal capability [73]. Specimens 
were 0.060 in. thick; materials are 
listed in decreasing order of total 
carbon gain. Results available when 
a trap-design decision was required 
for SRE indicated 410 stainless steel 
to be the most promising material. 
Subsequent development work at Atomics 
International emphasized this material 
and 304 stainless steel. Candidate 
materials listed above 304 stainless 
steel in Table 1.9 are worthy of fur-
ther investigation. 

Equilibrium and diffusion-coeffi-
cient data were obtained for 304 and 
410 stainless steels. Comparison of 
the data shows that the choice of 
material for removal and control of 
carbon content must be made for a par-
ticular system. The pertinent differ-
ences between these two steels are: 

1. At temperatures below 1250°F, 
the carbon content of 304 stainless 
steel in equilibrium with "carbon-
saturated" sodium was found to be 
higher than that of 410 stainless steel 
under the same conditions. Above 
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Fig. 1.16 Carbon contents of 304 
and 410 stainless steels in equilibrium 
with carbon-saturated sodium. 

1250°F the reverse is true, as indi-
cated in Fig. 1.16. 

2. At 1300°F the carbon content of 
304 stainless steel in equilibrium with 
sodium containing less than approxi-
mately 55 ppm carbon (elemental carbon) 
was found to be higher than that of 410 
stainless steel. With sodium bearing 
more than 55 ppm carbon, the reverse is 
true (Fig. 1.17). 

3. The apparent diffusion coeffi-
cient of carbon in 410 stainless steel 
as determined in the tests is greater 
than that of 304 stainless steel by a 
factor of approximately 4 in the tem-
perature range of 1000 to 1300°F. 
These comparisons show that 410 stain-
less steel of a given size and geometry 
will remove a greater amount of carbon 
more rapidly than 304 stainless steel 
provided the sodium is nearly saturated 
with carbon [73]. 

The relative rates of carburization 
of 304 and 410 stainless steels at 
1300°F were calculated for various 
elemental-carbon levels in sodium (Fig. 
1.18). At approximately 29 ppm carbon 
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TABLE 1.9 Carbon Gain of Specimens Exposed to Carbon-
Saturated Sodium at 1300°F for 200 hr 

Average carbon 
Material Initial carbon, after exposure, 

9 Cr-1 Mo 
5 Cr-0.5 Mo-Ti 
430 S.S. 
7 Cr-0.5 Mo 
410 S.S. 

5 Cr-0.5 Mo 
2.25 Cr-1 Mo 
5 Cr-0.5 Mo-Si 
1. 25 Cr-0. 5 Mo 
304 S.S. 

0.5 Cr-0.5 Mo 
Zr 
Cr 

concentration in the sodium, the rate 
of carburization of 304 stainless 
steel is twice that of 410 stainless 
steel. At approximately 40 ppm carbon 
concentration in sodium, their carbu-
rization rates are equal. At approxi-
mately 56 ppm carbon concentration in 
sodium, the rate of carburization of 
304 stainless steel is one-half that of 
410 stainless steel. It can be seen 
that 410 stainless steel will getter 
carbon initially at a higher rate than 
304 stainless steel if the initial 
carbon is above 40 ppm. However, as 
carbon content is reduced by gettering, 
the relative gettering effectiveness 
of 304- stainless steel increases 
rapidly [73]. 

% 

0.10 
0.08 
0.08 
0.10 
0.10 

0.10 
0.12 
0.10 
0.12 
0.06 

0.12 
Nil 
Nil 

In the development of this hot-trap 
design information, chemical analysis 
for carbon in sodium was performed by 
using the Pepkowitz-Porter wet-oxidation 
method [74]; the Van Slyke reagent was 
used to oxidize the carbon. This method 
gives a value for what is currently 
called elemental carbon rather than a 
value for total carbon. There is no 
assurance that the kind of carbon 
measured by this analytical method 

% 

1.84 to 1. 84 
1.60 to 1. 66 
1. 58 to 1.62 
1.50 to 1. 64 
1.50 to 1.55 

1.39 to 1.45 
1. 27 to 1.35 
1.01 to 1.14 
0.90 to 0.91 
o. 72 to 0.78 

0.55 to 0.64 
0.05 to 0.06 
0.04 to 0.05 

actually carburizes stainless steel. 
In fact, no meaningful relation be-
tween chemical analysis of carbon in 
sodium and carburization of stainless 
steel is available [6, 75]. When this 
relation is resolved, that portion of 
the development where the concentration 
of carbon in sodium was used may re-
quire revision. 

Anderson [73] presented nomographs 
relating pertinent variables in the de-
sign of carbon traps for sodium sys-
tems. The diffusion coefficients used 
in the preparation of the nomographs 
were determined on the mathematical 
assumption that the diffusion of carbon 
through stainless steel was isotropic 
and followed Fick's second law in its 
simplest form. In the mathematical 
analysis chemical reactions forming 
chromium carbide were not considered. 
Even if the diffusion model is not 
entirely correct, it appears suitable 
to use the diffusion equations for the 
same condition (i,e., temperature) 
from which the coefficients were de-
rived [6]. 

These carbon-trap kinetic relations 
[73] are based on the assumption that 
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Fig. 1.17 Equilibrium carbon con-
centrations of sodium with 304 and 
410 stainless steels at 1300°F. 

diffusion of carbon in the getter 
material is the rate-controlling 
process, rather than diffusion of 
carbon through a sodium film. This 
has been shown to be valid for high 
carbon activity in sodium [13], the 
condition when trapping rate is impor-
tant to the reactor operator. 

Although the development presented 
by Anderson [73] has limitations, good 
use has been made of the carbon-trap 
design information. Traps designed on 
the basis of these data were used at 
SRE (14, 45], where demands on the 
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Fig. 1.18 Relative gettering rates 
of 304 and 410 stainless steels for 
removal of carbon from sodium as a 
function of carbon contents of the 
sodium (1300°F). 

carbon-removal method were severe, and 
at HNPF [25, 26, 42, 43]. 

Design features of the SRE carbon 
hot trap are shown in Fig. 1.19. This 
trap was located in the same position 
as the oxygen hot trap discussed in 
Sec. 1-3.2(a) and utilized the same 
economizer and 30-kw furnace. A detail 
of the gettering coil is shown in Fig. 
1.19; the coils were similar to those 
used in the oxygen hot trap but were 
mounted around the inlet tube. Both 
304 and 410 stainless steels were used 
as the gettering material. A typical 
charge was 500 lb, which was theoret-
ically capable of removing 10 to 12 
lb of carbon. Sodium flow rate was 10 
gpm; trap-outlet temperature was 
1300°F. In this installation both in-
let and outlet lines were connected to 
the top of the trap vessel so that 
they could be cut remotely (from ground 
level). The equipment was designed so 
that a vessel could be removed without 
personnel entry to the vault. Oper-
ational experience had demonstrated 
that a primary-sodium-system com-
ponent of the unitized type could be 
removed and replaced with an entire 
new unit in about half the time re-
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Fig. 1.19 Sodium Reactor Experiment 
carbon hot trap. 

quired to replace an insert. Manufac-
turing costs for the new vessels were 
about the same as for the inserts in 
the oxygen hot traps [44]. 

Performance of the first three SRE 
carbon hot traps is shown graphically 
[14] in Fig. 1.20. During the first 
11 months of SRE hot-trap operations, 
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three traps (designated Al, A3, and Bl) 
were used. Trap Bl was used for three 
separate runs, designated Bl-1 to Bl-3. 
The results of hot-trap inlet-tab analy-
ses for surface carbon content of the 
inlet tab are plotted against time in 
Fig. 1.20. Specimens of 304 stainless 
steel were mounted in the inlet pipe 
and at the discharge end of the trap, 
as shown in Fig~ 1.19. 

A parameter used in considerations 
of carburization in Atomics International 
sodium systems is the surface carbon 
content of the structural material ex-
posed to the sodium. This parameter 
characterizes the carbon activity of 
sodium without reference to sodium-
chemical-analysis results, which have 
not been related to carburization 
of stainless steel. The surface carbon 
content of the metal sometimes is re-
ferred to as "carburizing potential" 
[14]. Surface carbon content has been 
related to mechanical properties of 
stainless steel [14, 28]. 

Surface carbon content of the inlet 
tab represented the carburizing poten-
tial of sodium in the SRE primary 
(reactor-coolant) system. Referring 
to Fig. 1.20, at the conclusion of the 
initial run of the hot trap (October 
1961), surface carbon content of the 
304- stainless-steel tabs showed 2.5% 
carbon instead of the as-received level 
of 0.06%. Later tabs indicated that 
the hot-trapped sodium would carburize 
304 stainless steel at about 1250°F to 
approximately 0.4%, instead of 2.5% as 
in the first run. During this period 
system sodium temperature was limited 
to a maximum of 800°F to prevent car-
burization of components. After defi-
nition of a maximum surface carbon 
limit for 304 stainless steel of 0.5% 
by weight [14], higher temperature op-
erations were resumed. Figure 1.20 
demonstrates the removal of carbon from 
the SRE 50,000-lb primary sodium 
system. 

Additional information on the per-
formance of the hot trap used at SRE 
during run A3 (Fig. 1.20) was provided 
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AVERAGE HOT TRAPPING 

RUN RATE 
(lb/equiv. hr)* 

Al 0.023 
A3 0.016 

B1 - 1 0.007 
B1-2 0.005 
B1-3 0.005 

RUN B1-2 RUN B1-3 
(400 hr) (833 hr) 

RUN B1-1 L 
(806 hr) \ 

1152 hr_~ _ 1296 hr-~ 

1962 
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*Equivalent time at 1200°F. 
Fig. 1. 20 

culated. o, 
Sodium Reactor Experiment carburizing potential 

observed. 
history. ~, cal-

by postoperation examination of the 
component and adjacent piping (76]. 
Two top and two bottom getter sheet 
coils and a section of the inlet tube 
near the top of the hot trap used 
during run A3 were sampled. After de-
contamination the samples from the get-
ter sheet coils were all found to be 
bright and shiny, 0.004 in. thick, 
and ductile. The composition of the 
sheet was confirmed by chemical analy-
sis to be 410 stainless steel. Metal-
lographic examination of the sample 
indicated a coarsening of the grain 
boundaries, but no evidence of a case 
was observed. The carbon content of 
the bottom coil averaged 0.15% carbon, 
as compared with 0.09% carbon for the 
top coil. Only a small fraction of the 
gettering capacity of this trap was 
utilized, as shown by a comparison of 
the 0.15% carbon content of the trap 
material from run A3 with the 1.50% 
content reported in Table 1.9. A sec-
tion of the 304-stainless-steel inlet 
tube from a region near the top getter 
sheet coil was examined metallographi-

cally. A hardened case was found on 
the inside surface of the tube that 
had been exposed to the sodium as it 
entered the trap. Carbon analysis of 
thin sections of the inside surface of 
the tube averaged 0.25% carbon. How-
ever, a hardened case was not evident 
on the outside surface of the tube that 
was exposed to the sodium after it had 
passed through the getter sheet coils. 
Carbon analyses of thin sections of the 
outside surface averaged 0.10% carbon, 
which is below the metallographic de-
tection limit for carbon in 304 stain-
less steel. Although the carbon con-
tent of the 410-stainless-steel getter 
sheets in the hot trap did not exceed 
nominal manufacturer's specification 
limits, the higher carbon content of the 
ge~ter sheets at the bottom of the hot 
trap and the carburization pattern of 
the 304-stainless-steel inlet tube 
clearly indicate that the hot trap re-
moved some carbon from the sodium. 

A typical section of SRE hot-trap 
inlet line (1 1/2 in. in diameter, 
0.150 in. wall, 304 stainless steel) 
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exhibited a carburized 
tion was taken between 
and hot trap; the line 
approximately 1250°F. 
sections of the inside 

case. This see-
the economizer 
was operated at 
Analysis of thin 
surface of the 

pipe indicated an average carbon con-
tent of 0.25%. In contrast, metallo-
graphic examination of a section from 
the hot-trap outlet line did not reveal 
any indication of carburization; except 
for the expected sensitization, the 
material appeared unaffected. This 
304- stainless-steel line was installed 
in November 1961 and thus was exposed 
only to sodium that had passed through 
a carbon hot trap. Analysis of thin 
sections of the inside of this line in-
dicated an average carbon content of 
0.09%, which indicates an insignifi-
cant degree of carburization [76]. 

Carburizing potential of SRE primary 
sodium as monitored by tabs exposed to 
sodium was reduced by the use of hot 
traps. The decrease in carburizing 
potential was particularly significant 
during run A3, as shown in Fig. 1.20. 
Surprisingly, the getter material did 
not evidence much gain in carbon con-
tent. The fact that the hot-~rap in-
let line was carburized although the 
outlet line had no significant carbu-
rization supports the exposure-tab 
observations. Even though a number of 
hot traps were used, carbon introduced 
during the Tetralin leak [8] was not 
completely removed during Core II 
operations (1960 to 1964). May [77] 
summarized carbon removal at SRE. 

Applications of these principles 
have been made to hot-carbon-trap 
designs for HNPF [41] and EFAPP [78]. 
AT HNPF, only intermittent operation 
of the trap was required to maintain 
the carbon in the sodium at low levels 
[79]. 

A temporary hot trap was operated a 
at the Fermi plant for 300 hr at 
1200°F in 1962. At this time chemical 
analysis of sodium samples taken from 
the primary system verified the pres-
ence of carbon in the sodium. How-
ever, examination of the stainless-
steel gettering material (total area, 
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1830 sq ft) after 300 hr of operation 
showed only slight carburization of 
the gettering material near the vessel 
inlet. Some loosely adherent material 
was deposited on the first three coils 
at the inlet. Analysis of samples of 
the deposit showed that it consisted 
of sodium oxide and metallic oxides and 
contained about 2.9% carbon [80]. It 
was estimated that less than 100 g of 
carbon was removed by this 
charge of gettering material. A per-
manent hot trap was installed, and 
seven carbon removal runs were made, 
but there was no detectable carbon 
pickup [81]. (The removable-sample-
tab technique for monitoring carbon 
was not used.) The failure of these 
traps to remove carbon has not been re-
solved. The following items were pre-
sented £or consideration [80]: 

1. Carbon may have been absorbed 
by the stainless - steel components of 
the sodium system before the sodium 
entered the hot trap. 

2. The preheating vessel for the 
hot trap might have absorbed the car-
bon during heating of the sodium. 

3. The flow rate may have been too 
low for mass transport of sufficient 
carbon to cause significant carbu-
rization of the stainless-steel coils. 

Although gettering is the best 
method available for removing carbon 
from sodium, performance of the equip-
ment used to date has been inadequate 
for expeditious recovery from inad-
vertent carbon introductions. The rate 
of solution of carbon in sodium and 
transport to the purification equipment 
is a significant, perhaps the control-
ling, factor in the recovery problem. 
However, improvement in hot-trap de-
sign is needed. Suggested approaches 
are: 

1. Increase trap temperature to 
improve carbon diffusion coefficients 
in the gettering material. 

2. Increase sodium velocity to im-
prove mass-transfer coefficients in the 
fluid film. 

3. Perform all heating in the trap 
or other replaceable component to avoid 
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carburizing permanent piping and 
auxiliary components. 

4. Use improved trap-monitoring 
methods, e.g., the carbon meter. 

Prevention of carbon additions re-
mains the most effective policy. 
Every effort should be made to exclude 
any carbon sources in all sodium 
systems. 

(c) Soluble Getters 
Soluble getters are materials 

soluble in sodium (or another liquid 
metal) which will react with an im-
purity to form a compound with limited 
solubility. 

A survey of soluble getters for re-
action with oxygen was included in a 
study of inhibitors to mass transfer 
in sodium (82]. Barium was determined 
to be the most effective, followed by 
strontium, calcium,and magnesium. 
From thermodynamic considerations, 
these elements are all capable of re-
ducing sodium oxide at 1200°F. Forma-
tion of the oxide of the getter material 
is the reaction mechanism of these 
materials. Although soluble getters 
have been used in test loops, they 
have not been accepted for reactor use, 
because of potential problems with the 
insoluble oxides formed. These getters 
are by definition soluble in sodium and 
will be distributed around the system. 
The chemical reaction, which produces 
insoluble oxides, can occur anywhere 
in the system. These oxides may col-
lect in locations where they can im-
pede sodium flow or the operation of 
submerged mechanisms. 

Several other references discuss 
soluble getters (83- 85]. Soluble 
getters, in particular lithium, for 
the removal of hydrogen from NaK were 
considered in the SNAP-8 Corrosion 
Program at the Oak Ridge National 
Laboratory (ORNL) [l]. 

Carburization of austenitic stain-
less steel can be prevented in a sodium 
system containing graphite by the ad-
dition of calcium. This was demon-
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strated in a pumped- loop experiment 
[73]. Powdered graphite and graphite 
sticks were the carbon sources. Cal-
cium metal chips were held in a bypass 
chamber. Sodium specimens removed from 
the metal-specimen chamber contained 
555 ppm calcium by chemical analysis. 
Tabs of 304 stainless steel exposed in 
the specimen chamber at 1300°F for 620 
hr would be expected to carburize to a 
depth of 0.016 in. in carbon-saturated 
sodium. None of the 304 specimens ex-
posed during this test exhibited a car-
burized case; on the contrary, the 
specimens showed either no effects or 
slight decarburization. Examination 
of the graphite sticks located in the 
specimen chamber disclosed a dense 
white coating on the surface, which was 
identified by X-ray diffraction and 
chemical analysis as calcium carbide. 
The graphite suffered practically no 
deterioration from sodium penetration 
and subsequent solution or erosion. 
Plugging near the calcium bypass 
chamber was observed. These results 
showed that presence of calcium in 
sodium not only prevented carburization 
of 304 stainless steel, but actually 
the activity of carbon in solution was 
lower than that of carbon in the 304 
specimens, as evidenced by their slight 
decarburization. This experiment dem-
onstrated the potential of calcium as 
a soluble getter for the removal of 
carbon. It also pointed to the need 
for proper control of calcium addition 
and the need for a means of removal 
of particulate calcium carbide (and 
other insoluble calcium compounds 
that might be formed, e.g., calcium 
oxide) from the sodium system. 

Some soluble getters can react with 
impurities other than the impurity 
forming an insoluble compound with the 
getter. These side reactions of sol-
uble getters can have undesirable 
effects. An example is the transport 
of nitrogen by calcium in a sodium sys-
tem, and subsequent nitriding of struc-
tural materials [see Sec. 1-2.2(b)]. 
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(d) Calciwn Removal 
Calcium can be removed from sodium 

by oxidation to form calcium oxide, 
which can then be separated from the 
sodium by filtration. As noted in 
Sec. 1- 3.2(c), calcium is thermodynam-
ically capable of reducing sodium ox-
ide. This method has been used to 
purify commercial-grade sodium in prep-
aration for use in the Prototype Fast 
Reactor (PFR) at Dounreay, Scotland. 
Oxygen, in the form of sodium oxide, 
was added to the sodium, and the mix-
ture was held at 350°C (662°F) to 
permit the calcium to oxidize and then 
filtered to remove the calcium oxide 
[86]. 

1- 3.3 Other Methods 

(a) Filtration 
Removal of insoluble impurities from 

sodium is usually accomplished by fil-
tration. The various filter media that 
have been used include porous sintered 
metals, glass, and, to a lesser extent, 
wire cloth [20]. Commercially available 
sintered-metal filters made of austen-
itic stainless steel have received 
general acceptance for use in test loops 
and reactor~filling service. Experience 
with porous sintered glass filters has 
been limited to low- temperature labora-
tory use. 

The most important application of 
filtration is in the removal of gross 
amounts of oxide and other solids during 
initial charging to the system. A fil -
ter cake will accumulate during the 
life of the filter and in some instances 
will necessitate an increase in pres-
sure differential to maintain a desired 
filtration rate. The filter pressure-
drop problem can be lessened by design-
ing for backflushing and providing for 
accumulation of solids below the filter. 
Backflushing can be accomplished by 
using helium or argon to blow the cake 
off the filter. During filtration of 
sodium oxides, plugging was found to 
occur if conditions existed which pro-
moted oxide crystal growth within the 
filter bed , (e,g., if the sodium was 
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rapidly cooled and filtered or if the 
sodium temperature decreased during 
passage through the filter). Crystal 
growth in the filter can be prevented 
by retention of sodium at temperature 
to permit crystal formation before fil-
tration coupled with maintenance of a 
uniform temperature through the filter. 
Crystal growth in the filter can also 
be prevented by heating the filter so 
that sodium temperature increases 
slightly as the sodium flows through 
the filter. 

The efficiency of porous, sintered-
metal filters for sodium oxide removal 
has been demonstrated to be 80 to 95% 
of theoretical, depending on the fil -
tration conditions. The efficiency 
generally is improved after accumulation 
of a filter cake [20]. At the SIR 
Mark A prototype, brick sodium was 
melted in 900-lb batches and forced 
through a filter into a transfer tank 
operating under vacuum. A second fil-
ter was located in this tank. The 
batches of sodium were transferred by 
positive pressure through this second 
filter to the system storage tank. The 
filters used in both tanks were sintered 
stainless steel with an average pore 
size of 5 µ. Both filters were back-
flushed with helium after each transfer. 
As expected, heavy accumulations of 
sodium oxide occurred in the melt tank 
because of the oxidized skin on the 
brick sodium. This necessitated 
changing of filters and puddling and 
removing the oxide dross at approxi-
mately 6000-lb intervals. The fil-
tration rate averaged 248 lb/hr/sq ft 
at an average -temperature of 236°F with 
a 19 psi differential [7]. 

The difficulties resulting from the 
excess dross on brick sodium points 
up the desirability of procuring sodium 
in rail cars or cast in drums. Even 
when these forms are used, a filter is 
advisable. Filtration data taken on 
the Mark A transfer-tank filter would 
be applicable in these cases since the 
sodium filtered was relatively free of 
oxides. The average filtration rate 
from the Mark A transfer tank [7] was 
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Fig. 1.21 Sodium filtration results 
of the SIR Mark A melt- and transfer-
tank filters at an average sodium fil-
tering temperature of 240°F. Filter 
medium is sintered stainless steel with 
5 µ pore size. Melt-tank filter M 
is 19 psi, and transfer-tank data are 
corrected to 19 psi. Both melt- and 
transfer-tank filters were backflushed 
with helium after each filtration. 

177 lb/hr/sq ft at an average differ-
ential of 20.0 psi at 245°F. 

Data from the SIR melt- and transfer-
tank filters are plotted on Fig. 1.21. 
The pressure differential across the 
melt-tank filter was 19 psi. Transfer-
tank-filter results were corrected to a 
19-psi differential by use of a ratio 
of pressures. Chemical analysis of the 
sodium filtrate indicated that, of the 
common impurities checked (oxygen was 
excluded), the only element signifi-
cantly reduced was calcium. Filtration 
decreased the concentration of calcium 
from 191 to less than 40 ppm. Before 
filtration calcium reacted with oxygen 
in the sodium to form the insoluble 
calcium oxide [7]. 

Filtration of sodium similar to that 
described here,before it is charged 
to a system,is practiced quite univer-
sally at reactors and sodium and NaK 
test installations. 

During the Power Expansion Program 
(PEP) modifications to the SRE, a 
sintered stainless-steel filter was 
installed in the discharge line from 
the cold trap [87], primarily to remove 
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particulate carbon (which had been ob-
served in primary-fill-tank sodium) 
before charging the reactor, although 
its use was continued during reactor 
operations. Pore size was a nominal 
20 µ. No flow was lost through the 
filter during its use with two cold 
traps. However, the radiation level of 
the filter gradually increased to 2 
r/hr at its surface, and the filter was 
replaced to remove the radiation 
source [ 88] . 

Secondary sodium was filtered as a 
part of a corrective-action program 
at HNPF after pump binding was encoun-
tered and solid particulate material was 
discovered in the pumps. Sintered metal-
lic filters having a 10-µ pore size 
(formerly used in the melt stations) 
were installed to permit bypass fil-
tration. Sodium in each of the three 
secondary loops was passed through 
these filters approximately six times 
at linear velocities of about 10 ft/sec 
[42]. This filtration is believed to 
have contributed to solution of the 
pump-binding problem. 

Sintered-metal filters are fabri-
cated from porous sheet material. In 
the manufacture of the sheet material, 
metal or alloy powder is deposited in 
a flat layer of uniform thickness. 
Particle size range of the powder is 
selected to provide the final pore 
size desired. No binder is used. The 
layer of powder is heated in a furnace 
to a temperature just below the melting 
point. At this temperature, bonds 
develop at points of contact between 
adjacent particles. This material is 
available in a number of pore sizes 
(see Table 1.10). For a particular 
pore size, half of the fluid flows 
through pores smaller than the "mean 
pore size," as this term is defined. 
Manufacturing control is reported to 
be such that 98% of the pores are 
greater than one-half the mean pore 
size, and the largest pore is approxi-
mately twice the mean pore size. Fil-
ters fabricated of this material are 
available with pipe connections in a 
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Fig. 1.22 Flow capacity of 1/8-in. 
porous metal sheet. (From J.B. Camp-
bell, Porous Metal Sheet, Mater. & 
Methods, 41(4): 98-101 (1955). 

number of shapes: cylindrical, 
bayonet, star, and stacked disks 
(wafers). The last two shapes have 
been used successfully at Atomics 
International. 

Flow of water through this porous 
metal is related to pressure drop in 
Fig. 1.22. The letters in this figure 
refer to the grade of material listed 
in Table 1.7. Flow capacities are 
double for 1/16-in. sheet, half for 
1/4-in. sheet [89]. 

For a general relation, pressure 
drop for horizontal liquid flow through 
a sintered-metal filter can be approxi-
mated by [90] 

6P 2. 05VoµL 
D2 

f 
(1.1) 

where 
6P = pressure drop 
Vo superficial velocity based on 

flow through filter chamber with-
out a filter-element in place 
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Fig. 1.23 Correlation of differen-
tial pressure, pore size, and filter 
area for 100 gpm horizontal flow of 
750°F sodium through sintered-metal 
filters of uniform 1/8-in. thickness. 

µ dynamic viscosity 
L = uniform filter thickness 
Df effective pore diameter (mean 

pore size) 

Values are in consistent units. The 
derivation was based on the assumptions 
that (1) filter structure is analogous 
to closely packed spheres of uniform 
diameter and (2) capillary energies may 
be ignored. The equation is pre-
sented graphically in Fig. 1.23. These 
operating conditions are typical for a 
filter installed in a bypass line. A 
permeability factor, K, takes account 
of disorders of internal geometry which 
cause each element of fluid to follow a 
tortuous path of variable cross section 
in passing through the porous medium. 
It has been used for investigating 
sintered-metal filters where conditions 
other than horizontal flow and uniform 
filter thickness exist. The per-
meability factor is related to filter 
pore size, Df, by the expression 

2 
K = 1.23 Df (1.2) 

Some use of strainers (wire screens) 
in reactors has been noted in the lit-
erature. Both Atomic Power Develop-
ment Associates, Inc. (APDA) [91] and 
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-----5-ROD CLUSTER 

STRAINER 

Fig. 1.24 Lower end of Sodium Re-
actor Experiment fuel element equipped 
with strainer. 

Atomics International l92] have used 
strainers for diagnosis and examin-
ation of particulate matter in reactor 
sodium. At Atomics International a 20-, 
60-, and 100-mesh-screen assembly was 
used to detect and remove carbonaceous 
particulates from the core. In 1960 
SRE fuel elements were fitted with 
screens at the lower (inlet) end of 
the elements as shown in Fig. 1.24. 
The modification was made to prevent 
carbonaceous particles, present as a 
result of the Tetralin leak in the 
primary-coolant system [8], from 
entering fuel-coolant tubes. Screens 
were sized to prevent passage of par-
ticles larger than 0.054 in. This 
screen added approximately 0.75 psi 
to the fuel-element pressure drop 
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Fig. 1.25 Schematic drawing of 
valve-strainer device. 

at a flow rate of 10 lb/sec [44]. 
Test results are available for an 

interesting combination of components -
strainer and blocking valve [93]. This 
valve-strainer device is similar to a 
lift-plug valve; the strainer element 
is positioned in the normal flow pas-
sage of the plug, as shown in Fig. 1.25. 
The strainer element is stainless-
steel-wire mesh with openings of 0.005 
in. This device differs from a plug 
valve in several details: (1) an 
access port is built into the body at 
a 90° angle to the flow line to permit 
strainer removal, (2) the center of 
the plug is hollow to reduce its mass, 
and (3) the body has a connection for 
draining sodium from it before re-
placing strainer elements. Liberal 
clearances and manufacturing toler-
ances were a feature of this design; 
e.g., the annulus between plug and 
body was approximately 1/8 in. 

This 3-in.-pipe-size combination 
valve and strainer device performed 
satisfactorily when tested in a sodium 
system. This device provides a means 
of removing an in-line strainer element 
from the system without draining sodium 
from the system and alternately serves 
as a plug-type blocking valve. Tests 
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were conducted over a temperature range 
of 500 to 950°F and system pressures of 
0, 5, and 10 psi at sodium oxide con-
tents of 50 to 400 ppm. The strainer 
element was isolated from the system 
by freezing the sodium around the 
valve plug. The time required to 
freeze the sodium was found to be pri-
marily a function of system tempera-
ture, a typical value being 75 min for 
a system temperature of 800°F. 

(b) Settling 
Storage vessels are used for puri-

fication of sodium and NaK. Not only 
insoluble foreign material such as 
metal particles but also impurities 
having a temperature-dependent solu-
bility in the liquid metal are removed 
in tanks. 

The liquid metal is heated to above 
the saturation temperature of the sys-
t~m and then dumped into a storage tank 
to remove solubility-temperature-
dependent materials. The metal is then 
allowed to cool to just above its 
freezing point and maintained at this 
temperature for several hours to pre-
cipitate the impurities. It is then 
recharged to the system through a fil-
ter. The process can be repeated 
until the impurity level has reached the 
required level. Purification to less 
than 5 ppm of oxygen has been obtained 
in this way. The method is suitable 
for initial cleanup of circuits, for 
removing accidental gross oxygen con-
tamination, and for use on circuits 
where no installed cold trap is pro-
vided (49]. 

Purification of sodium used in a 
mass-transport-study loop was ac-
complished by cooling the sodium in a 
drain tank packed with Raschig rings 
to provide extended surfaces. This 
process was reported to be very ef-
fective (84]. 

Use of a horizontal cylindrical 
tank (4 ft in diameter by 8 ft) for 
removal of sodium oxide was inves-
tigated. An empirical correlation 
was obtained which gives oxide con-
centration as a function of time, 
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initial conditions, sodium depth, and 
folding time of the sodium cooling. 
The tank was also used to remove so-
dium oxide from the 110,000-lb LCTL. 
After 25 batches had been cold trapped 
in the tank, oxide content of the LCTL 
was reduced from an initial level of 
approximately 115 ppm to a value of 
43 ppm. It was concluded that the 
batch process provides an effective 
and economic means for removing 
oxides from sodium systems (61]. 

This method of cooling, precipi-
tation, and settling (sedimentation) 
has been used successfully at ANL 
[94]. However, the use of a settling 
tank at ORNL to reduce the oxygen con-
centration of sodium was not successful 
[95]. In small-charge tanks this 
process is sometimes enhanced by the 
addition of a natural-convection cold 
trap to the bottom of the tank. Ex-
amples are the NaK fill tanks used in 
ground-test facilities for SNAP reac-
tors. Refrigeration was provided to 
these cold traps to maintain minimum 
temperatures of 5 to 10°F [96]. 

In view of the purification capa-
bility of storage tanks, these tanks 
should be designed so that suction can 
be taken somewhat off the tank bottom 
when sodium is being transferred to an 
operating system such as a reactor. 
This feature should be incorporated 
into the design even if there are no 
plans to use the tank to remove an 
impurity such as sodium oxide. There 
is generally some foreign material, 
perhaps from the storage tank itself, 
that is best left in the tank. In 
addition to the operating suction line, 
it is normal practice to provide a 
separate tank drain at the very bottom 
of the tank. 

(c) Centrifuging 
Centrifuging has been tried on a 

laboratory scale at ANL to separate 
carbonaceous particulate material from 
sodium and NaK at room temperature. 
No significant degree of pur_ification 
was obtained using 300- to 625-g cen-
trifugal forces [97]. Only when the 
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forces were increased to 30,000 to 
130,000 g was the content of suspended 
carbon reduced. Thus this method was 
impractical for removing particulate 
carbon from system sodium. A flow-
through centrifuge capable of 64,000 
g is being used in a development pro-
gram at APDA. 

(d) Dis ti Uation 
In the early days of sodium puri-

fication, distillation (presumably 
under vacuum because of the low vapor 
pressure of sodium) was used for 
oxygen removal. Since the successful 
development of cold traps, the use of 
distillation for oxygen removal from 
sodium to be used in heat-transfer 
systems has not been justified in the 
United States. Removal of alkali metals 
and alkaline earths is a primary gain 
to be realized in a distillation pro-
cedure [20]. From the standpoint of 
the sodium-system operator, control of 
these and other metallic impurities 
can be achieved through proper speci-
fication at the time of procurement. 
However, the Russian BR-5 reactor re-
portedly uses a plant-scale distillation 
system for purification [5]. 

Use of distillation to prepare very 
pure sodium for research purposes was 
reported [69] in 1967. One of the 
reasons for using distillation was the 
need to achieve concentrations of 
metallic impurities lower than the con-
centrations in manufactured sodium. A 
zirconium getter was used prior to dis-
tillation to decompose Na-0-C com-
pounds, thereby preventing the carrying 
of carbon and oxygen into the dis-
tillate. Oxygen concentrations of 
0.6 to 5 ppm and a carbon concentration 
of 8 ppm were obtained by using this 
combination of methods. 

Successful purification of sodium 
by vacuum distillation has been carried 
out on a small scale. Experimental re-
sults and a theoretical treatment have 
been reported [98]. A translation of 
a Russian paper reported results of 
vacuum distillation conducted at 10- 5 
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to 10- 6 torr. Both sodium and po-
tassium were obtained in almost 
spectrographically pure form by this 
method [99]. A recent annotated 
bibliography [100] lists references 
on the theory and practice of high-
vacuum liquid-metal distillation, 
covering the period from 1912 to 1963. 

Distillation is relatively ex-
pensive in comparison with cold trapping. 
An estimate showed that 28,700 kw-hr of 
electricity would be required for a 
single distillation of 50,000 lb of 
sodium [ 101]. 

1-4 APPLICATION TO SYSTEMS 

1-4.1 Design Philosophy 

Purification is generally recog-
nized to be an important part of the 
successful design and utilization of 
a sodium or NaK heat-transfer system. 
The importance of integrating coolant-
purification considerations into the 
overall design effort from its begin~ 
ning is, perhaps, not so widely ac-
cepted. Liquid-metal purification 
is not an isolated subject that can 
be satisfactorily handled by a special-
ist working outside the main stream of 
the design activity. Purification must 
be considered by the project design 
team concurrently with temperature, sys-
tem temperature difference (~T), 
coolant velocity, materials selection, 
and system and component life in all 
trade-off studies commencing with the 
conceptual design. 

1-4.2 Equipment Arrangement 

Two examples of the arrangement of 
purification equipment, one for a "pot"-
type reactor, the other for a "loop"-
type system, are presented. These 
should not be considered optimum, but 
typical of arrangements which have been 
successfully tested in practice. 

The EBR-II primary purification sys-
tem, shown in Fig. 1.26,is an example 
of a purification system serving a pot-
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Fig. 1.26 Primary sodium purification system for Experimental Breeder Reactor 
No. II. 

type reactor. The reactor is located 
in the primary tank. The primary so-
dium cold trap is cooled by a NaK loop, 
which rejects heat to the silicone 
coolant system. NaK is purified by a 
natural-convection cold trap mounted on 
the "hot leg" of the loop; this trap 
consists of a capped 2-ft length of 
2-in. pipe. A regenerative heat ex-
changer (economizer) is installed 
external to the sodium cold trap. Two 
types of analytical devices are used 
to determine sodium quality. A plug-
ging meter is mounted on the cold-trap 
inlet line to monitor the concentration 
of impurities in primary tank sodium. 
Two samplers are used to remove sodium 
samples for chemical or radiological 
analysis. Samples may be taken from 
either the cold-trap inlet or the dis-
charge line. 

Parts of the cold-trap circuit lie 
below the level of sodium in the pri-

mary tank. Since radioactive primary 
sodium is circulated in the cold-trap 
system, it is essential to eliminate 
the possibility of an accident or 
equipment failure that would result 
in the syphoning of primary tank so-
dium. For this reason the return 
line from the purification system 
terminates above the surface of so-
dium in the primary tank. To prevent 
syphoning through the purification-
system feed line, control circuitry of 
the purification pump and isolation 
valve on the suction side of the pump 
are connected to leak detection and 
radiation monitoring equipment that 
will shut the system off if a sodium 
leak occurs or if high radiation level 
is sensed in the duct of the purifi-
cation-vault exhaust fan. At the same 
time, a syphon break (which is acti-
vated by the same control circuitry) 
is provided as an extra safety feature 
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Fig. 1.27 Primary sodium purification s y stem for Sodium Reactor Experiment. 

to positively break any syphon action 
and empty sodium from the surge tank 
supply line back into the primary tank. 
Manual shutdown of the purification 
system and activation of the syphon 
break is also provided. 

A diagram of the SRE primary (core-
coolant) sodium purification system is 
shown in Fig. 1.27. Four improvements 
made during PEP modifications [87] 
following CORE II operations are in-
cluded. 

1. "Cold leg feed" (sodium at 
reactor-inlet temperature) was provided 
for the cold trap and plugging meter. 

2. The former "hot leg" feed line 
was rerouted to serve the hot trap only. 

3. A feed connection from the pri-
mary fill tank to the cold trap, hot 
trap, and plugging meter was provided 
to permit purification of sodium stored 
in this tank. 

4. A metal-specimen exposure 
facility was installed in the hot-trap 
inlet line to permit specimen replace-
ment without entry into the vault [102]. 
The first two changes were made to 
permit simultaneous hot trapping to re-
move carbon and cold trapping to re-
move oxygen. Vault nitrogen gas was 
used to cool both the cold trap and the 
plugging meter. At the cold trap 
nitrogen (at 150°F or less) was drawn 
past the trap; heat removed from the 
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cold trap was transferred to kerosene 
in the cooler, and the heat was re-
jected through the kerosene service 
coolant system. The vault-atmosphere 
cooling syst~m easily handled the small 
heat load from the plugging-meter 
cooler. 

The HNPF coolant system is similar 
to the SRE; i.e., it is loop type with 
a primary pump serving as the driving 
force for cold-trap flow. As noted 
in Sec. 1-3.l(a), changes in primary 
pump speed required by the HNPF reac-
tor operating plan caused fluctuations 
in cold-trap flow rate. (Such reac-
tor flow changes could be expected in 
an electrical-load-following plant.) 
The cold-trap temperature controller 
(which controls temperature by 
varying nitrogen coolant flow) was 
unable to compensate for these sodium-
flow fluctuations. This resulted in 
release of sodium oxide from the trap 
to the system. Control of cold-trap 
sodium flow rate independent of 
coolant-loop flow rate would have pre-
vented this oxide release from the 
trap. Initial operating difficulties 
at DFR also demonstrated the impor-
tance of controlling told-trap sodium 
flow rate independently of main coolant 
pumps. 

One way of achieving independent so-
dium flow control is the scheme used at 
EBR-II; the purification loop is served 
by its own pump, rather than a main 
coolant pump. This scheme has the 
additional advantage that purification-
loop operation is not affected by shut-
down of one of the coolant loops in a 
multiple-loop reactor; i.e., the puri-
fication equipment does not have to be 
switched from one main coolant loop 
to another. This switching operation 
can also be the cause of oxide release 
from a trap. Use of a separate pump 
for purification equipment is commended 
to the consideration of system de-
signers. 

1-4.3 System Installation and Start-up 

Cleanliness of all components and 
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assemblies must be carefully controlled 
during fabrication and installation to 
achieve a satisfactory degree of coolant 
purity after reactor start-up. All but 
the simplest of components must be 
cleaned on a part-by-part basis prior 
to assembly. It is not feasible to 
clean, rinse, and dry a complicated 
component like a cold trap or hot trap 
after the mesh or foil and all internal 
parts have been assembled and final 
closure welds on the vessel shell made. 
After components have been cleaned, 
they must be kept clean. Proper 
attention must be given to the problem 
of "air breathing" to prevent the 
accumulation of moisture in an open 
component subject to temperature 
changes during the day-night cycle. 
Adequate removal of condensed water 
vapor may not be possible, even if the 
presence of moisture is detected. 
Also, moisture can cause aqueous cor-
rosion on internal parts of components 
that are no longer available for inspec-
tion. Maintenance of a dry, inert gas 
(e.g., argon or nitrogen under pres-
sure) in a vessel or other component at 
all times between cleaning and final 
installation is an effective means 
for excluding moisture. Similarly, 
the piping-component system must be 
kept clean and dry during assembly. 

After a sodium or NaK system (e.g., 
a reactor and associated sodium, inert 
gas, and vent piping) has been com-
pletely assembled, an inert-gas atmo-
sphere must be established in the 
system before sodium or NaK is intro-
duced. The best way to effect removal 
of residual gases from the installation 
activities is by evacuation of the 
system. Provision for evacuation before 
charging with the liquid metal should 
be a feature of all liquid-metal sys-
tems to the extent that it is eco-
nomically feasible. Such provision is 
general in small systems, such as 
SNAP reactors but has not been in-
cluded in the design of some large 
systems, e.g., SRE. If the system 
can be evacuated, several evacuation 
inert-gas-fill cycles should be per-
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formed as required to effect removal 
of residual air, moisture, etc. 
Heating of the system during evacu-
ation is an aid to the removal of 
gases adsorbed in the system. If the 
system cannot be evacuated, it must be 
flushed with inert gas to purge the 
system. Selection of purge connections 
should be made with due consideration 
for relative densities of the various 
gases involved. 

Another item of importance to final 
coolant purity is the receiving of the 
liquid metal and preparation for 
charging to the heat-transfer system. 
If sodium is received in brick form, 
excessive surface contaminants can be 
removed by brushing the bricks with a 
wire brush before placing them in the 
melt tank. For most engineering-scale 
loops, sodium is received cast in 
drums or tank cars. NaK is received in 
special drums with an inert-gas cover. 

After transfer from drums or cars to 
a receiving or "hold tank" (melt tank 
for bricks), sodium should be held to 
permit reaction of calcium and oxygen 
to form calcium oxide. Then the sodium 
should be cooled to precipitate sodium 
oxide and filtered with a sintered-
metal filter to remove calcium oxide, 
sodium oxide, any other impurities 
whose solubility in sodium is tempera-
ture dependent, and all insoluble im-
purities. This filtering operation 
can be accomplished during transfer to 
the charge tank or transfer to the sys-
tem if the charge tank serves as the 
receiving tank. Caution should be 
exercised in the use of sodium re-
ceived with a very low oxygen content. 
If the oxygen concentration is less 
than that necessary to form a stoi-
chiometric mixture with the calcium 
present, oxygen must be added to the 
sodium if removal of excess calcium is 
desired. [See Table 1.1 and Sec. 
l-3.2(d).] 

It may be desirable to cold trap the 
sodium or NaK in the charge tank before 
filling the system. This can be done 
by circulating sodium from the charge 
tank through a cold trap in the regular 
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purification system of the plant, or by 
use of a natural- convection cold trap 
attached to the charge tank [see Sec. 
l-3.3(b)]. 

Sodium or NaK flushing of a com-
pleted, purged system is the generally 
accepted final step in preparation of 
a heat-transfer system for use. The 
flushing operation consists of one or 
more high-temperature flushes (cir-
culation of sodium throughout the sys-
tem at a temperature as close to maxi-
mum operating temperature as can be 
obtained) followed by draining of the 
system at high temperature and refil-
tration of the sodium at low tempera-
ture [20], or other means of purifi-
cation (e.g., settling in charge tank 
or cold trapping). 

Immediately after initial filling 
of the system or after maintenance op-
erations when air may have heen admit-
ted to the system, purification of 
system sodium should he commenced. As 
a new system or a system being restarted 
after such maintenance work is heated, 
oxygen adsorbed on steel surfaces or 
oxygen that reacted ·with residual so-
dium in the piping will cause an in-
crease in oxygen concentration in the 
sodium system. Plugging temperature of 
the sodium should be routinely moni-
tored. 

Both plugging (saturation) tempera-
ture and system temperature must be 
considered for adequate knowledge of 
temperature-dependent- impurity content 
of a sodium system. For oxygen, for 
example, the saturation temperature 
alone indicates only the amount of 
oxygen dissolved in the sodium. If the 
saturation temperature equals the sys-
tem temperature, the sodium is satu-
rated with oxygen, and there may be a 
second phase of solid oxide in the 
piping system. If the observed plug-
ging temperature was within 50°F of 
the system temperature, the SRE sys-
tem was considered to be saturated for 
the purpose of planning cold-trap op-
erations [37]. When saturation equals 
or is close to saturation temperature, 
the plugging potential of the system is 
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abnormally high. When cold-trap oper-
ations are planned for such a clean-up 
period, consideration should be given 
to operating with a high flow rate 
(compared with normal) and low trap 
b,T (inlet minus coldest trap tempera-
ture), provided previously trapped 
oxide will not be released to the sys-
tem. This will prevent plugging in the 
economizer, minimize oxide buildup in 
the cooling section of the cold trap, 
and may well result in faster removal 
of oxide from the system because of the 
exponential temperature dependence of 
oxygen solubility in sodium. 

If the sodium system includes me-
chanical equipment having bearings with 
small clearances, it is highly desir-
able to maintain the insoluble content 
at a low value through filtration [20]. 
This can be accomplished with sintered-
metal filters or, to some degree, 
through the filter action of a cold 
trap, provided the insoluble material 
reaches the filter. Coarse particulate 
matter can be retained in a relatively 
stagnant region, such as a core dis-
charge plenum (located above a core), 
where sodium velocity is insufficient 
to entrain the particles. 
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Chapter 2 
Effects on Materials 

Principal Authors: J. K. BALKWILL, J. L. LOCKETT, and R. K. WAGNER 

2-1 INTRODUCTION 

This chapter describes the effects 
produced in various structural materials 
by their exposure in sodium or NaK. 
The principal effects discussed are: 

1. Changes in such mechanical prop-
erties as tensile, creep, stress rup-
ture, fatigue, and impact. 

2. Corrosion by simple solution, 
localized attack such as intergranular 
penetration or pitting, and alloying. 

3. Compositional changes due to 
mass transfer. 

4. Reaction with impurities from 
the liquid metal. 

These effects influence the selec-
tion of all structural materials used 
in a liquid-metal system. Frequently, 
combined effects must be evaluated; e.g., 
compositional changes can result in a 
degradation of mechanical properties 
caused by removal of a strengthening 
element from the material. Because 
these effects are time and temperature 
dependent, their relative importance 
varies from negligible for low-temper-
ature short-lived applications to criti-
cal for long-term service at high tem-
perature. · 

Although most of the state-of-the-
art information is reasonably complete, 
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the data are insufficient to apply the 
statistical methods normally adopted 
for the development of minimum de-
sign criteria and allowable stresses, 
where mechanical properties are in-
volved. For example, corrosion data 
are wholly valid only for the particu-
lar material and system under test. 
The many variables and corrosion types 
present in a liquid-metal system may 
preclude direct application of these 
data. Thus, for the sections oper-
ating in a liquid-metal environment, 
the corrosion allowables described 
must be supplemented by engineering 
judgment. 

On the basis of extensive experi-
mental work, either planned or in 
progress, it is apparent that the in-
formation presented is limited and rep-
resents the current state of the art. 

2-2 EFFECTS OF SODIUM ON THE MECHAN-
ICAL PROPERTIES OF MATERIALS 

2-2.1 Introduction 

In recent years development work 
and technical literature on liquid 
metals have continued to increase. 
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The compatibility of structural, con-
tainment, and cladding materials with 
sodium was emphasized in the development 
work, and corrosion and mass-transfer 
effects received the major attention. 

Recent extensive programs initiated 
by the U.S. Atomic Energy Commission 
(AEC) to evaluate types of steels an-
ticipated for use in large sodium sys-
tems should determine whether current 
design allowables, developed after test-
ing in conventional mediums (air and 
inert gas), are reliable for long-term 
exposure in high-temperature sodium. 
Horton et al. [l] prepared a comprehen-
sive summary based on this work which 
describes the effects of sodium on 
the mechanical properties of austenitic 
and ferritic steels. Information from 
that summary is presented throughout 
this section. That this work was fuel-
cladding oriented is indicated by the 
thickness of material investigated. 
Results should be more conservative on 
extrapolation to heavier sections where 
shallow surface effects become less im-
portant. 

Sodium has little effect on mechan-
ical properties, tensile, creep, and 
stress rupture. In most cases, dif-
ferences observed can be attributed to 
corrosion or mass transfer to or from 
the alloy under test. 

2-2.2 Austenitic Stainless Steels 

Nearly all existing liquid-metal (so-
dium and NaK) systems and components 
are fabricated from ·one of the austen-
itic stainless steels. This wide accep-
tance is based on the familiar stan-
dards for material selection: elevated-
temperature strength, compatibility, 
fabricability, and availability. These 
steels perform satisfactorily in liquid-
metal systems operating to 1000°F. Ex-
cept for unusual future requirements, 
their widespread use is expected to 
continue, as evidenced by the experi-
mental efforts concentrated on the 
austenitic stainless steels. 

BALKWILL ET AL. 

(a) Tensile Properties 
During an investigation of sodium 

effects on the tensile properties of 
316 stainless steel, investigators at 
MSA Research Corp. (MSAR) (2,3,4] found 
that carbon-contaminated sodium pro-
duced the greatest effect. Exposure 
in low- (30 ppm) and high- (300 ppm) 
oxygen sodium before testing had no ap-
preciable effect on the tensile prop-
erties. Testing was performed on 
0.065-in.-thick specimens taken from 
sheet material of the composition shown 
in Table 2.1. 

TABLE 2.1 - Chemical Composition of 316 
Stainless Steel (Heat 880347) [4] 

Element Wt.% Element Wt.% 

C 0.045 Si 0.48 
Mn 1.94 Cr 18.00 
p 0.02 Ni 12.84 
s 0.01 Mo 2.33 

Since all tensile testing was per-
formed after a prolonged exposure to a 
variety of environments, the effect of 
liquid metal on the tensile properties 
does not reflect behavior under actual 
conditions of loading. For example, 
the effect of sodium at the higher 
strain rates normally employed in ten-
sile testing was not developed. The 
samples were preexposed in helium, 
high- and low-oxygen sodium, and high-
carbon (30 to 50 ppm) sodium for 4000 
hr at 1200°F and the postexposure ten-
sile testing was conducted at room tem-
perature in either air or helium and at 
elevated temperature (1200°F) in he-
lium. 

The tensile properties developed for 
various exposure environments and test 
temperatures are given in Table 2.2. 
The tensile-strength data are shown 
graphically in Fig. 2.1. Data from 
United States Steel Corporation, Bul-
letin 26, were plotted on the same graph 
for comparison. The results indicate 
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Fig. 2.1 - Tensile strength of 316 
stainless steel exposed 4000 hr at 
1200°F in contaminated sodium. 

Exposure Test environment 
environment and temperature 

0 None Air, 1200°F 
None He, RT and 1200°F 

6 Low-oxygen He, RT and 1200°F 
(300 ppm) Na 

0 Na-C (30 to Air, RT; He, 1200°F 
50 ppm) 

• He Air, RT; He, 1200°F 
High-oxygen Air, RT; He, 1200°F 

(300 ppm) Na 

• He Air, RT; He, 1200°F 

that "as-received" material had room-
and elevated-temperature tensile 
strength comparable to that of other 
heats of 316 stainless steel. Ex-
posure to high-carbon sodium apparently 
strengthened the material at the high 
temperature but lowered the room-temper-
ature tensile strength. Exposure in 
other environments did not affect the 
tensile strength significantly. 

The data presented in Fig. 2.2. re-
flect a modification of the measured 
tensile strength to show a comparison 
with the 25% allowable American Society 
of Mechanical Engineers (ASME) Code 
values. Except for the room-temperature 
strength of material exposed in high-
carbon sodium, the sodium exposures did 
not degrade the tensile strength below 
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Fig. 2.2 - Tensile strength of 316 
stainless steel exposed 4000 hr at 
1200°F in contaminated sodium. (Points 
are 25% of tensile data.) 

Exposure Test environment 
environment and temperature 

0 None Air, 1200°F 
None He, RT and 1200°F 

6 Low-oxygen Na He, RT and 1200°F 
0 Na-C Air, RT; He, 1200°F 
• He Air, RT; He, 1200°F 

High-oxygen Na Air, RT; He, 1200°F 

• He Air, RT; He, 1200°F 

the current Code allowable. 
The effect of the exposures on the 

yield strength is shown in Fig. 2.3. 
In Fig. 2.4 the 62 1/2% yield-strength 
values are compared with the allowables 
defined in the ASME Code. Again the so-
dium exposures had no detrimental effect 
with respect to the current design al-
lowables. 

The effect of sodium exposure is most 
apparent on the ductility of 316 stain-
less steel. As shown in Fig. 2.5, the 
ductility of samples exp0sed in high-
carbon sodium was degraded virtually to 
zero. This behavior indicates that a 
high degree of carburization occurred 
during the exposure period. - Although 
the material exposed in helium and so-
dium shows a marked reduction in elonga-
tion, its behavior was still regarded 
as ductile(it exhibited over 20% elon-
gation). 

Andrews et al. [5,6] later reported 
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Fig. 2.3 - Yield strength of 316 
stainless steel exposed 4000 hr at 
1200°F in contaminated sodium. 

Exposure Test environment 
environment and temperature 

0 None Air, 1200°F 
None He, RT and 1200°F 

6 Low-oxygen Na He, RT and 1200°F 
0 Na-C Air, RT; He, 1200°F 
• He Air, RT; He, 1200°F 
0 High-oxygen Na Air, RT; He, 1200°F 
• He Air, RT; He, 1200°F 

similar work on the effect of sodium ex-
posure on the tensile properties of 304 
stainless steel. Specimens were ex-
posed stress free for 4000 hr to high-
oxygen (300 ppm), dynamic, 1200°F so-
dium and in another loop to low-oxygen 
(10 ppm), dynamic, 1200°F sodium con-
taminated with carbon from a source of 
continuous supply. The specimens were 
then tensile tested in air at room tem-
perature and at 1200°F. Other specimens 
exposed to 1200°F helium for 4000 hr as 
a control were also tested in air at 
room temperature and at 1200°F. The 
tensile properties developed for the 
various exposure environments are given 
in Table 2.3. It was concluded that 
the specimens exposed to high-oxygen 
sodium were only slightly degraded in 
tensile properties, but the ductility 
at 1200°F dropped to 23% from the as-
received values of 38%. This loss of 
ductility could be significant over a 
longer exposure time. 

The samples exposed to high-carbon 
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Fig. 2.4 - Yield strength of 
stainless steel exposed 4000 hr 
1200°F in contaminated sodium. 
are 62½% of yield data.) 

316 
at 
(Points 

Exposure Test environment 
environment and temperature 

0 None Air, 1200°F 
None He, RT and 1200°F 

6 Low-oxygen Na He, RT and 1200°F 
0 Na-C Air, RT; He, 1200°F 
• He Air, RT; He, 1200°F 
0 High-oxygen Na Air, RT; He, 1200°F 

• He Air, RT; He, 1200°F 

sodium and tested at room temperature 
failed at the pinhole for the extensom-
eter attachment, showing extreme 
brittleness; those tested at 1200°F 
showed tensile and yield strengths in-
creased with almost total loss of duc-
tility. This confirmed the results 
previously obtained for 316 stainless 
steel which showed the detrimental ef-
fects of carburization on ductility. 

The tensile strength, yield strength, 
and elongation of these two austenitic 
stainless steels after 4000-hr ex-
posures are compared in Figs. 2.6 to 
2.8. 

The effect of sodium on the tensile 
properties of various austenitic stain-
less steels was also investigated by 
Lyashenko, Zotov, and Ivanov [7] in 
tests similar to those at MSAR [2] 
where the test specimens were exposed 
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Fig. 2.5 - Elongation of 316 stain-
less steel exposed 4000 hr at 1200°F 
in contaminated sodium. 

Exposure Test environment 
environment and temperature 

0 None Air, 1200°F 
D None He, RT and 1200°F 
6. Low-oxygen Na He, RT and 1200°F 
0 Na-C Air, RT; He, 1200°F 
A He Air, RT; He, 1200°F 
0 High-oxygen Na Air, RT; He, 1200°F 

• He Air, RT; He, 1200°F 

in sodium prior to tensile testing. 
Lyashenko et al. preexposed thin-wall 
tubular specimens (12 nnn in diameter 
with 0.4-mm w·an thickness) at 600°C 
(1112°F) in high- (300 ppm) and low-
(70 ppm) oxygen sodium and at 700°C 
(1292°F) in low- (40 ppm) oxygen sodium 
and tested them in air at room temper-
ature. The composition of the three 
grades of austenitic steels evaluated 
is given in Table 2.4. 

The tensile properties measured after 
sodium exposure and the tensile values 
obtained on as-received material and 
after long-term exposure in inert gas 
are tabulated in Table 2.5. The tabu-
lated values represent the average of 
five determinations. 

The data indicate that the tensile 
strength and elongation of the steels 
evaluated were not significantly af-
fected by exposure to low-oxygen so-
dium at 600°C (1112°F). However, at 
the increased oxygen level, the duc-
tility of the steels was noticeably re-

65 

duced, particularly for the 1Khl8N9T 
grade (the elongation was reduced from 
35 to 4% after exposure). Interest-
ingly, the presence of calcium 
(0.2 wt.%) in the high-oxygen sodium 
diminished the observed effects. The 
calcium was added to lower the corro-
sive effect of high-oxygen sodium by 
forming calcium oxide, which has a low 
solubility in sodium. The high-oxygen 
sodium becomes low-oxygen sodium after 
the calcium scavenges oxygen from the 
system. The corrosive effects of the 
sodium were in fact so reduced by the 
calcium additive that the ductility loss 
in high-oxygen sodium noted in Table 
2.5 was prevented. 

In general, the results of this in-
vestigation are similar to those of 
Andrews and Kirschler. [4] Table 2.3 
shows a reduction of about one-third 
from as-received values in average 
elongation of specimens tested after 
exposure in high-oxygen sodium. Both 
investigations showed that high-oxygen 
sodium is detrimental to the ductility 
of austenitic steels. The tensile 
strength showed only minor variations, 
with no well-defined trends apparent. 

(b) Creep Strength 

(1) 316 Stainless Steel. Investi-
gators at MSAR [2-4] determined the 
creep strength for 316 stainless steel 
in 1200°F sodium at various purity 
levels. For comparison similar tests 
were also performed in air and in he-
lium with some samples exposed to high-
oxygen (300 ppm) or high-carbon (30 to 
50 ppm) sodium for 4000 hr prior to 
testing. All specimens were taken from 
0.065-in.-thick sheet material (see 
Table 2.1 for composition). The mini-
mum creep rates obtained are shown in 
Figs. 2.9 and 2.10. These creep values 
were subsequently extrapolated to pro-
vide the familiar design criteria for 
creep stress to produce a creep rate 
of 1% in 100,000 hr. These design data 
are shown in Table 2.6, where various 
environmental conditions are considered. 
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TABLE 2.4 - Chemical Composition of Three Austenitic Steels* [7] 

Grade C Mn Si Cr Ni Nb w Ti 

1Khl4N20V2B 0.11 0.6 0.27 13.75 19.13 1 2.34 
1Khl4Nl5B 0.09 0.63 0.35 14.0 15.7 1 
1Khl8N9T 0.06 1.17 0.43 17.75 10.25 0.45 

* Composition is given in weight percent. 

TABLE 2.5 - Tensile Properties 

Grade 

1Khl4N20V2B 
at 600°C 
(1112°F) 

1Khl4Nl5B 
at 600°C 

1Khl8N9T 

Exposure environment* 

None 
Inert gas 
Inert gas 
Low-oxygen Na 
Low-oxygen Na 
High-oxygen Na 
High-oxygen Nat 
None 
Inert gas 
Inert gas 
Low-oxygen Na 
Low-oxygen Na 
High-oxygen Na 
High-oxygen Nat 

None 
Inert gas (600°C) 
Low-oxygen Na (600°C) 
High-oxygen Na (600°C) 
High-oxygen Nat (600°C) 
Inert gas (700°C, 1292°F) 
Low-oxygen Na (700°C) 
Low-oxygen Na (700°C) 

for Three 

Exposure 
time, 
hr 

2500 
5500 
2400 
5500 
1500 
1500 

2500 
5500 
2400 
5500 
1500 
1500 

3100 
3100 
1500 
1500 
5000 
2500 
6500 

Austenitic Steels [7] 

Tensile strength 
Elongation, 

Kg/rnm 2 10 3 psi % 

55 78.2 20 
54 76.7 16 
53 75.3 15 
58 82.4 24 
58 82.4 20 
61 86.6 18 
59 83.9 24 

53 75.6 30 
58 82.4 28 
56 79.5 23 
57 81 31 
57 81 24 
58 82.4 19 
53 75.6 31 

65 92.4 35 
69 98 26 
69 98 27 
68 96. 7 4 
49 69.5 36 
66 93.7 19 
67 95.2 27 
70 99.5 26 

* Low-oxygen sodium contained 40 to 70 ppm oxygen. High-oxygen sodium con-
tained 300 ppm oxygen. 

t Includes 0.2 wt.% calcium. 

A comparison of the creep strength 
developed in these tests with the 
American Society for Testing Materials 
(ASTM) average values for 316 stain-
less steel is shown in Fig. 2.11. The 
creep strengths developed during these 
tests are greater than the ASTM aver-
age; the carburized material exhibited 

the highest creep strength. Because 
these design data were developed from a 
limited number of tests - usually 
three - they should be used cautiously. 

(2) Austenitic-Stainless-Steel Tub-
ing. The creep strength and rupture 
life for 304- and 316-stainless steel 
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V1 a. 
('I"\ 

0 
8 10 
1./') 1200°F LOW-OXYGEN Na 1./') 
w (30 ppm 0 2 ) 0:: 
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1./') 

MINIMUM CREEP RATE (%/hr) 

Fig. 2.9 - Minimum creep rate of 316 
stainless steel in air, helium, and 
high- and low-oxygen sodium tested at 
1200°F after 4000-hr exposure at 1200°F. 

Exposure 
environment 

0 High-oxygen Na 
6. High-oxygen Na 

High-oxygen Na 
• As received 
.& Helium 

Test environ-
ment 

High-oxygen Na 
Air 
Helium 
High-oxygen Na 
Air 

tubing (0.010-in. wall thickness) in 
high-purity, static sodium were studied 
at Atomics International. [8,9] In the 
earlier investigations the short-term 
rupture strength and rupture life for 
both steels were found to be signifi-
cantly lower in an environment of 
zirconium-gettered sodium than in an 
atmosphere of helium. Biaxial stress-
rupture data from these experiments for 
316 stainless steel are shown in Fig. 
2.12 and for 304 stainless steel in 
Fig. 2.13. The creep rate of 316 stain-
less steel at 1350°F is shown in Fig. 
2.14; the creep rate is higher in so-
dium than in helium. The unexpected 
loss of creep-rupture strength in the 
sodium environment was traced to de-
carburization of the tubing. Zirconium 
foil, which was placed in the sodium in 
the static-test retorts to getter oxy-
gen, acted as a sink for carbon trans-
ported from the stainless-steel tubing 

BALKWILL ET AL. 

V1 a. 
('I"\ 

0 
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1./') 
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0:: 
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MINIMUM CREEP RATE (%/hr) 

Fig. 2.10 - Minimum creep rate of 
316 stainless steel in air, helium, and 
high-carbon and low-oxygen sodium tested 
at 1200°F after 4000-hr exposure at 
1200°F. 

Exposure Test environ-
environment ment 

0 Na-C Na-C 
6. Na-C Air 

Na-C Helium 

• As received Na-C 
.& Helium Air 

through the sodium bath. In tests on 
304 stainless steel, the carbon content 
was found to be reduced by 30 to 50% in 
less than 1000 hr at 1300°F; 316 stain-
less steel lost 30% of its original 
carbon in less than 1000 hr at 1350°F. 
Chemical analysis of the zirconium foil 
showed that its carbon increased from 
0.01% before exposure to 0.33% after 
exposure. The average oxygen concen-
tration in the sodium was below 10 ppm 
during the tests as determined by 
sampling during each run and at the end 
of each run. 

In continued work [9] with the same 
equipment but without the zirconium 
foil, sodium samples withdrawn from the 
retort during and after each test showed 
that the original low oxygen content 
(~ 10 ppm) was maintained during the 
test without difficulty. Figs. 2.15 
and 2.16 show that the biaxial stress-
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TABLE 2.6 - Creep Data for 316 Stainless Steel in Various Environments [4] 

Exposure environment Test environment Stress to 
(4000 hr, 1200°F) (1200°F) produce creep rate of 

1% in 100,000 hr, psi 

None Helium 8,200 
None Air 10,500 
None Low- oxygen Na 8,500 
None High-oxygen Na 8,500 

None High- carbon Na 10,000 
High-oxygen Na High-oxygen Na 8,500 
High-oxygen Na Air 8,500 
High-oxygen Na Helium 10,400 

Helium Air 8,600 
High- carbon Na Air 11,800 
High- carbon Na Helium 13,200 
High- carbon Na High-carbon Na 17,000 

rupture properties of thin-walled tub-
ing of both austenitic stainless steels 
in an environment of high-purity sodium 
were unchanged from results obtained in 
high-purity helium. 

The test pattern of work completed 
and in progress in this program [9] is 
shown in Table 2.7. Figs. 2.17 and 
2.18 present the biaxial stress-rupture 
properties 9f annealed and cold- worked 
austenitic-stainless- steel thin- walled 
tubing in high-purity sodium at 1000, 
1200, and 1400°F, as determined from 
the latest data. [10] Conclusions drawn 
from these data include: 

1. No significant degradation of 
mechanical properties of 304 and 316 
staiqless steel was found in a high-
purity environment (~ 10 ppm oxygen) 
for testing times up to 3000 hr at 
temperatures up to 1400°F. The same 
lack of environmental effect was found 
for both 10 to 15% cold-worked tubing 
and annealed tubing. No significant 
embrittlement effect due to 1400°F 
sodium was found. Microstructural 
characteristics of the ruptured tub-
ing from 1400°F sodium and helium en-
vironments were comparable. 

2. The long-term stress-rupture 
curves of cold-worked tubing have a 

steeper slope than those of annealed 
material. Although the cold- worked 
material has higher short-term rup-
ture strength, the two curves converge 
and cross, the annealed material having 
superior long-term rupture strength 
when tested at temperatures where re-
covery processes are operative. The 
crossover point at a given temperature 
for 316 stainless steel occurred at a 
much longer time than for 304 stain-
less steel, probably because of the 
stabilizing effect of the molybdenum in 
the former. 

3. At 1200 and 1400°F, 10 to 15% 
cold-worked 316 stainless steel had sig-
nificantly higher long- term rupture 
strength than cold-worked 304 stainless 
steel and comparable ductility (diam-
etral strain). 

Shively [11] reported the results of 
stress-rupture tests of internally 
heated and pressurized thin-wall tubes 
of 304 stainless steel immersed in 
high-purity, flowing, 1200°F sodium. 
The tubing material was identical with 
that previously tested by Lee. [8,9] 
Shively first ran four control tests 
in which the tubes were stress_- rupture 
tested in flowing sodium internally 
pressurized with NaK but not internally 
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Fig. 2.11 - Creep rate of 316 stain-
less steel (1% in 100,000 hr) tested 
at 1200°F after 4000-hr exposure at 
1200°F (extrapolated). 

Exposure Test environment 
environment 

0 None Air 
D None Helium 

None Na-C 
None Low-oxygen Na 

A None High-oxygen Na 
High-oxygen Na Air 
High-oxygen Na High-oxygen Na 

0 High-oxygen Na Helium 
Helium Air 

• Na-C Air 
Na-C Helium 

• Na-C Na-C 

heated. The actual rupture time at 
1210 to 1245°F ranged from 0.9 to 1.1 
times that predicted from Lee's[9] 
stress-rupture data in static sodium 
with helium pressurization. This dem-
onstrated that the internal NaK environ-
ment and the external dynamic sodium 
did not substantially alter the biaxial 
stress-rupture life of the material. 
It was further noted that the salient 
features of the microstructures of both 

BALKWILL ET AL. 

static and dynamic specimens were iden-
tical, indicating that failure modes 
were the same in both tests. Ten more 
stress-rupture tests with internal heat-
ing are reported; in two tests the heat-
ing was continuous, and in eight tests 
the heater was cycled on and off at 2-
or 12-min intervals. Test conditions 
are reported in Table 2.8. The strain 
profiles of tube tests with internal 
heating were found to follow the tem-
perature profile along the wall of the 
tube as shown in Fig. 2.19. The fail-
ures occurred in the peak strain po-
sitions, which are also peak temperature 
positions. For the constant-internal-
heat tests, the stress-rupture behavior 
of 304-stainless-steel thin-wall tubes 
was directly predicted from the data ob-
tained by Lee [9] in static sodium for 
the stress and temperature corresponding 
to the peak midwall position of the 
tubes. The average strain rate also 
agreed with that predicted from static 
tests. Steady internal heating there-
fore did not alter the biaxial stress-
rupture life of the material from that 
observed in static tests. 

However, the results of tests of in-
ternally heated and pressurized speci-
mens operated in a cyclic mode showed a 
pronounced influence of cycling on the 
stress-rupture life and on the rate of 
deformation. The strain at the peak 
temperature was 50% greater for the 
cyclic than for the steady-heat tests 
(Fig. 2.19), and the strain profile was 
much sharper, indicating more localized 
deformation. The appearance of the 
microstructure and cracking was differ-
ent for the thermally cycled specimens; 
extensive void formations found in pre-
vious tests were absent in the cyclic 
specimens except in the rupture area, 
and multiple cracks were found. 

These differences indicate that ther-
mal cycling altered the creep-defor-
mation mechanisms. It was found that 
conventional secondary-creep equations 
do not rationalize the increased strain 
or reduction in life; observed cyclic 
life and that predicted from Lee's 
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static tests [9] are compared in Fig. 
2.20. A preliminary conclusion was 
that primary-creep mechanisms were 
operative in addition to secondary 
creep, and the resulting superposition 

produced a ratchetting effect and in-
creased strain. 

Studies on the stress-rupture be-
havior of 304 stainless steel in cop-
per-contaminated sodium were performed 
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Fig. 2.16 - Biaxial stress-rupture properties of 304 stainless steel in high-
purity sodium. 

the presence of copper in sodium was 
not detrimental to the stress-rupture 
properties of the 304-stainless-steel 
tubing under these test conditions. 

Strain measurements taken on the 
diameter of the specimens after the 
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by Atomics International. (10] Biaxial 
stress-rupture specimens, both copper-
plated (0.0002 in. and 0.0006 in.) and 
unplated 304 stainless-steel tubing, 
were exposed to static sodium saturated 
with copper for up to 2000 hr at 950, 
1100, and 1300°F. Charpy impact speci-
mens and pure copper corrosion tabs were 
also exposed in the retorts. 

Results of the stress-rupture tests 
are plotted in Fig. 2.21. Both copper-
plated and unplated specimens gave es-
sentially the same values. In addition, 
the 1100°F test results agree with pre-
vious tests at 1100°F carried out on 
the same heat of tubing in high-purity 
sodium; s'imilar previous test·s in high-
purity sodium at 1200°F and 1400°F are 
shown in Fig. 2.21 as dashed lines. 

test showed (10] that the strain rate 
was the same for both copper-plated and 
unplated specimens in copper-saturated 
sodium at 950 and 1100°F (Fig. 2.22). 
Preliminary results from the 1300°F test 
also indicated that copper contamination 
did not affect strain rate. 

It was concluded from these studies that 

Charpy impact tests on specimens ex-
posed to copper-saturated sodium at 
950 and 1100°F showed (10] a reduction 
in impact strength attributable wholly 
to thermal-aging effects. Metallo-
graphic examination did not show any 
copper penetration into the stainless 
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TABLE 2.7 - Biaxial Stress-Rupture Test Matrix of 304 and 316 Stainless Steel [9] 

304 Stainless steel* 316 Stainless steel* 

Test Temperature, °F Temperature, °F 

900 1000 1100 1200 1300 1400 900 1000 1100 1200 1300 1400 

Reference conditiont 
Scoping tests 

(100 to 1000 hr) 
Design tests 

(100 to 5000 hr) 
Design tests 

(to 10,000 hr) 
Variable tests 

Annealed 
(100 to 5000 hr) 

Annealed 
(to 10,000 hr) 

Thermal aging 
(100 to 1000 hr) 

Helium:f: 
( 500 to 5000 hr) 

Preexposed 
(100 to 5000 hr) 

0 0 0 

X 

0 

0 

0 

0 

X 

X 

0 0 0 

0 

0 

* Symbols are: O, test completed; 0, test in progress; x, test planned. Each 
test contains 12 specimens. 

t External environment is high-purity sodium, and internal environment is high-
purity helium. 

f Both external and internal environments are helium. 

steel. Preliminary results from the 
specimens exposed at 1300°F also in-
dicated no effect of copper contami-
nation on impact strength. 

(c) Stress Relaxation (EI-853 
Steel) 

The influence of sodium on the re-
laxation of stresses in a high-chro-
mium steel, EI-853, was investigated by 
Nikitin. [12] In this experiment split 
rings with suitable reference marks 
were partially submerged in sodium (100 
ppm oxygen) at 600°C (1112°F). Initial 
stress levels of 16, 14, and 9 kg/mm 2 

were applied by spreading the rings and 
inserting wedges of dimensions appro-
priate to maintain the desired stress. 
Similarly, rings were tested in an air 
medium at the same temperature and 

initial stress levels. The chemical 
composition of the test material, EI-
853, is shown in Tahle 2.9. 

Residual stresses in a ring were 
calculated by the formula 

where 0t 
A 
E 

(2.1) 

= residual stress at time t 
= constant (0.000583 mm- 1 ) 
= modulus of elasticity 

C1 = distance between reference 
marks with ring unstressed 
(mm) 

C2 distance between reference 
marks with wedge inserted, 
ring stressed (mm) 

In Fig. 2.23 pairs of relaxation-
time curves are shown for specimens 
with identical initial stresses tested 
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Fig. 2.17 - Biaxial stress-rupture properties of cold-worked and annealed 316 
stainless steel in sodium. 

in different media. The graphic data 
indicate that the process of stress 
relaxation occurs earlier in sodium 
than in an air atmosphere. At all ini-
tial stresses the liquid metal ac-
celerates relaxation. 

(d) Creep-Rupture Strength 

(1) 316 Stainless Steel. Typical 
curves for 316 stainless steel in 1200°F 
sodium have been developed, (2,3,4] 
based on the results obtained from nu-
merous tests performed on uniaxially 
loaded sheet-type specimens exposed to 
a variety of test media. The chemical 
composition of the 0.065-in.-thick 
stress-rupture specimens is shown in 
Table 2.1. 

The stress-rupture data developed 
do not reveal any significant vari-
ation in rupture life for material ex-
posed in air, helium, or low- (30 ppm) 

and high- (300 ppm) oxygen sodium, but 
the rupture strength increased markedly 
for material exposed in high-carbon (30 
to 50 ppm) sodium. Figure 2.24 shows 
this varied behavior. From the maxi-
mum rupture life measured (5400 hr), 
the curves were extrapolated to 100,000 
hr. When compared with the ASTM aver-
age rupture life in 100,000 hr, the 
data as shown in Fig. 2.25 indicate 
higher strengths for the material tested 
in high-carbon (30 to 50 ppm) sodium 
and lower strengths for that tested in 
the other media. 

The curves developed from the test 
data for both as-received and preexposed 
material are shown in Figs. 2.26 to 2.29. 
Preexposure decreased the time required 
to produce equivalent strains up to 2%, 
but little change in time was required 
to produce 5% strain or rupture in 
1200°F, high-oxygen sodium. The time 
required to produce equivalent strain 
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Fig. 2.18 - Biaxial stress-rupture properties of cold-worked and annealed 304 
stainless steel in sodium. 

is longer for material tested in high-
carbon sodium than for that in high-
oxygen sodium. That this apparent in-
crease in strength is accompanied by a 
significant loss in ductility is in-
dicated by the time differences between 
the curves for 5% strain and rupture. 

The data, extrapolated to 100,000 hr, 
are presented in Table 2.10. Because 
of the limited number of tests used to 
derive them, these data should be ap-
plied cautiously. 

(2) 304 Stainless Steel. Andrews 
et al. [5,6] later reported comparable 
work on the effect of sodium exposure 
on the creep behavior of 304 stainless 
steel. Specimens were exposed stress 
free at 1200°F for 4000 hr to helium 
(as a control), to high- oxygen (300 
ppm), dynamic sodium, and to low-oxy-
gen (10 ppm), dynamic sodium contami-
nated with carbon from a continuous 

source and were then tested at 1200°F 
in air and in the high-oxygen sodium. 
Unexposed specimens were tested at 
1200°F in air as a control and in the 
high- oxygen and high-carbon sodium en-
vironments at stress levels selected 
to provid~ rupture times of 100 to 
4000 hr. The creep-rupture- test data 
are shm..m in Table 2 .11. The creep-
rupture strength of as - received ma-
terial tested in high-oxygen sodium 
showed rupture times about one-third 
those in air, creep rates about twice 
as fast, and ductility considerably de-
creased. The 316 stainless steel showed 
no change in rupture strength when 
tested in high- oxygen sodium; however, 
the 304 stainless steel is indicated to 
have a longer life when the data are 
extrapolated past 10,000 hr. 

Samples of 304 stainless steel ex-
posed for 4000 hr to sodium 
had slightly higher rupture strengths 
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TABLE 2.8 - Biaxial Stress-Rupture with Internal Heating 

Speci- Heat flux, Heat flux Rup- Mech- Calcu- Peak Peak Actual 
men Btu/hr/sq ft condition ture anical lated strain, strain life 
No. time, hoop ther- % rate,* 

hr stress, mal in./in./hr Pre-
psi stress, dieted 

psi lifet 

30 1 X 106 Steady 177 21,000 8,300 2.2 1.2x 10- 4 0.9 
36 1 X 106 Steady 558 16,000 8,300 2.8 4.5 X 10- 5 1.1 
34 l.5X 106 12-min cycle 5:f= 21,000 12,400 3.6 
38 1 X 10 6 12-min cycle 198:f= 16,000 8,300 1.0 1.1 X 10- 4 

32 1 X 10 6 12-min cycle 227 21,000 8,300 3.6 3.2 X 10- 4 0.57 

40 1 X 10 6 12-min cycle 173 21,000 8,300 3.6 4.2 X 10-4 0.43 
42 1 X 10 6 2-min cycle 134 21,000 8,300 3.6 5.4 X 10- 4 0.33 
44 1 X 10 6 2-min cycle 163 21,000 8,300 3.6 4.4 X 10-4· 0.41 
46 1 X 106 12-min cycle 398 17,700 8,300 3.6 l.8X 10-4 0.55 
48 1 X 10 6 12-min cycle 419 17,700 8,300 3.6 l.8X 10- 4 0.56 

* Based on the time the heat flux is on. 
t Prediction is based on isothermal data obtained in static sodium. 
f Heater failed prior to cladding. 

for short times but lower strengths for 
longer times than the as-received 
samples. The effect of high-oxygen so-
dium on 304 stainless-steel creep be-
havior was decidedly detrimental. The 
rupture strengths of 304 stainless steel 
tested in 1200°F air and in high-carbon 
sodium were equal; but there were sig-
nificant decreases in ductility, in-
creasing at longer rupture times. Ex-
posure of test material for 4000 hr in 
1200°F, high-carbon sodium caused a 
drastic reduction in ductility when the 
specimens were later tested in air and 
in high-carbon sodium although the rup-
ture strength was not changed signifi-
cantly. 

The creep-rupture properties of the 
304 and 316 stainless-steel specimens 
tested at 1200°F are presented in Fig. 
2.30 to 2.32. The curves represent the 
as-received material, and the points 
represent material affected by some 
exposure. 

(3) Chromiwn-Nickel Austenitic Steel 
(Long-Term Strength). In stress-rupture 

tests performed on an austenitic stain-
, less steel, Nikitin [13] observed a re-

duction in rupture life and an increased 
creep rate for material exposed to 700°C 
(1292°F) sodium. The specimen was a 
tube of an austenitic chromium-nickel 
steel (13.6% Cr, 18.9% Ni, 2.3% W, and 
1.2% Nb) 11 mm . in diameter, 0.5 mm in 
wall thickness, and 50 mm long. During 
the tests sodium with oxygen levels of 
100 and 2500 ppm was contained inside 
the uniaxially loaded, tubular specimens. 

Figure 2.33 shows the results of the 
stress-to-rupture tests. Sodium with 
100 ppm oxygen had no apparent effect, 
but the high-oxygen sodium (2500 ppm) 
produced a significant reduction in rup-
ture life. The total elongation was ap-
parently unaffected by envirornnent -
values of 1 to 5% were measured. 

Figure 2.34 shows the minimum creep 
rates measured during exposure to the 
various test media. It is again ap-
parent that only the high-oxygen sodium, 
in which the differences in creep rate 
are more pronounced at the lower stress 
levels, had an appreciable effect. 
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tubes. 

The effect of the liquid metal on 
the long-term properties of the samples 
was attributed to the corrosive and ad-
sorptive action of the medium. In these 
experiments the interaction between ad-
sorption and corrosion effects of the 
contaminated sodium led to more-rapid 
development of intercrystalline cracks 
and ultimate fracture of the steel. 
The adsorptive action of the medium and 
the corrosive damage to the metal in a 
crack combined to produce the shortened 
rupture life observed. 

(4) Effect of Mass Transfer on 
Chromiwn Stainless Steel. In later 
tests Nikitin [14] observed that under 
conditions of mass transfer the 1000-hr 
rupture strength of a chromium stain-
less steel was reduced by a factor of 2. 

These tests were similar to the earlier 
ones, the principal difference involving 
the extended length of the tubular test 
specimen. Thus two temperature zones 
could be maintained on the test specimen 
to promote movement of the liquid metal 
(presumably sodium) within the hollow 
specimen by thermal convection. Typical 
results (Fig. 2.35) indicate that rup-
ture life is reduced significantly under 
conditions conducive to mass transfer. 
Since the degree of mass transfer is 
time dependent, the greatest percentage 
of reductions in rupture life occurred 
at lower stress levels (longer ex-
posures). 

(e) Fatigue Strength (Austenitic 
Stainless Steel) 

The effect of sodium on the fatigue 
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strength of 304 and 316 stainless steels 
was evaluated in two separate experiments. 
At MSAR [2 - 6] fatigue tests (or cyclic-
strain tests) were performed at 180 
cycles/hr using stainless-steel sheet 
in various environments at 1200°F. In 
another investigation Thiruvengadam and 
Freiser [15] determined the high-fre-
quency fatigue life of 316 stainless 
steel in 1000 and 1500°F sodium. 

(1) High-Terrperature Cyclic-Strai n 
Testing. In their evaluation of fatigue 
life of 316 stainless steel in sodium, 
investigators at MSAR [4] employed con-
trolled-radius bend tests in which three 
levels of cyclic strain (2, 1, and 0.5%) 
were imposed on 0.065-in.-thick sheet 
specimens. The elastic strain could not 
be determined during these tests; there-
fore the described values for cyclic 
strain represent maximum strain values. 
For most combinations of strain and test 

environment, a minimum of three speci-
mens was tested. In ·addition to test-
ing the as-received material in a 
variety of environments including air, 
helium, low- (30 ppm) and high-oxygen 
(300 ppm) sodium, and high-carbon (30 
to 50 ppm) sodium, the fatigue life of 
material preexposed for 300 hr in low-
and high-oxygen sodium and high-carbon 
sodium was also determined. The com-
binations of test variables and the 
resulting data are given in Table 2.12. 

From the data shown in Fig. 2.36, 
it is apparent that the fatigue life of 
316 stainless steel in liquid sodium ex-
ceeds that in air but is less than that 
in helium. Note, however, that the 
superiority over the air environment is 
only apparent for the three strain 
levels investigated. For strain levels 
below 0.5%, the graphic data indicate 
that the fatigue life of 316 stainless 
steel in high-oxygen sodium may be less 
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Fig. 2.22 - Strain-rate behavior of 304 stainless steel tubing (10 to 15% cold 
worked) in copper-contaminated sodium. 

than that in air. In addition, the 
high-strain fatigue life in the low-

and high-oxygen sodium environments was 
influenced by random carburization of 
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TABLE 2.9 - Chemical Composition of 
EI-853 Steel* 

Element Wt.% Element Wt.% 

C 0.16 
Mn 0.44 
Si 1. 78 

Cr 
Mo 
Nb 

16.30 
0.88 
1.78 

*Data from Ref. 12. 
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Fig. 2.23 - Stress relaxation of 
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the test specimens. Thus the high-
strain fatigue values presented have 
been corrected for the carbon increases 
that occurred. 

Although not measured during the ex-
periment, plastic-strain values were 
subsequently calculated. In Fig. 2.37 
the fatigue life for 316 stainless 
steel at 1200°F is shown as a function 
of these calculated plastic-strain 
values. 

Data for similar cyclic-strain tests 
[5,6] on 304 stainless steel in high-oxy-
gen and high-carbon sodium, air, and he-
lium environments at 1200°F are pre-
sented in Table 2.13. Like 316 stain-
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Fig. 2.24 - Creep-rupture strength 
of 316 stainless steel (extrapolated to 
100,000 hr) tested at 1200°F after 4000 
hr exposure at 1200°F. 

Curve Exposure en-
vironrnent 

1 Na-C (30 to 
50 ppm) 

2 None 

3 None 

Test environ-
ment 

Na-C (30 to 50 
ppm) 

Na-C (30 to 50 
ppm) 

Air; He; low-
oxygen Na (30 
ppm 02) 

High-oxygen Na 
(300 ppm 02) 

less steel, 304 stainless steel had 
greatly increased fatigue life in he-
lium compared with air. However, the 
accidental absorption of carbon by the 
steel during the high-oxygen sodium ex-
posure sharply reduced the cycles to 
failure at higher strain rates. Re-
gardless of the carbon-absorption 
phenomenon, the effects of high-oxygen 
sodium on the fatigue life of stainless 
steel are concluded to be detrimental, 
especially at low strain levels; thus 
the fatigue life at low strain levels is 
considerably shorter in high-oxygen so-
dium than in air (Fig. 2.38). Samples 
in the high-carbon sodium environment 
rather than air showed a slight decrease 
in cycles to failure at the 2% strain 
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Fig. 2.26 - Creep-rupture strength of 
316 stainless steel in high-oxygen so-
dium at 1200°F. 
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Fig. 2.27 - Creep-rupture strength 
of 316 stainless steel exposed for 
4000 hr in high-oxygen (300 ppm 02) so-
dium at 1200°F and tested in the same 
environment. 
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Fig. 2.28 - Creep-rupture strength 
of 316 stainless steel in high-carbon 
sodium at 1200°F. 
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Fig. 2.29 - Creep-rupture strength 
of 316 stainless steel exposed for 
4000 hr in high-carbon sodium at 1200°F 
and tested in the same environment. 
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TABLE 2.10 - Stress Required to Pro-
duce Strain in 316 Stainless Steel 
in 100,000 hr at 1200°F. [4] 

Stress required, psi 
Degree 

of In sodium In sodium with 
strain, with 300 ppm 30 to 50 ppm 

% oxygen carbon 

0.1 820 260 
0.2 950 1,300 
0.5 5,000 3,700 
1.0 7,000 5,500 
2.0 9,000 8,500 
5.0 13,500 

Rupture 11,000 14,500 
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Fig. 2.30 - Rupture strength of 304 
and 316 stainless steels at 1200°F. 

level but a considerable increase at 
the low strain rate of 0.5%. The car-
bon environment reduced the fatigue 
life as compared with helium. 

(2) High-Frequency Fatigue Strength. 
To measure the fatigue strength of 316 
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Fig. 2.31 - Rupture strength of 304 
and 316 stainless steels after 4000-hr 
exposure at 1200°F in air and helium. 
e, clean sodium exposure. 9 ·, high-
oxygen sodium exposure. ~, high-carbon 
sodium exposure. helium exposure, 
including specimens exposed with high-
oxygen and high-carbon sodium. 

stainless steel, Thiruvengadam and 
Preiser [15] employed a magnetostric-
tion device to vibrate rod-type speci-
mens immersed in sodium (30 and 100 ppm 
oxygen) at 1000 and 1500°F and at a 
frequency of 14,000 cycles/sec. The 
results of these tests are shown in 
Figs. 2.39 and 2.40. The data indicate 
that, of the test variables investigated, 
temperature exerted the greater in-
fluence. However, since these tests 
were of rather short duration, any en-
vironment-induced effects may not have 
been created or were sufficiently slight 
to escape detection. 

(f) Impact Strength (316 Stainless 
Steel) 

The impact characteristics of 316 
stainless steel exposed in sodium at 
1200°F were detennined at MSAR [4] in 
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TABLE 2.11 - Creep-Rupture Test Data for 304 Stainless Steel 

Exposure en- Test environ- Stress, Elongation Reduction Rupture Mininn.nn 
vironment ment (1200°F) psi % of area, time, hr creep 
(1200°F; % rate, 
4000 hr) %/hr 

None Air 25,780 68 so 75 0.250 
None Air 23,000 62 49 255 0.096 
None Air 21,000 41 51 859 0.030 
None Air 19,000 53 56 2224 0.010 
None Air 28,000 70 56 39 0.620 
None Air 24,000 54 55 118 0.180 

None Air 22,000 50 57 421 0.042 
None Air 21,000 36 46 792 0.0210 
None Air 19,500 15 36 1684 0.0062 
None Air 18,000 26 33 3079 0.0021 
None High-oxygen Na 25,000 35 26 41 0.5850 

None High- oxygen Na 23,000 33 27 71 0.2390 
None High- oxygen Na 21,000 27 23 230 0. 0577 
None High-oxygen Na 20,000 34 24 518 0.0126 
None High-oxygen Na 18,000 25 18 1588 0.0070 
None High-oxygen Na 16,000 6105* 0.0005 

None High-oxygen Na 14,000 4222t 0.0001 
High- oxygen Na Air 24,000 39 47 65 0.280 
High-oxygen Na Air 21,000 35 41 254 0.088 
High-oxygen Na Air 19,000 23 60 663 0.020 
Helium:f= Air 24,000 58 71 120 0.220 

Helium=f= Air 22,000 52 65 251 0.100 
Helium=f= Air 20,500 39 55 480 0.047 
High-oxygen Na High-oxygen Na 23,000 58 37 121 0.250 
High-oxygen Na High- oxygen Na 21,000 59 37 206 0.1085 
High-oxygen Na High-oxygen Na 19,000 45 27 448 0.0440 

None High- carbon Na 26,000 49§ 
None High-carbon Na 26,000 50 39 59 0.39 
None High-carbon Na 24,000 18 21 195 0.0206 
None High-carbon Na 22,000 22 16 390 0.0150 
None High-carbon Na 19,500 16 13 1037 0.0110 

None High- carbon Na 18,500 13 9 3661 0.0025 
None High-carbon Na 17,500 18 10 3228 0.0027 
High-carbon Na Air 24,000 8.0 17 153 0.02 
High-carbon Na Air 22,000 6.5 17 317 0.01 
High-carbon Na Air 20,000 7.0 14 538 0.0065 

Helium,I Air 24,000 72 63 117 0.23 
Helium,I Air 21,000 48 64 455 0.049 
Helium,I Air 19,500 55 60 623 0.040 
High-carbon Na High- carbon Na 22,000 12 7 776 0.0075 
High-carbon Na High-carbon Na 21,000 13 9 843 0.0067 
High-carbon Na High-carbon Na 20,000 12 9 1696 0.0043 

*Footnotes are on facing page. 
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Fig. 2.32 - Rupture strength of 304 
and 316 stainless steel after 4000-hr 
exposure at 1200°F in sodium. (a) Ex-
posed and tested in clean sodium. 
(b) Exposed and tested in high-oxygen 
sodium. (c) Exposed and tested in high-
carbon sodium. 

tests performed at room temperature in 
a variety of envirornnents including 
helium, high-oxygen (300 ppm) sodium, 
and high-carbon (37 ppm average) sodium. 
The composition of the 0.098-in.-thick 
stainless- steel sheet used for the im-
pact specimens is shown in Table 2.14. 

For most conditions of time and en-
vironment, triplicate tests were 

(Footnotes to Table 2.11) 
* Terminated before specimen rupture 

because of valve failure. 
t Terminated before specimen rupture. 
f Exposed simultaneously with high-

oxygen exposures. 
§ Failed at gauge mark; specimen 

data voided. 
Exposed simultaneously with high-

carbon exposures. 
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Fig. 2.33 - Stress rupture for Cr-
Ni austenitic steel at 700°C (1292°F). 
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Fig. 2.34 - Minimum creep rate for 
Cr-Ni austenitic steel at 700°C (1292°F) 
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Fig. 2.35 - Stress-rupture times for 
chromium stainless steel in air. hol-
low specimens filled with static liquid 
metal. !, hollow specimens filled with 
thermally convective liquid metal. 

performed. Exposure periods prior to 
impact testing extended to a maximum 
duration of 5688 hr. 

The results of the impact tests 
(Fig. 2.41) including the impact 
strength for the various exposure 
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TABLE 2.12 - High-Temperature Cyclic-St_rain (Fatigue) Test Data for 316 Stainless 
Steel [4] 

Exposure Test Cyclic Cycles Average 
Exposure environment time, hr environment strain, to cycles to 

% failure failure 

None 0 Air 2.14 270 
None 0 Air 2.11 360 333 
None 0 Air 2.14 369 
None 0 Air 1.00 1,498 
None 0 Air 1.00 1,663 1,554 
None 0 Air 1.00 1,500 
None 0 Air 0.554 8,956 
None 0 Air 0.568 8,060 8,524 
None 0 Air 0.565 8,556 
None 0 Helium 2.13 1,325 
None 0 Helium 2.19 848 1,098 
None 0 Helium 2.14 1,122 
None 0 Helium 1.00 9,693 
None 0 Helium 0.99 9,058 8,856 
None 0 Helium 1.00 7,816 
None 0 Helium 0.558 50,004 
None 0 Helium 0.571 38,804 41,940 
None 0 Helium 0.573 37,011 
None 0 Low-oxygen Na 2.16 615 
None 0 Low-oxygen Na 2.18 275 464 
None 0 Low-oxygen Na 2.16 492 800* 
None 0 Low-oxygen Na 2.16 475 
None 0 Low-oxygen Na 0.985 2,385 
None 0 Low-oxygen Na 1.00 2,110 3,130 
None 0 Low-oxygen Na 0.995 3,914 4,750* 
None 0 Low-oxygen Na 1.01 4,112 
None 0 Low-oxygen Na 0.565 55,925 
None 0 Low-oxygen Na 0.556 29,400 39,460 
None 0 Low-oxygen Na 0.558 33,055 
Low-oxygen Na 286 Air 2.11 296 
Low-oxygen Na 286 Air 2.12 302 308 
Low-oxygen Na 286 Air 2.12 326 

Low-oxygen Na 286 Helium 2.13 1,116 
Low-oxygen Na 286 Helium 2.16 1,233 1,033 
Low-oxygen Na 286 Helium 2.11 749 

* Value after correction for carbon. 
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TABLE 2.12 - (Continued) 

Exposure Test Cyclic Cycles Average 
Exposure environment time, hr environment strain, to cycles to 

% failure failure 

Low-oxygen Na 286 Low-oxygen Na 2.18 700 
Low-oxygen Na 286 Low-oxygen Na 2.16 751 665 
Low-oxygen Na 286 Low-oxygen Na 2.16 545 

None 0 High- oxygen Na 2.18 207 
None 0 High-oxygen Na 2.19 427 341 
None 0 High-oxygen Na 2.18 390 750* 

None 0 High- oxygen Na 1.01 4,013 
None 0 High- oxygen Na 1.01 5,280 
None 0 High- oxygen Na 1.01 3,200 4,178 
None 0 High- oxygen Na 0.98 4,220 

None 0 High- oxygen Na 0.565 14,580 
None 0 High-oxygen Na 0.566 13,400 
None 0 High-oxygen Na 0.566 9,474 11,772 
None 0 High-oxygen Na 0.554 9,633 

High- oxygen Na 312 Air 2.19 404 
High- oxygen Na 312 Air 2.18 225 303 
High- oxygen Na 312 Air 2.18 280 

High- oxygen Na 312 Helium 2.19 597 
High- oxygen Na 312 Helium 2.18 555 
High- oxygen Na 3i2 Helium 2.19 374 491 
High- oxygen Na 312 Helium 2.18 439 

High- oxygen Na 312 High-oxygen Na 2.18 614 
High- oxygen Na 312 High-oxygen Na 2.18 807 716 
High- oxygen Na 312 High-oxygen Na 2.18 729 

None 0 High-carbon Na 2.18 399 
None 0 High-carbon Na 2.11 181 306 
None 0 High-carbon Na 2.14 331 
None 0 High- carbon Na 1.01 1,323 
None 0 High- carbon Na 1.01 1,690 1,675 
None 0 High-carbon Na 0.99 2,013 

None 0 High- carbon Na 0.558 12,600 
None 0 High- carbon Na 0.558 17,460 15,365 
None 0 High-carbon Na 0.562 14,580 
None 0 High-carbon Na 0.567 16,820 

High-carbon Na 272 Air 2.14 245 
High-carbon Na 272 Air 2.14 144 171 
High- carbon Na 272 Air 2.14 124 

* Value after correction for carbon. 
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TABLE 2.12 - (Continued) 

Test Cyclic Cycles 
Exposure environment 

Exposure 
time, hr environment strain, to 

Average 
cycles to 
failure % failure 

High-carbon Na 272 Helium 2.18 290 
High-carbon Na 272 Helium 2.14 195 266 
High-carbon Na 272 Helium 2.14 315 

High-carbon Na 272 High-carbon Na 2.12 103 
High-carbon Na 272 High-carbon Na 2.16 122 108 
High-carbon Na 272 High-carbon Na 2.14 100 
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Fig. 2.36 - Fatigue behavior of 316 
stainless steel in air, in helium, and 
in low-oxygen, high-oxygen, and high-
carbon sodium environments at 1200°F. 

environments against exposure time, 
show that the effect of preexposure was 
most pronounced for the first 500 hr. 
Regardless of the exposure environment, 
the extended exposures produced only a 
small change over that observed for the 
initial 500-hr period. The approximate 
loss in impact strength was 45% for 
material exposed in helium, 65% in high-
oxygen sodium, and 82% in high-carbon 
sodium. Thus the major portion of the 
strength loss appears as a result of 
thermal effects. The increased loss 
of strength for material exposed in 
high-carbon sodium is, of course, due 
to the formation of a brittle carbide 
layer at the surfaces. Metallurgical 
examinations performed after the impact 
tests showed that the fracture charac-

teristics of specimens exposed in high-
carbon sodium indicated brittle failure. 
The embrittling effect observed for the 
carburized material was considered to 
represent a minimal condition since the 
material was in an unstressed state 
during exposure. It was further sug-
gested that if applied ·stresses had 
been involved the degree of carburiz-
ation could have been increased and 
impact strength further decreased. In 
view of the apparent sharp losses of im-
pact strength over a relatively short 
time span, it would be prudent to adopt 
adequate measures to minimize short-time 
oxygen and carbon excursions in a sodium 
system. 

(g) Design Stresses for Sodium Ser-
vice (316 Stainless Steel) 

Design data pertinent to the appli-
cation of 316 stainless steel to sodium-
cooled reactor systems with design life 
of 30 years were developed by Anstine. 
[16] Formulation of the. design stresses 
was based on the nonoxidizing charac-
teristics of sodium and mass transfer 
effects, and the extended life was fac-
tored into the analysis. 

The long-term criteria (100% of the 
average stress to produce 1% creep in 
210,000 hr and 100% of the stress to 
produce rupture in 210,000 hr) were ap-
plied in the development of the curve 
shown in Fig. 2.42. The other curves 
shown include a plot of design stresses 
taken from the 1962 ASME Boiler and 
Pressure Vessel Code~ Section VIII, and 
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Fig. 2.37 - Plastic strain vs. cycles to failure for 316 stainless steel at 
1200°F. The formula for plastic strain is 

where 

and 

E = E - E p t e 

= 2 [ specimen thickness) 
Et test mandrel radius 

E 
e 

= average 1200°F yield strength 
1200°F Young's modulus of elasticity 

The formula for the ½- cycle fracture ductility point is 

E 
p 

= 
½ in. [100/(100 - RA)] 

where RA is the percent reduction of area in 1200°F tensile tests 

93 

a plot of 70% of the design stresses 
from the same Code. This design curve 
does not include the effects of either 
carburization or nickel and chromium 
transfer observed in sodium systems. 

as conservative, the carburization and 
mass-transfer effects should be fac-
tored into their design application. 

At the time of this analysis, the avail-
ability of such data was limited. How-
ever, for 316 stainless steel carbu-
rization tends to increase mechanical 
properties at the expense of ductility 
and fatigue strength. Although the 
developed design stresses are regarded 

(h) Crack Propagation and Long-
Term Behavior (Austenitic 
Cr- Ni Steels) 

Bohm and Schneider [17] investigated 
the influence of sodium on rupture life 
and creep behavior for two austenitic 
steels. The compositions of the test 
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TABLE 2.13 - High-Temperature Cyclic- Strain (Fatigue) Test Data for 304 Stainless 
Steel 

Exposure Test Cyclic Cycles Average 
Exposure environment time, hr environment strain, to cycles to 

% failure failure 

None 0 Air 1.86 445 
None 0 Air 1.88 525 
None 0 Air 1.87 465 478 
None 0 Air 0.86 2,400 
None 0 Air 0.84 2,684 2,652 
None 0 Air 0.87 2,871 
None 0 Air 0.49 29,610 
None 0 Air 0.49 27,795 29,210 
None 0 Air 0.50 30,225 
None 0 Helium 1.92 900 
None 0 Helium 1.92 1,365 1,144 
None 0 Helium 1.92 1,320 
None 0 Helium 1.92 990 
None 0 Helium 0.89 18,495 
None 0 Helium 0.89 15,465 16,370 
None 0 Helium 0.89 15,150 
None 0 Helium 0.50 98,325 
None 0 Helium 0.50 67,410 76,512 
None 0 Helium 0.50 63,800 
None 0 High-oxygen Na 1.89 210 
None 0 High-oxygen Na 1.88 247 
None 0 High-oxygen Na 1.87 277 517 
None 0 High-oxygen Na 1.90 777 1,090* 
None 0 High-oxygen Na 1.89 787 
None 0 High- oxygen Na 1.89 804 
None 0 High- oxygen Na 0.88 3,075 
None 0 High-oxygen Na 0.88 1,980 2,585 
None 0 High-oxygen Na 0.89 3,081 2,740* 
None 0 High-oxygen Na 0.89 2,205 
None 0 High-oxygen Na 0.50 6,555 
None 0 High-oxygen Na 0.49 6,724 6,116 
None 0 High-oxygen Na 0.49 5,070 

High-oxygen Na 287 Air 1.87 285 
High-oxygen Na 287 Air 1.92 300 325 
High-oxygen Na 287 Air 1.90 390 560* 

High-oxygen Na 287 Helium 1. 82 774 
High-oxygen Na 287 Helium 1.92 480 593 
High-oxygen Na 287 Helium 1.92 500 1,340* 
High-oxygen Na 287 Helium 1.89 618 

* Value after correction for carbon. 
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TABLE 2.13 - (Continued) 

Exposure Test 
Exposure environment time, hr environment 

High-oxygen Na 287 High- oxygen Na 
High- oxygen Na 287 High-oxygen Na 
High-oxygen Na 287 High- oxygen Na 
None 0 High-carbon Na 
None 0 High-carbon Na 
None 0 High-carbon Na 
None 0 High-carbon Na 
None 0 High-carbon Na 
None 0 High-carbon Na 
None 0 High-carbon Na 
None 0 High-carbon Na 
None 0 High-carbon Na 
High-carbon Na 427 Air 
High-carbon Na 427 Air 
High-carbon Na 427 Air 
High- carbon Na 427 Air. 
High- carbon Na 427 Helium 
High-carbon Na 427 Helium 
High-carbon Na 427 Helium 

High- carbon Na 427 High-carbon Na 
High-carbon Na 427 High-carbon Na 
High-carbon Na 427 High- carbon Na 

Cyclic 
strain, 

% 

1.92 
1.92 
1.90 

1. 89 
1.89 
1. 87 

0.89 
0.88 
0.87 

0.49 
0.50 
0.49 
1.92 
1.92 
1.92 
1.92 
1.92 
1.89 
1. 89 

1.89 
1.91 
1.92 

Cycles 
to 

failure 

369 
363 
379 
330 
285 
330 

2,140 
3,220 
2,355 

70,650 
74,790 
69,050 

180 
587 
585 
258 
465 
531 
422 

117 
102 
170 

95 

Average 
cycles to 
failure 

370 
405* 

315 

2,572 

71,497 

403 

473 

130 

* Value after correction for carbon. 

TABLE 2.14 - Chemical Composition of 
316 Stainless Steel Impact Specimens 
(Heat 31083) [4] 

Element Wt.% Element Wt.% 

C 0.053 Si 0.42 
Mn 0.93 Cr 17.42 
p 0.019 Ni 13.58 
s 0.018 Mo 2.82 

materials, X8CrNiMoVNb and Incoloy 800, 
are shown in Table 2.15. Incoloy 800 
(30 Ni- 20 Cr) was investigated to show 
the influence of higher nickel content. 
The specimens were tubes filled with 
sodium or air under uniaxial loading 

conditions a1: -.(ii_' ., (1292°F). The oxy-
gen content of t he sodium was 50 ppm or 
less. 

The effect of sodium on the rupture 
life of the alloys is evident in the 
data presented in Figs. 2.43 and 2.44. 
The rupture life of the 16 Cr-13 Ni 
steel appeared unaffected by the so-
dium environment, but the rupture life 
for Incoloy 800 was significantly re-
duced, the effect of sodium being more 
pronounced at the lower stress levels 
(longer exposure time). 

The minimum creep rates determined 
for both alloys are shown in Fig. 2.45. 
The presence of sodium exerted no in-
fluence on the minimum creep rates; 
however, as shown in Figs. 2.46 and 
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Fig. 2.38 - Cycle life of 304 stainless steel (original material) at 1200°F. 
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Fig. 2.39 - High-frequency (14,143 
cps) fatigue of 316 stainless steel in 
1000°F sodium at two oxide levels. 
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Fig. 2.40 - High-frequency (14,080 
cps) fatigue of 316 stainless steel in 
1500°F sodium at two oxide levels. 
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Fig. 2.41 - Impact test results for 
316 stainless steel following exposure 
in various environments. 
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Fig. 2.42 - Developed design stresses 
for 316 stainless steel in a sodium en-
vironment for a 30-year life. 

2.47, the total strain-to-rupture for 
both alloys was reduced significantly 
by the presence of sodium. This ob-
served reduction can be explained by 
the relatively short duration of the 
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Fig. 2.43 - Stress rupture for 16/13 
Cr-Ni steel at 70°C (1292°F). 
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Fig. 2.44 - Stress rupture for In-
coloy 800 at 700°C (1292°F) . 
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Fig. 2.45 - Minimum creep rates for 
16/13 Cr-Ni steel and Incoloy 800 at 
700°C (1292°F). 

third-stage creep (Fig. 2.48). This 
figure shows a creep curve for the .16 
Cr-13 Ni steel at 700°C (1292°F) under 
a stress of 18 kp/mm 2 (25,600 psi). No 
effect due to sodium is apparent through 
the second stage, but the effect on 
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TABLE 2.15 - Chemical Composition of Cr-Ni Steel and Incoloy 800 *t 

Material C Si Mn p s Cr Ni Mo V Nb-Ta 

X8CrNiMoVNb 0.07 0.40 1.22 0.02 0.007 17.10 13.61 1.30 o. 70 0.85 
(16-13) 

Incoloy 800 
(30 Ni-20 Cr) 0.016 0.60 1.35 0.01 0.006 20.6 31.9 

* From H. Bohm and H. Schneider, Time to Failure and Creep Behavior of Austen-
itic Cr-Ni Steels in the Presence of Sodium, J. Nucl. Mater., 24: 188-197 (1967). 

t Composition is given in weight percent. 
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Fig. 2.46 - Strain to rupture for 
16/13 Cr-Ni steel at 700°C (1292°F). 
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Fig. 2.47 - Strain to rupture for 
Incoloy 800 at 700°C (1292°F). 

tertiary creep is more pronounced. 
.Note that fracture occurred soon after 
initiation of third-stage creep, thus 
limiting the strain to rupture. Similar 
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Fig. 2.48 - Creep curves for 16/13 
Cr-Ni steel at 18 kp/mm 2 and 700°C 
(1292°F). 

behavior was observed for Incoloy 800, 
but, in addition, sodium was found to 
cause an earlier initiation of third-
stage creep, which led to a reduction 
in the time to failure. 

The fractures were characterized in 
subsequent metallurgical examinations 
where intergranular cracking was found 
in all failed specimens. Specimens 
fractured in air contained cracks on 
both surfaces: those which failed in 
the sodium environment contained cracks 
originating only on the surface in con-
tact with sodium. 

From these data it is apparent that 
the rate of crack initiation or propa-
gation (or both) is influenced by the 
presence of sodium. The crack propa-
gation of the material exposed in air 
followed a stable rate, but failure of 
the specimens in sodium was apparently 
catastrophic, as evidenced by the ab-
breviated tertiary-creep stage. Cal-
culations showed that the surface energy 



EFFECTS ON MATERIALS 

in the presence of sodium had been re-
duced by more than 90%. Thus a re-
duction in surface energy would re-
duce the critical crack length for the 
applied stress, causing rapid propa-
gation soon after crack initiation. 
For the 16 Cr-13 Ni steel sodium ap-
parently had a greater influence on 
the crack propagation rate than on 
the initiation of cracking since the 
transition from second- to third-
stage creep was the same for both 
the sodium and air environments. 

The effect of a liquid metal on 
the rate of crack propagation through 
a solid metal was the subject of a 
theoretical study by Robertson. [18] 
Based on a dissolution-diffusion 
mechanism, his calculations showed 
that high crack velocities, of the 
order of tens of centimeters per 
second or higher, were possible. 
This significant acceleration of crack 
propagation in sodium has not been ac-
tually observed experimentally. 

2-2.3 Chromium-Alloy Steel 
(2 1/4 Cr-1 Mo) 

The chromium-alloy steels have 
received attention as candidate ma-
terials for sodium and NaK containment 
at temperatures to 1100°F. Compared 
with the austenitic stainless steels, 
these materials derive their potential 
from such attractive characteristics · 
as their thermal properties, reason-
able strength at the operating temper-
atures under consideration, higher re-
sistance to stress corrosion cracking 
in strain, and low cost. The designers 
of large liquid-metal systems find the 
thermal behavior of these materials 
particularly attractive because their 
high thermal conductivity combined with 
their low thermal expansion coefficient 
lead to a significant reduction in ther-
mal stresses and fatigue. 

At the high operating temperatures 
anticipated for liquid-metal systems, 
the allowable design-stresses for chro-
mium-alloy steels have not been defined. 
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The ASME Codes provide allowable stress 
values for these steels operated in air 
at elevated temperatures, but design 
stresses for these materials operating 
in a liquid-metal environment have not 
been defined. To offset this lack of 
design information, an extensive pro-
gram initiated by the U.S. AEC was car-
ried out at the MSA Research Corp. The 
bulk of the information presented in 
this section was derived from this pro-
gram, the reported results herein per-
taining to 2 1/ 4 Cr-1 }1"o steel. Al'-
though the mechanical properties gen-
erated have not achieved design-allow-
able status, designers of liquid-metal 
systems should find them to be valuable 
guidelines. 

(a) Tensile Properties 
The effects of prolonged sodium ex-

posure on the tensile properties of 
2 1/4 Cr-1 Mo steel were investigated 
at MSAR. [4,19] The actual tensile 
testing was not performed in sodium. 
Instead, following their exposure in so-
dium, the tensile specimens were tested 
in helium at 75 and 1100°F. The com-
position of the 0.065-in.-thick sheet 
specimens used is shown in Table 2.16. 

The tensile data for the 36 specimens 
tested are tabulated in Table 2.17. 
The samples were preexposed in a variety 
of environments. 

It is apparent that the tensile 
strength of the material exposed in 
either helium or sodium has been ap-
preciably reduced. The surprising dif-
ference in tensile strength between he-
lium and air could not be explained. 
Since preexposed specimens were not sub-
sequently tested in air, it is uncertain 
whether the exposure treatment or the 
test environment exerts greater influ-
ence. However, during the exposure 
treatment the potential for thermal 
aging and decarburization would be 
greater than that expected during short-
term tensile testing; hence the exposure 
treatment is probably the more influ-
ential factor. This possibility is sup-
ported, in part, by the behavior after 
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TABLE 2.16 - Chemical Composition of 
2 1/4 Cr-1 Mo Steel Tensile Specimens 
(19] (Heat 51030) 

C Mn p s . Si Cr Mo 

0.097 0.56 0.007 0.022 0.33 2.19 1.01 

exposure in high-oxygen (300 ppm) so-
dium where the greatest overall strength 
loss occurs. 

The results of carbon analysis 
showed that decarburization occurred 
during the exposure of 2 1/4 Cr-1 Mo 
steel to 1100°F sodium, with higher de-
carburization rates resulting in the 
presence of higher oxygen. Decarburiz-
ation was considered to be particularly 
responsible for the apparent increase 
in ductility and the observed reduction 
in hardness (both macro and micro pro-
file). 

The effect of sodium on the yield 
strength follows the same pattern as 
that on the ultimate tensile strength. 
Again the reason for the appreciable 
variations is regarded as inexplicable, 
although the roles of thermal aging and 
decarburization are considered most in-
fluential. 

The data show that the ductility of 
2 1/4 Cr-1 Mo is increased as a result 
of exposure to sodium. In view of the 
corresponding decrease in strength, 
this behavior is not considered abnor-
mal. The elevated-temperature duc-
tility in helium after preexposure in 
helium, however, is comparably high. 
This leads to uncertainties regarding 
the role of decarburization since the 
decarburizing potential of helium is 
appreciably less than that of sodium. 

The factors for safe design for 
current design applications, as de-
fined in the ASME Boiler and Pres-
sure Vessel Code, Section VIII, for 
power boilers and unfired pressure 
vessels, include: 

1. One-fourth the minimum tensile 
strength at room temperature. 

2. One-fourth the minimum tensile 
strength at operating temperature. 

BALKWILL ET AL. 

3. Sixty-two and one-half per cent 
of the minimum yield strength (0.2% off-
set) at operating temperature. 

The tensile data developed and the 
design allowables are presented in Figs. 
2.49 and 2.50 for comparison with these 
criteria. The measured tensile values, 
after application of the appropriate 
factors, appear comparable to those of 
the established Code. 

(b) Creep Strength 
Investigators at MSAR (4,19] deter-

mined the creep strength for 2 1/4 
Cr-1 Mo steel in various environments 
including sodium containing 30 and 300 
ppm oxygen. One heat of steel was used 
for these determinations; the compo-
sition is shown in Table 2.18; the com-
position defined in the ASTM Standard 
Specification (SA 182- F22) is included 
for comparison. The tests were per-
formed at 1100°F, and three specimens 
were tested at each of the three selec-
ted stress levels. 

The minimum creep rates developed 
are shown in Fig. 2.51. These data 
were extrapolated to 100,000 hr for 1% 
creep for design applications (Table 
2 .19) . 

These design stresses represent a 
small number of tests performed on one 
heat of material. In addition, it was 
suggested that some scatter, though not 
obvious from the data, could have in-
fluenced the creep tests. 

(c) Creep-Rupture Strength 
The creep-rupture strength for 2 1/4 

Cr-1 Mo steel was determined by inves-
tigators at MSAR [4,19] in tests per-
formed at 1100°F in various environ-
ments, including air, helium, and so-
dium with 30 and 300 ppm oxygen. A 
series of specimens were preexposed to 
either helium or sodium for 4000 hr 
prior to testing. The preexposed speci-
mens were subsequently tested at three 
different stress levels in each test en-
vironment. 

As shown in Fig. 2.52, the rupture 
strength of 2 1/4 Cr-1 Mo steel is 
higher in tests in air or helium than 
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Fig. 
Cr-1 Mo 
1100°F. 
tensile 

2.49 - Tensile strength of 2 1/4 
steel exposed for 4000 hr at 

(Points are 25% of measured 
values.) 

Exposure Test environment 
environment and temperature 

0 None Air, RT and 1100°F 
D None He, 1100°F 
6 Low-oxygen He, 1100°F 

(30 ppm) Na 
0 High-oxygen He, RT and 1100°F 

(300 ppm) Na 
X Helium He, RT and 1100°F 

in tests in sodium. The data for pre-
exposed material are presented in Fig. 
2.53. Note that the curves for material 
preexposed in high-oxygen sodium and 
tested in either helium or high-oxygen 
sodium exhibit slopes different from 
those for other environmental con-
ditions. 

In developing the 100,000-hr creep-
rupture strength for 2 1/4 Cr-1 Mo 
steel (Fig. 2.54) investigators as-
sumed that the experimental data would 
follow a linear extension to the ex-
tended life. The measured strength 
values are compared with Timken extrap-
olated data and, for further compari-
son, with the average ASTM 100,000-hr 
rupture strength at various temper-
atures. After exposure in the various 
environments, the strength values for 
100,000 hr were highest in air and 
helium. The lowest rupture strength 
was obtained on material exposed and 
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Fig. 2.50 - Yield strength of 2 1/4 
Cr-1 Mo steel exposed for 3000 hr at 
1100°F. (Points are 62½% of measured 
yield values.) 
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Exposure Test environment 
environment and temperature 

None Air, RT and 1100°F 
None He, 1100°F 
Low- oxygen He, 1100°F 
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High-oxygen He, RT and 1100°F 

(300 ppm) Na 
Helium He, RT and 1100°F 
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MINIMUM CREEP RATE (o/o/1,r) 

Fig. 2.51 - Minimum creep rate of 
2 1/4 Cr-1 Mo steel at 1100°F. (All 
creep rates over 0.001%/hr were obtained 
from creep-rupture data.) 6, low-oxy-
gen (30 ppm) Na. ~, high-oxygen (300 
ppm) Na. •, air. o, helium, •, ex-
posed in low-oxygen Na. exposed in 
high-oxygen Na. 
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TABLE 2.18 - Chemical Composition for 2 1/4 Cr-1 Mo Steel* [19] 

Test material C Mn p 

Heat 51030 0.097 0.56 0.007 
ASTM standard 0.15 0.30 to 
specification max. 0.60 
for SA 182-F22 

* Composition is in weight percent. 

TABLE 2.19 - Creep Strength for 2 1/4 
Cr-1 Mo Steel in Various Envirornnents 
[4] 

Test environment 
(1100°F) 

Helium 
Air 
Sodium (30 ppm 

oxygen) 
Sodium (300 ppm 

oxygen) 

<Jl a. 
C'l"I 

0 

Stress to produce 1% 
creep in 100,000 hr, 

psi 

5000 
3400 

3400 

3400 

810---- -+----f=-----=--~-+-------1 
(/') 
(/') 
w 
e::: 
(/') 

100 1000 10,000 100,000 

TIME TO RUPTURE (hr) 

Fig. 2.52 - Creep-rupture strength 
of 2 1/4 Cr-1 Mo steel before 4000-hr 
exposure. 

tested in a high-oxygen envirornnent. 
This strength is lower than the "60% 
average" rupture curve. 

0.04 
max. 

Typical curves for 2 1/4 Cr-1 Mo 
steel are presented in Figs. 2.55 and 
2.56. The supporting data were obtained 
from the semicontinuous elongation 
values measured during the tests per-
formed in 1100°F, high-oxygen sodium. 
Unfortunately elongation data were not 
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Fig. 2.53 - Creep-rupture strength 
of 2 1/4 Cr-1 Mo steel tested at 1100°F 
after 4000-hr exposure at 1100°F (ex-
trapolated). 
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Low-oxygen Na 
Low-oxygen Na 
Low-oxygen Na 
High-oxygen Na 

Test 
environment 

Helium 
Air 
Helium 
Low-oxygen Na 
Helium; high-

oxyg en Na 

taken during the tests conducted in 
the other environm·ents; thus the data 
available for developing design infor-
mation are limited. 

From these figures it is apparent 
that preexposure in high-oxygen sodium 
had a significant effect, decreasing the 
time required to produce a given amount 
of strain. Similarly, there was a de-
crease in the time to rupture. This re-
duction in strength was attributed to 
thermal aging and decarburization. 

Table 2.20 presents the stress re-
quired to produce varying degrees of 
strain in 100,000 hr. These values 
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Fig. 2.55 - Creep strength of 2 1/4 
Cr-1 Mo steel in high-oxygen sodium at 
1100°F. 

represent extrapolated data for material 
in an 1100°F, high-oxygen sodium en-
vironment. Care must be exercised in 
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Fig. 2.56 - Creep strength of 2 1/4 
Cr-1 Mo steel exposed 4000 hr at 1100°F 
in high-oxygen (300 ppm) sodium and 
tested in the same environment. 

TABLE 2.20 - Stress for Varying 
Strain in 100,000 Hr for 2 1/4 Cr-1 Mo 
Steel in 1100°F High-Oxygen Sodium [4] 

Degree of strain, 
% 

0.1 
0.2 
0.5 
1.0 
2.0 
5.0 

Rupture 

Stress required, 
psi 

910 
1125 
2175 
2950 
3300 
4400 
4600 

the application of the design irtfor-
mation presented. 

(d) Fatigue Strength 
Fatigue tests for 2 1/4 Cr-1 Mo 

steel in sodium (these could more ac-
curately be described as cyclic-strain 
tests) were performed at MSAR [4,19] in 
three different environments (air, he-
lium, and sodium) at 1100°F. In each 
environment three specimens were cycled 
at three different levels of strain, 
2.2, 1.0, and 0.56%. The flat specimens 
were bent over mandrels of the appropri-
ate configuration to produce the 
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described strain levels at a cyclic 
rate of 180 cycles/hr. 

The test results (Fig. 2.57) show 
a wide variation in behavior between 
the two gaseous environments (air and 
helium), the behavior in helium being 
superior. In the liquid-metal en-
vironment the cyclic-strain behavior 
was comparable to that in helium. It 
was concluded that designing on the 
basis of the fatigue life for this 
alloy in air would appear safe within 
the time limits investigated. 

The chemical composition of the 
steel used in this series of tests is 
described in Table 2.18. 

(e) Impact Strength 
The effect of sodium exposure on the 

impact strength of 2 1/4 Cr-1 Mo steel 
was determined by investigators at MSAR. 
[4,19] Prior to impact testing at room 
temperature, the test specimens were 
exposed in either helium, high-carbon 
(30 to 50 ppm) sodium, or high-oxygen 
(300 ppm) sodium. The exposure tem-
perature employed for all of the Charpy 
keyhole specimens (0.394 in. x 0.098 in.) 
was 1200°F. The experimental results 
are shown in Fig. 2.58. Regardless of 
the pretest environment, the impact 
strength is not reduced below that of 
the original material. Initially the 
impact strengths were found to increase 
for specimens exposed for short time 
periods. Increased exposure periods 
had no further effect on the material 
exposed in high-oxygen sodium. However, 
the long time exposures in helium and 
high-carbon sodium produced a reduction 
in impact strength below that for 
shorter exposure periods. 

(f) Design Stresses for Sodiwn Ser-
vice 

Anstine [16] developed design infor-
mation relative to the use of 2 1/4 
Cr-1 Mo steel in large-scale sodium-
cooled reactor systems with design life 
of 30 years. In the development of 
the stress curves shown in Fig. 2.59 
he considered three principal effects, 
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Fig. 2.58 - Charpy keyhole impact 
test results for 2 1/4 Cr-1 Mo steel. 

the nonoxidizing nature of the sodium 
environment, mass transport, and the ex-
tended life. Using reduced stress 
values caused by the extended life and 
considering the environmental effects, 
he employed the following factors in 
developing the curves: (1) 100% of the 
average- stress to produce 1% creep in 
210,000 hr, and (2) 100% of the stress 
to produce rupture in 210,000 hr. (The 
standard normalization for creep data 
is 100,000 hr.) 

The curves in Fig. 2.59 include plots 
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of 
1. Design stresses from Section VIII 

of the 1962 ASME Boiler and Pressurie 
Vessel Code, which was used as a basis 
for this analysis. 

2. Seventy percent of the 1962 ASME 
Boiler and Pressure Vessel Code design 
stress curve. 

3. Design stresses developed by 
using all the factors for extended life 
(210,000 hr) and the known environmental 
effects (nonoxidizing environment, mass 
transport, and complete decarburization). 

The developed design stresses are 
thought to be conservative, and the 
validity of this observation is sup-
ported by the use of strength values 
for completely decarburized material. 
In addition, the design stresses re-
flect the influence of known corrosion 
factors. 

2-2.4 Beryllium 

Koenig [20] investigated the effect of 
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Fig. 2.60 - Rupture life of beryl-
lium in 1000°F sodium. 

sodium on the rupture life of beryllium 
using three forms of beryllium, hot-
pressed, hot-pressed and extruded at 
800°F, and hot- pressed and extruded at 
2000°F. The data shown in Fig. 2.60 
indicate that the extrusion of hot-
pressed beryllium produced a degrading 
effect on the rupture life of the hot-
pressed product. Examination of the 
samples used for stress- rupture testing 
revealed no evidence of either stress 
corrosion or significant intergranular 
penetration after exposure to static so-
dium at 1000°F. 

2-2.5 Nickel-Base Alloys 

The nickel-base alloys have been con-
sidered as alternates for the austenitic 
stainless steels for service in sodium 
and NaK, primarily because of the lim-
ited strength of the stainless steels 
above 1200°F. Hence investigations of 
the nickel-base alloys have been concen-
trated principally on behavior in liquid 
metals at temperatures in excess of 
1100°F. 

(a) Creep Strength of Inconel 
In preliminary experiments at ORNL 

[21,22] the creep strength of Inconel 
in sodium was significantly less than 
in an argon atmosphere. This differ-
ence is evident in Fig. 2.61, which 
shows strain-time curves for Inconel 
sheet tested at 1500°F and 4000 psi. 
The behavior was attributed to the 
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Fig. 2.62 - Stress-rupture proper-
ties of Inconel sheet tested in sodium 
and argon. •, rupture in argon. 
300°F. ---- , 1500°F. 

decarburization of the material ex-
posed in sodium and the oxide contami-
nation (undefined level) of the sodium. 

However, in subsequent tests (Fig. 
2.62) the variation in strength was not 
so pronounced. It was suggested that 
the close agreement of these data can 
be attributed to the use of high-purity 
sodium in combination with a system free 
of contamination. These data indicate 
that the mechanical properties are 
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relatively unaffected by sodium. 
Douglas et al. [23] evaluated the 

effect of grain size in Inconel sheet 
by creep- and stress-rupture tests per-
formed in three envirornnents (argon, 
sodium, and fused salt) at temperatures 
from 1300 to 1650°F. The fine- grain 
material was superior at all test tem-
peratures to 1650°F. At this tempera-
ture adverse effects due to metallurgi-
cal instabilities were observed. In 
the fused-salt envirornnent, however, 
the fine-grain Inconel was stronger 
than the coarse- grain material at 1300°F 
but weaker at 1500°F and above. 

(b) Creep and Stress Rupture of 
Other Nickel-Base Alloys 

The longtime strength properties of 
two nickel-base alloys in sodium were 
determined by investigators in the USSR. 
[24] Compositions of the two alloys, 
EI-437B and EI-869 (see Table 2.21), 
are similar to those of Nimonic BOA and 
Inconel X, respectively. 

These tests were performed on uni-
axially loaded tubular specimens 11 mm 
in diameter, 0.5 mm in wall thickness, 
and 50 mm long. The capped specimens 
contained sodium with an oxygen content 
below 0.02 wt.%. Identical specimens 
were tested in air for control. 

Figure 2.63 shows the stress-rupture 
data at 750°C (1382°F) for EI-869 and 
800°C (1472°F) for EI-437B. The effect 
of the test environment on the EI-869 
alloy was negligible, but the stress-
rupture life of EI- 437B was signifi-
cantly decreased by the presence of 
sodium. The influence of sodium be-
came more pronounced with increasing 
time, as indicated by the slopes of the 
in- air and in-sodium curves shown in 
the figure. For the EI-437B alloy the 
stress to rupture in 1000 hours was re-
duced from 10.5 kg/mm 2 in air to 7 kg/ 
mm 2 in sodium; extrapolation to 10,000 
hr indicate a still greater divergence. 

The creep rates for both alloys in 
sodium and in air are shown in Fig. 
2.64. These data show that the creep 
rate for EI-869 was unaffected by 
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TABLE 2.21 - Composition of USSR Nickel-Base Alloys EI-437B and EI-869* 

Alloy 
C Cr 

EI-437B 0.06 20.5 
max. 

EI-869 0.08 15.5 
max. 

* Data from Ref. 25. 
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sodium and the creep rate for EI-437B 
increases in sodium. In addition, the 
average first- and third-stage creep 
rates were found to be similarly 
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Fig. 2.65 - Variation of duration of 
individual stages of creep and relative 
elongation with stress for alloy EI-437B 
at 800°C (1472°F) in sodium,~, and in 
air, O. 

affected. The influence of sodium on 
the creep process is clearly evident in 
Fig. 2.65, which shows the variation of 
time and elongation vs. stress for the 
three stages of creep. Obviously the 
duration of all three periods is reduced 
in a sodium environment, but only the 
elongation in the third stage is affected 
by the liquid-metal environment. These 
changes increase with decreasing stress 
except that at high stresses no signifi-
cant difference is observed. 

Subsequent metallographic examina-
tion of the test specimens revealed no 
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changes in the microstructures, includ-
ing the surfaces in direct contact with 
the liquid metal. Thus the influence 
of sodium on alloy EI-437B was not 
corrosion induced; nor did sodium dif-
fusion affect the mechanical behavior 
of the alloy, since spectrographic 
analysis showed no diffusion penetration 
of sodium. The influence of sodium on 
the long-term strength of EI-437B was 
concluded to be caused by the adsorptive 
effect of -sodium. 

(c) Stress Rupture of Nickel-Base-
A Uoy We Zd Meta Z 

The creep- and stress-rupture prop-
erties of nickel-alloy weld metal in 
sodium are under investigation at the 
Argonne National Laboratory (ANL). [26J 
The material initially selected for 
testing in sodium was Nimonic BOA (21 
wt.% Cr, 1 wt.% Al, 2.5 wt.% Ti, balance 
Ni). This selection was based on the 
investigations in the USSR [24] which 
showed that t~e long-term tensile prop-
erties of this alloy were degraded by 
sodium. 

Preliminary stress-rupture results 
obtained on 0.125-in.-diameter tensile 
specimens exposed in sodium (<20 ppm 
oxygen) and in vacuum tend to confirm 
the behavior observed by Dykova and 
Niki tin. [ 24] A Nimonic BOA specimen 
stressed to 46.2 kg/mm 2 ruptured pre-
maturely after 225 hr in 650°C (1202°F) 
sodium, whereas a control specimen ex-
posed in vacuum at 650°C (1202°F) had 
not ruptured after 575 hr. 

This investigation will continue and 
will include the evaluation of welded 
Incoloy 800 in sodium. 

2-2.6 Tantalum (Creep) 

During the development studies for 
the Los Alamos Molten Plutonium Reactor 
Experiment (LAMPRE) reactors, tantalum 
was considered for some applications. 
In these reactor systems molten plu-
tonium-alloy fuel was to be contained 
in tantalum capsules positioned within 
the small sodium-cooled core. Tantalum 
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was considered a potential material for 
construction of the core where a peak 
sodium temperature of 1200°F was an-
ticipated. In support of this program, 
investigators at Battelle Memorial In-
stitute (BMI) [27] evaluated the perfor-
mance of tantalum in flowing sodium. 

Experiments to determine the creep be-
havior of arc-cast tantalum sheet were 
performed in forced-convection-flow so-
dium loops of 316 stainless steel, with 
additional accessories for application 
of tensile loads and for monitoring 
specimen extension. In the 1200°F, 
flowing sodium, the oxygen content was 
maintained at low levels (<10 ppm) by 
means of a zirconium-foil hot trap. 
Control testing to develop baseline data 
was performed in a helium atmosphere. 
Conventional sheet-type annealed test 
specimens identical to those used for 
testing in sodium were used in the inert-
gas environment. The creep tests for 
both environments were terminated prior 
to the transition from second- to third-
stage creep. 

The creep data developed during this 
investigation (Table 2.22) indicate that 
low-oxygen sodium has no significant 
effect on the creep behavior of tan-
talum at 1200°F. Note that the mini-
mum creep rates at the 26,000-psi stress 
level are not significantly different 
for the two test media, sodium and he-
lium. Posttest examination of the ex-
posed specimens did not reveal any un-
usual corrosion effects; this indicates 
that tantalum was susceptible to stress-
aggravated corrosion. Since the creep 
tests were discontinued prior to the 
initiation of third-stage creep, no pre-
dictions regarding the effect of sodium 
on crack-initiation or crack-propagation 
rates can be made. 

2-2.7 Vanadiwn Alloys (Creep) 

A series of vanadium-base alloys was 
evaluated for potential fuel-cladding 
application in sodium-cooled fast-re-
actor systems. These alloys were de-
signed for improved corrosion resistance 
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TABLE 2.22 - Creep Behavior of Arc-Cast Tantalum* Exposed to 1200°F Sodium [27] 

Stress, 
psi 

Length 
of test, 

hr 

Time to reach 
indicated percentage 

deformation, hr 

Total 
deformation, 

% 

Minimum 
creep rate, 

%/hr 

0.1% 0.2% 0.5% 1.0% 

20,000:f: 
22,000 
26,000 
26,000 
26,000:f: 

258 
1100 
1090 

934 
998 

2 
4 

<l 
<1 
<1 

Sta,uiard In-Sodium Exposures t 
5 0.40 

0.43 
1.74 
2.00 
4.36§ 

<0.0001 
<0.0001 

0.0007 
0.0004 
0.0012 

240 
3 

1.8 
<1 

12 
7 
4 

264 
18 

130 
Special In-Sodium Exposure~ 

26,000 1200 <1 <l <l 7 2.25 0.0003 
Control Exposures in Helium 

26,000 
26,000 

600 
547 

<1 
tt 
tt 

14 
525 
tt 

300 

tt <1 

0.64 
0.20 
1.80 

0.0003** 
0.0006** 
0.0005 

*A control ~pecimen from this group had the following analysis and hardness: 
Analysis 

Oxygen 
Hydrogen 
Nitrogen 
Carbon 

236 ppm 
0.8 ppm 
230 ppm 

40 ppm 

Hardness 
Gauge section 
Grip section 

'v195 VHN 
'v170 VHN 

t Load was applied at start of exposure. 
=f= The fluid-temperature cycle in these experiments was 160°F; in other sodium 

tests it was 80°F. 
§ Part of this relatively high total deformation was incurred during startup 

periods following power-failure shutdowns. 
Load was applied after 455 hr to reduce oxygen content of the test piece 

prior to initial loading. 
** These creep data were obtained by reading internal extensometers attached 

directly to the gauge section of the specimens; all other creep data were obtained 
by reading externally mounted dial gauges. 

tt These deformations were surpassed during initial loading. 

and elevated-temperature strength in 
sodium at temperatures from 1150 to 
1400°F. To evaluate the performance 
of these alloys, investigators at ANL 
[28,29] performed creep tests on sheet 
material exposed in flowing sodium at 
1200°F. The mechanical tests were sub-
sequently performed in vacuum on the 
preexposed test specimens. 

In the initial evaluation of the 
creep strength of vanadium alloys in 
sodium, emphasis was placed on a binary 
composition (V-20 wt.% Ti). The sheet 
material employed was 0.4 to 1.5 mm 
thick and in the recrystallized con-
dition after a 900°C (1652°F) anneal. 
For the preliminary creep tests [28] 
0.5-mm-thick specimens were preexposed 
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posure on creep strength of V-20 wt.% 
Ti. Curve A shows the creep of a speci-
men preexposed to sodium for 7 days; 
curve B shows the creep of a control 
specimen heated in vacuum at 650°C 
(1202°F) before loading; and curve C 
shows the effect of material thickness 
in specimens 1.5 mm thick tested in 
vacuum. 

in 650°C (1202°F), flowing sodium 
(15 cm/sec). Vacuum-distillation 
analyses performed on two sodium 
samples indicated oxygen levels of 18 
and 20 ppm. Some of the early test 
results at 650°C are shown in Fig. 2.66. 
The effect of the variables indicates 
that the seven-day exposure to sodium 
apparently decreases the creep resis-
tance of the binary vanadium alloy 
V-20 wt.% Ti. 

A series of uniaxial creep and hard-
ness tests [29] were performed on the va-
nadium alloy V-20 wt.% Ti under conditions 
similar to those employed previously. In 
addition, the effects of sodium purity on 
preloaded sheet specimens 0.4 mm thick, 
exposed in 650°C (1202°F) sodium contain-
ing either 20 ppm or less than 10 ppm oxy-
gen, were investigated. Following the 
exposure in sodium, uniaxial creep tests 
were performed in vacuum (~10- 7 mm Hg) 
at 650°C at a stress level of 15 kg/mm 2

• 
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Fig. 2.67 - Hardness profiles of 
V-20 wt. % Ti after exposure to sodium 
at 650°C (1202°F). (a) Exposed in so-
dium with <10 ppm 0 2 ; coupon, stainless-
steel flowing loop; tensile strip, 
stainless-steel static autoclave; N\M./, 

depth of adherent oxide layer. (b) Ex-
posed in sodium with ~20 ppm 0 2 ; stain-
less steel flowing loop; -'\l'M.f., depth of 
adherent oxide layer. 

Hardness measurements on the sodium-
exposed specimens showed a significant 
increase in surface hardness. Figure 
2.67 shows the hardness profiles obtained. 
The hardened layer extends to a greater 
depth in the material exposed to the 
lower-purity sodium (20 ppm oxygen). A 
relation between the depth of the 
hardened layer and the duration of so-
dium exposure was developed from the 
hardness data (Fig. 2.68). 

In view of the presence of the layers 
on the creep specimens, the creep be-
havior was reevaluated. Figure 2.69 in-
dicates that the creep behavior of the 
vanadium alloy is influenced by the 
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presence of a surface layer. The 
strain-time curves indicate that the 
creep properties are degraded by the 
presence of the hardened layer. A cal-
culated strain-time curve was incorpor-
ated into Fig. 2.69 to compensate for 
the 20% reduction in metal cross sec-
tion due to sodium corrosion. Although 
the strain is lower for the reduced 
cross section, it is still higher than 
that for the vacuum-exposed control 
specimen. Note, however, that the 
strain rates for specimens exposed in 
the higher-purity sodium (<10 ppm oxy-
gen) are comparable to the control 
strain rate. Thus the creep resistance 
of the vanadium alloy V-20 wt.% Ti pre-
exposed in sodium appears to depend pri-
marily on sodium purity and the develop-
ment of a surface reaction layer. 

2-2.8 Zirconiwn and Zirconiwn Alloys 

The principal attractive feature of 
zirconium for application in thermal nu-
clear reactors is its low absorption 
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Fig. 2.69 - Creep of V-20 wt.% Ti; 
0.4-nnn sheet specimen annealed at 900°C 
(1650°F) and tested at 650°C (1202°F) 
and a stress of 15 kg/nnn 2 • ----, ini-
tial atmosphere (liquid sodium) _. , 
final atmosphere [vacuum (<1 x 10- 6 mm 
Hg)]. 

cross section for thermal neutrons; how-
ever, its elevated-temperature strength 
is unacceptably low. In an effort to 
overcome the inadequate strength at el-
evated temperatures, particularly in 
the operating regime of sodium-cooled 
systems, a variety of alloys have been 
developed for investigation. 

Baldwin and Weisinger [30] evaluated 
the stress-rupture behavior in sodium 
of a group of zirconium alloys, includ-
ing Zr-1.7 wt.% Al, and Zr-4.2 wt.% Sn. 
These alloys were qualified for stress-
rupture testing on the basis of their 
yield strength at 932°F; the yield 
strengths were comparable to the yield 
strength of 347 stainless steel. Bar-
type specimens were dead-weight loaded 
in tension at 1000°F in a static sodium 
system. The test results for two of the 
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TABLE 2.23 - Rupture Strength of Two Zirconium Alloys in 1000°F Sodium [30] 

Stress, Time, Elongation, Reduction 
Alloy 1000 psi 

Zr-1. 7 wt.% Al 40 
33 
25 

Zr-4.2 wt.% Sn 25 
21 
16 
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Fig. 2.70 - Creep and rupture life 
of Zr-Al alloy in static sodium at 
1000°F. 

eight alloys evaluated are presented in 
Table 2.23 and in Figs. 2.70 and 2.71. 
In addition, the short-time tensile prop-
erties in argon at 932°F are given in 
Table 2.24. The weight changes experi-
enced during the stress-rupture tests 
are shown in Table 2.25. 

Although the alloys exhibited short-
time tensile properties comparable to 
the tensile ·property of 347 stainless 

hr % of area, 
% 

34 30.7 57. 5 
81 31.7 78.4 

877 27.3 71.5 

32 33.4 60 
90 45.1 96. 7 
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Fig. 2.71 - Creep and rupture life 
of Zr-Sn alloy in static sodium at 
1000°F. 

steel, their stress-rupture strengths 
were appreciably lower; however, all 
the alloys possessed strength in ex-
cess of that typical for crystal-bar 
zirconium. 

2-2. 9 Plastics 

Under various conditions of time and 
temperature, operating liquid-metal 
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TABLE 2.24 - Short-Time Tensile Properties of Two Zirconium Alloys in 932°F Argon 
[30] 

Ultimate Yield Elongation, Reduction 
in area, Alloy strength, strength, % in 1 in. 

psi psi % 

Zr-1.7 wt.% Al 47,000 37,000 33 39 
47 Zr-4.2 wt.% Sn 30,400 22,600 36 

TABLE 2.25 - Weight Changes of Two Zirconium Alloys in 1000°F Sodium [30] 

Alloy Weight change, 
gm 

Zr-1. 7 wt.% Al +0.0077 
+0.0060 
+0.0107 
+0.0081 

Zr-4.2 wt.% Sn +0.0052 
+0.0080 

systems, whether dynamic or static, re-
quire suitable gaskets and seals. At 
lower operating temperatures plastics 
may be used, particularly for the con-
taimnent of liquid-metal vapors in com-
bination with cover gases. The perfor-
mance and compatibility of several plas-
tics and elastomers have been evaluated. 
[31] 

Following exposure (75 to 250 hr) in 
sodium at 250 and 350°F, the plastics 
were examined for exposure-induced vari-
ations in weight, hardness, tensile 
strength, elongation, and flexibility. 
The materials evaluated, including their 
polymer chemical composition, and their 
original properties, are partially 
listed in Table 2.26. The experimental 
results for materials exposed in sodium 
are given in Table 2.27. The value for 
each property of interest represents an 
average of three specimens tested. 

The final evaluation of material per-
formance and compatibility was based on 
(1) weight loss of material, (2) forma-
tion of powdery deposits on the material 
surface, and (3) degradation of material 
properties. Because minimized contami-

Time in sodium, Corrosion rate, 
hr r:ng/dm2 /month 

96 +706.0 
144 +368.5 
432 +219.2 
984 + 72.8 

'\Jll4 +403.7 
'\J981 + 72.1 

nation of the liquid metal was of major 
concern, the first two criteria were 
given greater consideration in the final 
evaluation. The materials that demon-
strated the most acceptable behavior in 
sodium at 250°F for 9 days were 

Kel-F 3700 Buna-N 
and in sodium at 350°F for 7 days 

Neoprene Buna-N 
In view of the behavior of plastics 

in liquid metals, it was postulated 
that alkali-metal-induced deterioration 
can be caused by reaction (1) along the 
polymer chain, (2) at the chain cross 
linkages, (3) with various additives 
(fillers, curing agents, plasticizers, 
etc.) or combinations of these. 
Examples of the first reaction mechanism 
were exhibited by Kel-F, in which a por-
tion of the polyhalogenated carbon chain 
was reduced to elemental carbon. How-
ever, the rate of attack in 250°F so-
dium was considered slow. Cross-linkage 
attack was apparently evident in the 
sulfur-vulcanized polymers such as Buna-
N, Buna-S, butyl rubber, and natural 
rubber. The most likely site of attack 
in these materials would be the 
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TABLE 2.26 - Plastic and Elastomer Specimens [31] 

Original properties* 

Instan- Elon-
taneous 15-sec Tensile ga-

Material Polymer chemical Shore A Shore A strength, ti,on, 
hardness hardness psi % 

Buna-N Butadiene-acrylonitrile 68 62 3180 547 
copolymer 

Buna-S Butadiene-styrene 72 67 1540 390 
copolymer 

Butyl rubber Isobutylene-isoprene 67 57 1100 517 
copolymer 

Natural rubber Polyisoprene 39 39 t t 
Neoprene Polychloroisoprene 74 72 1610 443 
Silicone rubber, Methyl vinyl siloxane 74 74 1010 97 

371 polymer 
Silicone rubber, Methyl vinyl siloxane 48 48 390 153 

751 polymer 
Kel-F 5500 Chlorotrifluoroethylene- 66 64 2120 400 

vinylidene fluoride 
copolymer 

Kel-F 3700 Chlorotrifluoroethylene- 68 66 1880 300 
vinylidene fluoride 
copolymer 

* As measured in this investigation. 
t Did not rupture at maximum grip separation. 

disulphide cross-linkage. Since organic 
esters react with sodium, butyl rubber, 
which contains an ester {paraplex plas-
ticizer), is typical of the third type 
of reaction mechanism. This reaction 
was considered to be _ the primary cause 
of the weight loss exhibited by the 
butyl rubber. Thus elastomers contain-
ing reactive additives (e.g., organic 
esters) must be used with caution for 
sodium service. 

2-3 CORROSION 

Liquid-metal corrosion depends pri-
marily on the rate of solution of the 
containment material and the solubility 
limit of the dissolved material or alloy-
ing elements in the liquid metal. How-
ever, complications are introduced by a 
number of factors that affect these 

solubility rates. Temperature and con-
centration gradients and impurities 
strongly influence the corrosive nature 
of a particular system. Several types 
of corrosive attack between liquid and 
solid metals have been observed - simple 
solution and alloying, impurity reac-
tion, and temperature- and concen-
tration-dependent mass transfer. 

The primary purpose of research on 
corrosion· of materials in liquid-metal 
environments has been to discover a 
means by which rates of material loss 
and of material weakening can be safely 
predicted. This goal has been elusive 
because of the many variables involved 
and the difficulty of separating their 
effects in a test system. Materials 
subject to rapid dissolution or chemi-
cal attack (e.g., aluminum, copper, 
silver, gold) have long been eliminat~d 
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TABLE 2.27 - Experimental Results of Immersing Several Plastics and Elasto-
mers in Sodium [31] 

Material 

Buna-N 
Buna-S 
Butyl 
rubber 

Natural 
rubber 

Neoprene 
Silicone 
rubber, 371 

Silicone 
rubber,751 

Kel-F 5500 
Kel-F 3700 

Buna-N 
Buna-S 
Butyl 
rubber 

Natural 
rubber 

Neoprene 
Silicone 

rubber,371 
Silicone 

rubber,751 

Weight 

Change in original properties,% 

Instan-
taneous 
Shore A 
hardness 

15-sec 
Shore A 
hardness 

(cold flow) 

Tensile 
strength 

Percent 
elonga-

tion 

180° Bend 
flexi-

bility* 

Specimens Immersed in Sodiwn at 250°F for 219 Hr 
-0.70 3 6 -12 -41 
-0.50 8 11 -57 -69 

-3.15 

-2.88 
-2.19 

-0. 72 

-2.13 
-0.06 
-0.22 

11 

-13 
11 

3 

17 
- 1 
- 1 

16 

-13 
13 

3 

17 
- 3 

5 

-18 -11 

- 9 -59 

-70 -67 

-65 -65 

- 9 0 

Specimens Irrorzersed in Sodiwn at 350°F for 168 Hr 
-3.13 
-0. 96 

-6.98 

-4.98 
-2.69 

-6.99 

-7.81 

16 24 -59 -75 
18 25 -71 -94 

15 

-10 
11 

7 

31 

25 

-10 
13 

7 

31 

-12 -39 

- 9 -59 

-67 -57 

-58 -66 

y 
N 

y 

y 
y 

N 

s 
y 
y 

y 
N 

y 

y 
y 

N 

s 

* Abbreviations are: 
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Change 
in ap-
pear-
ance* 

M 
M,Br 

M,g 

D,M,P 
G 

M 

M 
D,P,Bl 
D,M,Bl 

M 
M,P,Br 

M,P,Br 

D,M 
G 

B,M 

B 

B Bleached surface 
Bl Black 

G Appearance good 
g Gray 

P Powdery surface de-
posits 

Br Brown M Mottled surface 
D Darkened surface N Cracks in two on bending 

180° or less 

S Surface cracks on 
bending 180° or less 

Y Bends 180° without 
cracking 

from consideration for structural use 
in sodium or NaK. Materials most com-
monly considered below 1200 to 1300°F 
are the refractory metals, steels, and 

high-temperature alloys. Above 1300°F 
the refractory metals are considered to 
be superior (See Secs. 2-3.5, 2-3.6, 
and 2-3.7.) 
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Progress has been made in identify-
ing the variables, however, and models 
have been proposed for qualitatively 
predicting corrosion rates. A state 
of the art has not been reached where 
corrosion rates can be predicted quan-
titatively for new systems. Therefore 
the objectives of this section are: 

1. To present the variables and 
explain their influence. 

2. To present test data and discuss 
their meaning. 

2-3.1 Solution Erosion [32] 

One of the mechanisms of corrosion 
in sodium or NaK is solution erosion 
(or simple solution), which progresses 
in two steps (see Fig. 2.72): 

1. Dissolution of solid material 
into the liquid-metal film. 

2. Diffusion of the solute through 
the liquid away from the surface of the 
solid material.* 

The dissolution step can be described 
as the breaking of the metallic bonds 
holding the surface atom to its neigh-
bors in the solid metal and the simul-
taneous formation of metallic bonds be-
tween the solute and solvent atoms. 
Little is known about the mechanism of 
this exchange; however, it is recognized 
to be highly sensitive to surface im-
perfections in the solid metal, as the 
surface bond energies are related to 
crystal imperfections. Thus selective 
grain-boundary attack and dislocation 
etching are factors controlling the 
dissolution rate of a solid, especially 
in the absence of impurities in the 
grain boundaries. 

In pure systems Step 2, diffusion, 
is generally the rate-controlling pro-
cess. This is indicated by sensitivity 
of solution erosion to the flow rate of 
the liquid metal. The driving force 
for diffusion through the solvent layer 

* Diffusion of metallic elements 
through the solid may also be an impor-
tant variable. [See Sec. 2-3.l(b).] 
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Fig. 2.72 - Dissolution of a solid 
metal into a liquid metal. 

is therefore the diffusion gradient -
the difference between the solubility 
at the dissolution temperature, So, and 
the solution concentration in the bulk 
solvent, S, divided by the thickness 
of the solvent layer, o, 

Diffusion driving force= So - S 
0 

(a) Variables Affecting Solution 
Erosion [32-3?] 

Velocity affects the rate of solu-
tion erosion by varying the thickness 
of the solvent layer, o. Rates of both 
dissolution and diffusion vary with 
temperature. In a loop where a satu-
rated solution is flowing from a hot 
leg to a cold leg, part of the solute 
may be deposited from solution in the 
cold leg, creating a renewed capacity 
for dissolution in the hot leg. The 
rate of precipitation also varies with 
velocity, which determines the time of 
exposure to the lower temperature and 
the turbulence level. Deposition of a 
compound or metal film from chemical re-
actions or alloying tendencies may in-
hibit or increase both solution erosion 
and chemical corrosion. In a dissimi-
lar metal system the more soluble (or 
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active) metal will migrate to and a 
film will be deposited on the less sol-
uble (or noble) metal. This film may 
be tightly adherent and impervious to 
solution erosion and chemical action, 
or it may be nonadherent and easily re-
moved by flow action. In either case 
the corrosion of the more active metal 
will be increased. 

(b) Leaching [38] 
The process of elemental leaching 

has been describ~d as a combination of 
dissolution and chemical reaction 
mechanisms which removes alloy constitu-
ents at various rates. Observations 
made on 316 stainless-steel samples in 
1200°F pumped sodium loops verified this 
process. Analysis of sample surfaces by 
electron microprobe showed Fe-Cr-Ni 
ratios that differed notably from the 
original compositions (Fig. 2.73). This 
change in surface composition produces 
a visible surface layer. If the layer 
continues to develop and the depletion 
of alloy constituents persists beyond a 
specific minimum threshold level, the 
layer becomes ferritic. 

2-3.2 Chemical Corrosion 

Chemical corrosion is the result of 
a chemical reaction between the solid 
metal and an impurity in the sodium. 

(a) Oxygen 
The chemical reaction between oxygen 

in sodium and most of the more insol-
uble metals, with the exception of 
nickel and possibly cobalt-base alloys, 
is the controlling corrosion mechanism. 

(b) Nitrogen 
Nitrogen, which is an interstitial 

impurity in most metals, including 
steels, appears to play some role in 
corrosion in sodium and NaK, but no 
plausible mechanisms have been advanced. 
Nitrogen is thought to be nearly insol-
uble in sodium; yet the nitriding of 
steel surfaces completely submerged in 
liquid sodium has been observed. [ 39] 
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Fig. 2.73 - Typical compositional 
change in 316 stainless steel associ-
ated with elemental leaching in sodium. 
[38] 

One possible explanation is that cal-
cium, which is present as an impurity 
in sodium, acted as a carrier in the 
form of Ca 3N2 for the nitrogen in these 
tests. In other instances ent~ained 
nitrogen gas in the NaK was the source 
for the nitrogen, as,e.g., in the ni-
triding of niobium fuel cladding at 
Dounreay. [ 33] 

(c) Hydrogen 
Hydrogen in sodium will readily re-

act with refractory metals such as zir-
conium, niobium, and tantalum. It is 
also suspected, but not proved, that 
hydrogen plays an interacting role in 
oxygen- and carbon-promoted corrosion 
processes. Evidence of hydrogen-oxygen 
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and hydrogen-carbon interactions in so-
dium systems has been reported. [40,41] 

Examination of corrosion products 
from iron-base-alloy systems has con-
firmed the existence of the double oxide 
FeO(Na 2 0) 2 , a compound suspected of 
being involved in some way in the mass 
transfer of iron. [42] The effects of 
oxygen on the corrosion rate of 316 
stainless steel can be seen in Table 
2.28 and Fig. 2.74. 

Tyzack [43,44] suggested that there 
are three classes of metals which, when 
exposed to sodium at low activity, ex-
hibit different types of behavior re-
lative to the stability of their oxides 
compared to sodium oxide. The first 
class is exemplified by nickel, whose 
oxide is readily reduced by sodium and 
which forms no stable ternary compounds 
with oxygen and sodium when the latter 
is at unit activity. Thus, after ini-
tial removal of any residual oxide 
coating, nickel corrosion proceeds at 
a rate suggesting solution-erosion 
control. This rate is not sensitive to 
changes in oxygen concentration within 
the range of Oto 30 ppm. 

The second class of metals is exem-
plified by zirconium, whose oxide has a 
much greater standard free energy of 
formation than sodium oxide at unit or 
lower activity in sodium. A tightly 
adherent oxide film is formed through 
which oxygen must diffuse to reach zir-
conium metal. As the film thickness 
grows, the corrosion rate is reduced in 
a predictable fashion. [For a more de-
tailed discussion, see Sec. 2- 3.6(a).] 
If the film is nonadherent and subject 
to removal by flow action, the cor-
rosion rate will be more rapid, depend-
ing on the oxygen concentration, and 
unpredictable, depending on the ad-
herence and physical properties of the 
film. 

The third class of metals includes 
those having oxides of comparable 
thermodynamic stability to sodium 
oxide at the temperature of interest 
and forming ternary metal-sodium oxides 
in sodium of low oxide content. These 
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TABLE 2.28 - Effects of Oxygen on 
Corrosion Rate of 316 Stainless Steel 
[33] 

Temperature, 
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Fig. 2.74 - Effect of changing the 
oxygen level of liquid sodium on the 
rate of metal loss of 316 stainless 
steel specimens. [42] 

metals generally show a number of 

52 

oxides of varying valency, and the pre-
cise oxide formed during corrosion in 
sodium may depend critically on the 
oxidation potential of the sodium. This 
type of behavior is exemplified by nio-
bium, which is highly sensitive to oxy-
gen concentration and velocity. [For a 
detailed discussion of the corrosion of 
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niobium in sodium, see Sec. 2-3.6(c).] 

2-3.3 IntergranuZar Penetration 

Intergranular penetration is an 
attack on the grain boundaries of a 
metal, through a dissolution or chemi-
cal process, by impurities in the sodium 
or NaK or in deposited corrosion prod-
ucts. (For more detailed information, 
see the listing of the metal of interest 
in this section.) 

2-3.4 Swrrmary and Design Criteria 

Solution attack and impurity re-
actions are treated separately in the 
foregoing discussion, but the presence 
of one impurity in sodium alters the 
solubility or solution kinetics for 
other impurities and other materials. 
Thus, in practice, solution attack and 
impurity reactions are interdependent. 

Rowland, Plumlee, and Young, [45] in 
a 20,000-hr test, observed that the cor-
rosion rate seemed to decrease linearly 
with distance from the hot zone of the 
test loop independent of temperature. 
This effect, termed "downstream effect," 
lends support to the theory that cor-
rosion of metais in sodium is self-
quenching. That is, in a nonisothermal 
loop corrosion depends on the increas-
ing or the decreasing concentration of 
some corrosion product (as yet un-
identified) in solution. It can easily 
be postulated then that the rate of 
corrosion in the hot leg of a noniso-
thermal loop may be controlled at 
steady state by the rate at which dis-
solved corrosion products are plated or 
precipitated out of a supersaturated 
solution in the cold leg or cold trap. 

Because of the many variables in-
volved and the lack of knowledge con-
cerning their behavior, the only defi-
nite recommendations that can be made 
to the designer are as follows: 

1. Oxygen concentration in the so-
dium or NaK should be maintained at 
the lowest possible lev-el. 

2. Proposed structural metals should 
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be investigated for sensitivity to im-
purities other than oxygen, e.g., hy-
drogen and nitrogen, as well as for po-
tential interaction. 

3. Piping and equipment should be 
sized so that a certain amount of cor-
rosion or deposition of corrosion pro-
ducts can be tolerated. Amounts cannot 
be .calculated with precision, but an in-
sight can be gained from the following 
sections dealing with specific metals. 

Most of the metals discussed in Secs. 
2-3.5 to 2-3.8 have been subjected to 
extensive testing in sodium. If he ob-
serves the three precautions listed, the 
designer will find that all these metals 
will exhibit tolerable corrosion rates 
and are suitable for long-term use in 
sodium at the temperatures noted. 

2-3.5 Steel 

Much has been published on the com-
patibility of sodium and NaK with stain-
less steel. The common chromium and 
austenitic stainless steels (304, 316, 
and 347) can be used in sodium and NaK 
flow systems up to 1000°F with vir-
tually unlimited life if the oxygen and 
carbon contents of the liquids are low. 
The austenitic grades are preferred at 
high temperatures for strength considera-
tions. Static-test data are many and 
varied; typical results for the austen-
itic grades are (1) negligible weight 
change at 930°F, <-0.1 mg/cm 2 /month, 
(2) slight weight gain at 1100°F, 0.1 
mg/cm 2 /month, and (3) substantial weight 
gain at 1830°F, 40 mg/cm 2 /month. Maxi-
mum service temperatures in static sys-
tems approach 1500 to 1600°F. Indy-
namic systems austenitic steels are 
good construction materials. 

The presence of oxygen and carbon 
seriously affects service performance. 
High oxygen levels greatly increase the 
corrosion rate. These contents are con-
trolled to low levels by hot or cold 
traps. 

(a) Corrosion and Deposition Rates 
A recent series of tests [45,46] of 
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steels in sodium showed that both austen-
itic and ferritic steels corrode at much 
the same rates after long-term exposure 
to flowing sodium at 1100 to 1300°F. 
The materials tested were 316 stainless 
steel, 2 1/4 Cr-1 Mo, and 5 Cr-1/2 
Mo-1/2 Ti. Nickel and chromium were. 
readily leached from a fresh surface, 
but after initial depletion further so-
lution into the sodium was limited by 
the diffusion of these constituents 
through the ferritic boundary layer. 
After approximately 2000 hr an equilib-
rium was reached in which the ferritic 
surface was removed by the sodium at 
the same rate as the nickel and chro-
mium were diffusing to the surface. [45] 
The corrosion and deposition rates ex-
perienced in these tests are given in 
Figs. 2.75 to 2.78. 

Figure 2.79 is a general representa-
tion of corrosion rates of austenitic 
stainless steels in flowing sodium. The 
data are based on converting the weight 
change of thin samples to loss rates in 
mils per year and thus do not include 
intergranular penetration damage that 
could affect the mechanical properties 
more severely if present. The data 
show the effect of temperature on cor-
rosion rate and indicate that at 1200°F 
a maximum surface recession rate of 
about 2 mils/year can be expected in 
reactor-grade sodium at 20 to 30 ft/sec. 
Other data not plotted [47,48] indicate 
that at a 5 ft/sec flow rate the cor-
rosion rate is well below 0.1 mil/year. 

For information on carbon transfer, 
which also may be a problem in steels, 
see Sec. 2-5. (For further discussion 
of mass transfer of steels, see Sec. 
2-4.) 

(b) Intergranular Penetration 
Steels are susceptible to inter-

granular penetration under certain con-
ditions. Rapid oxidation of grain 
boundaries has been observed where oxide 
concentrations were 5000 ppm or more or 
where oxygen-rich precipitates were de-
posited. Chemical activity at grain 
boundaries is accelerated by the presence 
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Fig. 2.75 - Hot-leg weight loss vs. 
time. [46] 

of a stress. 
Intergranular penetrations discovered 

in loops designed to study mass-trans-
fer phenomena are believed to have oc-
curred in the following way. During 
periods of shutdown for loop repair, the 
loop interior was exposed to air, which 
oxidized the residual sodium on the pipe 
walls. The loop was then preheated be-
fore introduction of sodium; this caused 
those regions in which intergranular 
penetrations were observed to be ex-
posed to thermal stresses, as well as 
to Na 2 0 and NaOH. The products of oxi-
dation were then washed away by the in-
troduction of sodium to the loop. It 
was concluded that the total inter-
granular penetration (0.007 in.) oc-
curred in short increments during loop 
preheat after each maintenance shut-
down. [38] 

(c) Sensitization 
Intergranular penetration can be ac-

celerated in austenitic stainless steels 
because of a phenomenon known as sensi-
tization. [49] Stainless steel becomes 
sensitized when chromium and carbon com-
bine to form chromium carbide, which is 
subsequently precipitated in the grain 
boundaries. The metal immediately ad-
jacent to the grain boundaries becomes 
depleted in chromium and consequently 
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Fig. 2.76 - Hot-leg corrosion-rate-
prediction curves. (46] For low oxy-
gen (12 ppm), multiply results by 0.19; 
at D diameters downstream, multiply re-
sults by correction factor F. 
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more susceptible to oxygen attack. Sen-
sitization is a function of the activity 
and distribution of carbon and chromium, 
as well as a temperature cycle (between 
800 and 1500°F) favoring the precipi-
tation of chromium carbides. Some evi-
dence suggests that sensitization occurs 
more readily in carbon-contaminated so- · 
dium than in other media, [50] probably 
because of exposure to dissolved carbon. 
When free carbon has been exhausted, 
chromium will diffuse to the chromium-
impoverished zones, and resistance to 
oxygen attack will be restored. 
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prediction curves. (46] For low oxygen 
(12 ppm), multiply results by 0.26; at 
D diameters downstream, multiply re-
sults by correction factor F. 
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Fig. 2.79 - Corrosion rates of 
stainless steels in sodium. 

2-3.6 Refractory and Other Metals 

The metals Zr, Nb (Cb), Be, V, Ta, 
Mo, U, Th, W, and Ti are recommended 
over steels for use in sodium or NaK at 
temperatures of 1200°F and above if a 
very low concentration of oxygen in the 
sodium or NaK can be maintained. 

In general, refractory metals are 
less susceptible to solution erosion in 
sodium or NaK than steels and more sus-
ceptible to oxidation. Oxidation is 
the primary corrosion mechanism. The 
rates of oxidation vary with the chemi-
cal potential energy, ionic diffusion 
rates, and the behavior of the resul-
tant oxide coating. · In sodium or NaK, 
zirconium, titanium, and thorium develop 
an insoluble adherent oxide coating. 

BALKWILL ET AL. 

Therefore for these metals the rate of 
corrosion is eventually controlled by 
the diffusion of oxygen through the 
oxide coating. A mathematical model 
similar to those developed for oxidation 
of materials in air has been developed 
[see Sec. 2-3.6(a)]. Beryllium forms a 
stable insoluble oxide coating in so-
dium, but the adherency of BeO is highly 
uncertain, being subject to variations 
in sodium velocity. Oxides of the other 
refractory metals (except molybdenum 
and tungsten) are either soluble or 
nonadherent, and these all require that 
oxygen levels in the sodium or NaK be 
maintained at a very low concentration. 
Oxygen also can be interstitially ab-
sorbed by most of the refractory metals, 
causing severe embrittlement. A more 
powerful means of removing oxygen than 
cold trapping alone is recommended for 
sodium systems containing refractory 
metals. One of the more efficient tech-
niques used to remove oxides from so-
dium is gettering. A metal that forms 
a stable oxide in sodium at high tem-
perature is placed in the system with 
no function· other than to permanently 
remove oxygen from solution. Zirconium 
is frequently used as a getter (Fig. 
2.80). Oxygen reacts chemically with 
zirconium to form an adherent oxide 
layer. At the same time oxygen is 
taken directly into the zirconium lat-
tice to form a dilute 0-Zr alloy. [51] 
Many alloys of zirconium have been in-
vestigated- for their effectiveness as 
oxygen getters. The most effective 
zirconium-alloy getter was found to be 
Zr-13 at.% Ti. It is estimated that a 
hot trap using Zr-13 at.% Ti alloy can 
provide the same overall oxygen-removal 
rate and total oxygen capacity as an 
unalloyed zirconium hot trap 10 times 
larger. [ 52] 

(a) Zirconiwn 
(1) General Compatibility. The ex-

posure of zirconium to sodium or NaK 
containing 10 ppm or more of oxygen is 
normally characterized by weight gains 
that are indicative of a strong 



EFFECTS ON MATERIALS 

N~ 
E 
(..) ........_ 

_§ 1.0 
2 
<( 
(.!:) 

1-

G 0.1 
w s: 

0.01._ ________ _,. ___ ....., ___ __, 

1 10 100 1000 10 , 000 

EXPOSURE PERIOD (hr) 

Fig. 2.80 - Oxidation of zirconium 
in sodium and NaK-78 as a function of 
time and temperature. For NaK-78: W, 
average of values from 0.08 to 0.62 
mg/ cm , flowing. , average of values 
from 0. 08 to 0. 46 mg/ cm2, flowing. W , 
average of values from 0.46 to 0.56 
mg/ cm2 flowing. 'W, average of values 
from 0.59 to 0.73 mg/cm2, flowing. 
(Values are from Ref. 1.) For sodium: 
•, static (Ref. 55). 0, static (Ref. 
54). V, static (Ref. 51). 

tendency* for surface-film formation by 
the reaction 

(2. 2) 

The oxide films are adherent and suf-
ficiently protective to inhibit or slow 
down the reaction as time passes and 
the Zr02 product film builds up. The 
behavior can be described by the equa-
tion [53] 

~r/7' = kt (2.3) 

where 

~w = weight gain 
t = time 

* For example, at 1000°K (1340°F) the 
free energy of formation of Zr0 2 by means 
of Eq. 2.2 is calculated to be -85,050 
cal/mole; this indicates the tendency of 
metallic zirconium to reduce Na 2 0. 
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k = rate constant 
n = reciprocal of slope of the linear 

log (~W) vs. log t line [a value of 
n greater than 1 (see the following 
test data) indicates a decreasing 
reaction rate with time] 

Weight losses of zirconium in sodium 
were recorded for low-temperature and 
low-oxygen exposures. Under these 
special conditions removal of metal by 
dissolution was apparently not limited 
by a protective oxide film. 

Oxidation-rate constants for zirco-
nium alloys in sodium can differ from 
these for unalloyed zirconium by a fac-
tor of nearly 10. However, even the 
highest of these is substantially lower 
than rates reported in the literature 
for comparable exposures of zirconium 
to steam or to gases such as oxygen, 
air, or CO 2• The basic solid-state 
oxidation mechanism is suspected to be 
the same for exposure to both liquid 
sodium and to the oxidizing gases (02 , 
H20, CO2, and air). In this mechanism 
the rate of reaction is controlled by 
the diffusion of oxygen ions, 02-, 
through the zirconium dioxide product 
layer into the base metal (anion dif-
fusion). However, the large difference 
in oxidation rates is probably due to 
the additional diffusion effect occur-
ring in the sodium exposure, in which 
the oxygen must undergo not only solid-
state diffusion but also diffusion from 
the bulk stream to the zirconium di-
oxide surface. 

(2) Test Results. [51, 54, 55] Data 
showing the oxidation of zirconium, 
weight gain per square centimeter, in 
sodium and NaK-78 as a function of time 
and temperature are presented in Fig. 
2.80. Data showi.ng the oxidation of 
zirconium as a function of temperature 
after 350 hr exposure are presented in 
Fig. 2.81. 

Values cited [51] for n in the equa-
tion ~wn = kt for sodium exposure in-
clude (1) for arc-melted material, 2.80 
to 2.87 at 930°F and 2.72 to 2.82 at 
1110°F, (2) for arc-melted material pre-
heated by cold-working or charging with 
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Fig. 2.81 - Oxidation of zirconium 
in sodium as a function of temperature. 

approximately 50 ppm N2 , 2.35, and (3) 
for carbon-melted material, 2.00 to 2.05. 

At 740°F, zirconium inserts in NaK-78 
containing approximately 15 ppm oxygen 
lost about 0.2 mg/cm2 during 500-hr ex-
posures. 

At 1020°F, sparse cold-trap and heat-
exchanger deposits were observed in a 
sodium system where the oxygen level was 
maintained at 15 to 25 ppm by cold trap-
ping. [51] This dissolution effect for 
zirconium is illustrated in Fig. 2.82. 

The oxidation of zirconium and sev-
eral zirconium alloys was investigated 
[54] in a static sodium system with oxy-
gen concentration of approximately 10 
ppm. The materials investigated are 
those listed in Table 2.29. Their rate 
constants, based on n = 2, are presented 
in Fig. 2.83. 

Table 2.29 presents values of 1/n, 
and Table 2.30 presents further data 
from tests by Davis and Draycott. [51] 

(b) Beryllium [53] 
(1) General Compatibility. Beryl-

lium, like zirconium, forms a much more 
stable oxide than does sodium. [For 
example, at 1000°K (1338°F) the free 
energy of formation of BeO by means of 
Eq. 2.4 is calculated to be 
M' = 54,150 cal/mole.] 
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Fig. 2.82 - Dissolution effect of 
zirconium in cold-trapped sodium sys-
tem. 

Consequently BeO will form at the sur-
face of a beryllium sample exposed to 
sodium containing oxygen according to 
the reaction 

Be+ Na20 BeO + 2Na (2.4) 

Unlike Zr02 films, the BeO films are 
nonadherent and readily dislodged by 
flowing sodium; thus they are nonpro-
tective. Control of the oxidation rate 
has been realized through reductions 
of the oxygen level in Be-Na systems 
by gettering with either calcium or 
thorium, both of which form more stable 
oxides than does beryllium. 

Another corrosion characteristic is 
the migration of beryllium to other 
materials in a composite system. There 
is no evidence that this occurs to any 
significant degree at temperatures of 
1000°F or lower, but it has been noted 
repeatedly at 1200°F and higher. [56-59] 

Figure 2.84 presents values from 250-
hr experiments. [60] A dependency on 
temperature and flow rate is apparent; 
the latter points to increased spalling 
of nonadherent oxide with increased NaK 
flow velocity. 

Calcium and thorium were added to so-
dium in other experiments [60,61] with 
the following results: 

1. Calcium was effective in reducing 
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Fig. 2.83 - Oxidation-reaction-rate 
constants for zirconium and zirconium 
alloys as a function of temperature. 

corrosion of beryllium by oxygen. In 
fact, slight weight gains were noted. 

2. Thorium was less effective than 
calcium in reducing corrosion of beryl-
lium by oxygen. The gettering ef~ 
ficiency decreased at an impractical 
rate. There was evidence of hot-to-
cold-zone mass transfer of thorium. 

3. In experiments in which a nitro-
gen cover gas was used, no nitriding of 
beryllium was noted. In other experi-
ments [61] a Be3N2 film appeared. 

Seven types of hot- pressed beryllium 
samples from different starting powders 
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TABLE 2.29 - Value of 1/n in Eq. 2.3 at 
Indicated Temperature [53] 

Material 

Zirconium 
Zr- 1.5 Al 
Zr- 1. 5 Al- 1. 5 Sn 

Zr-1. 5 Al-3 Sn 
Zr-1. 5 Al-1. 5 Mo 
Zr-1. 5 Al-1 

Zr-3 Al 
Zr-3 Al- 1. 5 
Zircaloy 2 

0 
E 

.......... 
V) 

5 

4 

..5 3 
z 
0 
I-
<( 
Ct'.: 
1--
w z 
w 2 a.. 

1 

1 

Sn-1 

Sn 

2 

Mo 

3 4 

Temperature, °F 
1030 1105 1175 

0.45 0.45 0.46 
0.41 0.46 0.52 
0.50 0.50 0.50 

0.42 0.46 0.50 
0.41 0.45 0.49 
0.45 0.45 0.48 

0.41 0.48 0.46 
0.40 0.45 0.50 
0.41 0.46 0.50 

5 6 7 
FLOW RA TE (fps) 

8 

Fig. 2.84 - Beryllium corrosion rate 
vs. NaK velocity and temperature. [60] 
NaK-78 cold trapped at 248°F. 
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TABLE 2.30 - Zirconium Corrosion in Cold-Trapped Circuits* 

'Test No.t=r 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

22 
23 

24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

Specimen 

Tube, pickled§ 
Tube, pickled 
Tube, pickled 
Tube, pickled 
Tube, pickled 

Tube, pickled 
Tube, pickled 
Tube, pickled 
Tube, pickled 
Tube, pickled 
Tube, pickled 
Tube, pickled 
Tube, pickled 
Tube, pickled 
Tube, pickled 

Tube, pickled 
Tube, pickled 
Tube 
Tube, pickled 
Tube, pickled 
Tube 

Arc melted, pickled 
Arc melted, pickled 

Carbon melted, as received 
Carbon melted, as pickled 
Arc melted, as received 
Arc melted, as pickled 
Arc melted, pickled 
Arc melted; pickled 
Arc melted, pickled 
Arc melted,+ 200 ppm N2 
Arc melted,+ 100 ppm N2 
Arc melted 
Arc melted,+ 50 ppm N2 
Arc melted 

Specimen 
temp., °C 

393 
393 
393 
393 
393 

467 
467 
46T 
467 
467 
550 
550 
550 
550 
550 
481 
481 
481 

523 
523 
523 

550 
550 
600 
600 
600 
600 
650 
650 
650 
650 
650 
650 
650 
650 

Velocity, 
ft/sec 

1.0 
1.6 
2.8 
4.6 
8.8 

1.05 
1.7 
2.9 
4.7 
9.0 
1.08 
1.7 
3.0 
4.8 
9.3 
2.1 
3.4 
3.4 
2.2 
3.5 
3.5 

3.5 
2.0 

4.8 
4.8 
4.8 
4.8 
4.8 
3.5 
2.0 
4.8 
4.8 
3.5 
4.8 
2.0 

BALKWILL ET AL. 

Cold-trap 
temper-

ature, °C 

120 
120 
120 
120 
120 

120 
120 
120 
120 
120 
120 
120 
120 
120 
120 

180 
180 
180 
180 
180 
180 

150 
150 

145 
145 
145 
145 
160 
160 
160 
160 
160 
160 
160 
160 

Weight 
change, 

g/dm2 

-0.012 
-0.016 
-0.013 
-0.022 
+0.006 

+0.008 
+0.015 
+0.021 
+0.013 
+0.062 
+0.028 
+0.042 
+0.046 
+0.039 
+0.006 

+0.0563 
+0.0527 
+0.0461 

+0.0727 
+0.0725 
+0.0593 

+0.0463 
+0.0500 

+0.225 
+0.156 
+0.163 
+0.162 
+0.309 
+0.300 
+0.294 
+0.339 
+0.329 
+0.344 
+o.352 
+0.325 

*From M. Davis and A. Draycott, Compatibility of Reactor Materials in Flowing 
Sodiwn~ British Report IGR-TN/C-857, p. 31, 1958. 

i"Liquid metal for tests 1 to 21 was 22% NaK and for tests 22 to 35, sodium. 
fDuration of tests 1 to 5 was 500 hr; tests 6 to 15, 250 hr; tests 16 to 21, 

2288 hr; tests 22 to 27, 350 hr; and tests 28 to 35, 700 hr. 
§Pickling decreases the weight gains over a period of 350 hr at 600°C but ap-

parently increases the gains over a period of 2300 hr at 480 and 523°C. No satis-
factory explanation of this behavior can be given at this time. 
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(virgin, blend, recycling) were exposed 
to sodium under the following con~ 
ditions: 

1. Exposure time of 47 hr at 900°F, 
followed by 520 hr at 1000°F. 

2. Flow velocity of 20 ft/sec. 
3. Low oxygen level maintained by 

cold trapping and calcium gettering 
(1% addition). 

The specimen weight losses were less 
than 1 mg/cm2/month without evidence of 
erosion or flaking. Black films about 
50 µ thick which appeared on the sample 
were identified as Be 3N2. The source 
of nitrogen was presumed to be an im-
purity in the argon cover gas or in the 
calcium. [ 61] 

In multimetallic loop systems [56- 59] 
transfer of beryllium to nickel sur-
faces was noted. Spacing between beryl-
lium and the other metals was found to 
be an important variable. Thermal-con-
vection-loop exposures were conducted 
with sodium for 1000 and 1500 hr each 
with a beryllium insert positioned in 
the hot zone so that a few mils sepa-
rated its surfaces from the surface of 
a nickel-base alloy. Selected corrosion 
results are as follows: 

Loop niateria~ Hastelloy Hastelloy 
B B 

Temperature, OF 1200 1300 
Corrosion, mils 

Loop material 
in hot leg 1 1 

Beryllium in-
sert 3 3 

Loop material In- In- In-
conel conel* conel 

Temperature, OF 1200 1300 1500 
Corrosion, mils 

Loop material 
in hot leg 1 1 1 

Beryllium in-
sert 3 6 12 

* These conditions resulted in very 
low concentrations of beryllium on the 
Inconel walls, specifically about 6x10- 3 
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Compounds identified as BeNi or Be21Nis 
were observed: 

1. At beryllium-nickel-base alloy 
surfaces in contact in the 1300°F 
range. A reaction zone nearly 20 mils 
thick occurred during a 1000- hr ex-
posure. Chromium plate was evaluated 
as a barrier, but Be 2Cr formation ren-
dered its use impractical. 

2. As a layer to about 3 mils thick 
on the surface of the inserts in the 
loops described. 

The distance between the beryllium 
and the third materiai was found to 
exert strong control over the trans-
fer of beryllium. The following tabu-
lations are relevant data from static 
experiments. 

Distance be-
tween sodium-

Con- immersed Has -
ditions tel~oy B ~nd 

Beryllium, 
mils 

1200°F 0 
1000 hr 5 

Con-
ditions 

1470°F 
500 hr 

20 
50 

100 

Distance be-
tween NaK- 44-
immersed 304 
stainless 
steel and 
beryllium, 
mils 

2 
5 

10 
15 
25 
50 

Equivalent 
concentration 
of beryllium 
in Hastelloy B 
surface, 10- 3 

mg/cm2 

8800 
6.3 
1.06 
0.63 
0.74 

Equivalent 
concentration 
of beryllium 
in 304 stain-
less steel 
surface, 10- 3 

mg/cm2 

4950 
2300 

800 
310 
170 
140 

mg/cm2 in the hot zones and about 1x10- 3 

mg/cm2 in the cold zones. 



130 

(c) Niobium (Colwnbium) 
(1) General Compatibility. [44] The 

behavior of sodium-exposed niobium and 
niobium-base alloys was found to be 
highly sensitive to variations in oxygen 
concentration. The thermodynamic sta-
bility of niobium oxides is comparable 
to that of sodium oxide at the temper-
ature of interest. Niobium forms ter-
nary metal-sodium oxides in sodium of 
low oxygen content. Corrosion is 
characterized by weight losses, and the 
corrosion rate depends linearly on the 
oxygen content of the sodium - the 
higher the oxygen level, the higher 
the corrosion rate at any temperature. 
Corrosion of niobium is also velocity 
dependent up to the highest test ve-
locity, 35 ft/sec - the higher the ve-
locity, the higher the corrosion rate. 
Below 750°F the observed corrosion rates 
are small and tolerable, even in sodium 
with up to 40 ppm oxygen. Above this 
temperature stringent control of oxy-
gen in sodium must be maintained if nio-
bium service components are to have a 
useful life in a reactor. The use of 
hot trapping or liquid (magnesium) or 
solid (zirconium and titanium) deoxi-
dizing agents is recommended. 

(2) Test Results. Niobium was orig-
inally selected for the canning material 
for the Dounreay fast-reactor fuel on 
the basis of its high-temperature creep 
strength and compatibility with uranium 
and with sodium. Preliminary tests to 
determine niobium compatibility with so-
dium were performed in low-oxygen static 
sodium; no adverse reaction was ex-
perienced. Later, in pumped nonisother-
mal loop tests, extremely rapid loss of 
metal occurred. [44] Some of these re-
sults at 400 to 600°C under dynamic 
conditions (25 ft/sec) at various levels 
of oxygen in the sodium are summarized 
in Fig. 2.85 and are discussed here. 

In experiments conducted with oxygen 
controlled by cold trapping, the major 
part of the corrosion product probably 
was removed from the surface on which 
it formed by the erosive action of the 
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Fig. 2.85 - Corrosion of niobium in 
sodium under dynamic conditions. 

flowing sodium. In high- temperature 
tests the corrosion product remaining 
on the surface of specimens exposed in 
sodium containing 10 ppm oxygen was 
black and powdery in appearance. In 
tests conducted in sodium containing 
approximately 3 ppm oxygen the re-
maining product was a lustrous brittle 
skin that tended to peel off in thin 
sheets metallic in appearance. Anal-
ysis of X-ray powder photographs of the 
corrosion products showed the presence 
of niobium with a diffuse pattern, a 
probable indication of oxygen in so-
lution, plus the presence of a phase 
with sodium chloride structure but with 
a lattice spacing greater than NbO. 
Four other unidentified phases were 
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also found. Other researchers made a 
compound by reacting Nb 20 5 with sodium 
which they identified by chemical anal-
ysis as Na2Nb205. This compound has a 
sodium chloride structure of a similar 
spacing to the one obtained as a cor-
rosion product. In other tests Nb 20 5 
in porous steel dispensers was innnersed 
in dynamic sodium of low oxygen content 
(~ 3 ppm) at 600°C. After various 
periods of exposure the product was sub-
jected to X-ray analysis. A phase with 
the rock-salt structure and an X- ray 
pattern identical to Na 2Nb 20s was found 
[44] along with two other phases, one 
of which is likely to have been Na 3Nb04. 

The thermodynamic data sunnnarized in 
Fig. 2.86 suggest that Nb 20 5 cannot be 
formed from niobium in sodium contain-
ing less than 100 ppm oxygen; thus it 
can be ruled out for practical purposes 
(Nb20s has been observed in static cor-
rosion tests in sodium containing 3000 
ppm oxygen). Below 30 or 40 ppm oxy-
gen at temperatures of interest, Nl,02 
cannot be formed, but NbO can be formed 
in sodium containing 10 ppm oxygen at 
temperatures up to 850°C and at 5 ppm 
oxygen at temperatures up to 550°C. 
Above this temperature a solid solution 
of oxygen in niobium is possible. At 
600°C the reaction 

(2.5) 

requires 64,000 cal if Na 3Nb04 is to be 
stable in relation to NbO. Similarly, 
the reaction 

(2. 6) 

requires 12,500 cal to make Na2Nb20s 
stable relative to NbO. Thus the cor-
rosion products obtained may depend 
critically on the reaction temperature 
and the oxygen content of the sodium. 
[44] 

Static experiments involving niobium 
inserts in 316-stainless-steel con-
tainers indicated that carbon and nitro-
gen are transferred from the steel to 
the refractory metal in sufficient 
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Fig. 2.86 - Thermodynamics of the 
Nb-Na-0 system. 
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quantity to alter the mechanical pro-
perties of the metal. The carbon was 
confined to the surface, but the nitro-
gen penetrated the entire distance 
across the 40- mil - thick inserts. Sur-
face layers were identified by X-ray 
analysis [62] as Nb and Nb 2N. 

Transfer of niobium to the stainless 
steel also occurred. At 1700°F 40- mil-
thick stainless-steel inserts picked up 
about 0.5% niobium as a surface layer. 

Data on the effects of boiling so-
dium (Table 2.31) on alloys of niobium 
and tantalum were obtained by Romano, 
Fleitman and Klamut [63] from pumped 
loops gettered at 650°C with zirconium 
foil. Table 2.32 contains compositions 
of alloys used in these tests. Anal-
ysis of the purified sodium by a mer-
cury-amalgamation procedure indicated 
the oxygen concentration to be less 
than 10 ppm. 

The results of other tests are given 
in Tables 2.33 to 2.35. 

(d) Vanadiwn 
(1) General Compatibility. Evalu~ 

ation of the corrosion behavior of so-
dium-exposed vanadium and vanadium al-
loys has been in close alliance with 
the corresponding evaluation of niobium 
and niobium alloys. As a result it has 
been connnon to draw comparisons between 
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TABLE 2.31 - Corrosion Results on High-Strength Refractory-Metal Alloys Tested in 
Sodium at 1315°C* 

Alloy designation Monometallic Insert in 
capsule (test time, 6271 hr) D-43 capsule (test time, 3000 hr) 

D-43 No corrosion No corrosion 

FS-85 0.05-mm grain-boundary at- 0.05-mm grain-boundary attack, 
liquid region tack in weld, both liquid 

and vapor regions 

FS-60 

T-111 No corrosion 

No corrosion 

0.025 nun grain-boundary attack, 
vapor region 

TZM 0.01-mm grain-boundary at-
tack in weld, vapor re-
gion 

No corrosion 

X-34 No corrosion 

* Mercury-amalgamation procedure indicated the oxygen concentration to be less 
than 10 ppm. 

TABLE 2.32 - Nominal Composition of Alloys Tested in Program 

Alloy designation 
Nb Ta 

D-43 Bal. 
FS-60 Bal. 
FS-85 Bal. 27 
T-111 Bal. 
TZM Bal. 
X-34 Bal. 

the performance of the two types of 
materials. As might be expected from 
thermodynamic considerations, the cor-
rosion behavior of unalloyed vanadium 
has been found to be similar to that of 
unalloyed niobium. However, vanadium 
alloys demonstrated corrosion resis-
tance superior to that of niobium 
alloys [67]. 

(2) Test Results. Table 2.36 pre-
sents pumping-loop corrosion data for 
vanadium; the corresponding data for 
niobium appear in Table 2.34. [51] 
Each presents evidence of high corrosion 

Alloying element, wt.% 

w Zr Ti Hf C 

10 1 0.1 
10 
10 1 

8 2 
0.08 0.5 

5 3 0.1 

rates in cold-trapped circuits and re-
duced corrosion rates through the use 
of strong oxygen getters. 

Table 2.37 and 2.38 present pumping-
loop data for vanadium alloys; Table 
2.35 is the niobium-alloy counterpart. 
Fig. 2.87 shows the effects of changes 
in velocity on the corrosion of un-
alloyed vanadium. [51] 

In tests to determine the corrosion 
resistance of vanadium-base alloys to 
sodium in an austenitic-stainless-steel 
system, V-20 Ti, V-15 Ti-7 1/2 Cr, and 
V-5 Cr had satisfactory behavior in 
flowing sodium at 650°C containing 
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TABLE 2.34 - Behavior of Niobium in Sodium or NaK Circulating in Austenitic Stain-
less-Steel Pumping Loops [51,53] 

Temper- Flow velocity, Weight change.,* 
ature, ft/sec mg/cm2 /month 

OF 

Cold trap at 284°F; 698 1.3 - 0.9 
NaK-78; 500 hr 11.3 - 0.9 

761 1.3 - 15.7 
11.4 - 52.1 

852 11.3 - 77. 7 
11.4 - 52.1 

932 11.3 -175 
11.8 Completely corroded 

Cold trap at 257°F; 1112 16.2 -333 
NaK-30; 350 hr 29.5 -716 

Pretest cold trapping; 10% of 932 1.3 0.3 
flow through Mg dispenser at 11.5 - 1.4 
752°F; NaK-78; 250 hr 

Pretest cold trapping; hot 1022 30 - 1.1 
trap with Ti at 1202°F; 1112 5.5 - 7.0 
Na;"-' 300 hr 

Pretest cold trapping; hot 1112 30 -0.6 to 63.4 
trap with Zr at 1112°F; 
Na;"-' 200 hr 

* The uniform removal of 1 mil/year from the exposed surface is approximately 
equivalent to a weight loss of 2 mg/cm2 /month. 
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TABLE 2.35 - Behavior of Niobium-Base Materials in 1202°F Sodium Circulating in 
Stainless-Steel Pumping Loops* [53,64] 

Alloy composition, wt.% 

Unalloyed Nb 
Cb-1. 84 Cr 
Cb-3. 21 Cr 

Cb-4.33 Zr 
Cb-20 Ti-4.28 Cr 
Cb-5 Mo 

Cb-1 V 
Cb-3 V 
Cb-5 V 

Weight change,t mg/cm2 /month 

- 0.33 
± 0.00 
± 0.00 

+ 0.01 
+ 0.33 
- 0.04 

+ 0.30 
- 0.09 
- 0.10 

* Samples were exposed for 21 days to sodium containing 1 to 5 ppm Na 20 regu-
lated by uranium gettering. 

t The uniform removal of 1 mil/year from the exposed surface is approximately 
equivalent to a weight loss of 2 mg/cm2 /month. 

TABLE 2.36 - Behavior of Vanadium in Sodium or NaK-78 Circulating in Austenitic 
Stainless-Steel Pumping Loops* 

Cold trap at 284°F; 
NaK-78; 500 hr 

Cold trap at 248°F; NaK-30; 
Nak-30; 350 hr 

Pretest cold trapping; NaK-78, 
(0.01% Mg added); 350 hr 

Pretest cold trapping; hot trap 
with Ti at 1292°F; Na; 136 hr 

Pretest cold trapping; hot trap 
with Zr at 1112°F; Na; 127 hr 

* Data from Ref. 51 

Temper-
ature, 

OF 

632 

742 

762 

860 

1112 

1112 

1112 

1112 

Flow velocity, Weight change,t 
ft/sec mg/cm 2 /month 

1.8 - 8.3 
15.9 5.2 

0.8 - 27.8 
7.8 - 94.2 
1.88 - 54.6 

16.5 -219 
0.9 - 77 
7.5 -231 
5.5 - 91.2 

5.5 o. 72 

25 - 0.19 

25 - 3.0 

t The uniform removal of 1 mil/year from the exposed surface is approximately 
equivalent to a loss of 2 mg/cm 2 /month. 

135 



136 BALKWILL ET AL. 

TABLE 2.37 - Effect of Rolled-Sheet Alloy Composition on Corrosion in 650°C Static, 
Refreshed Sodium Containing~ 45 ppm Oxygen* [67] 

External loss, ~w, Depth of Total metal 
Alloy µ/side mg/cm2 hardened penetration, 

layer,µ µ 

V-5 Ti-15 Cr 9 - 9.2 60 to 70 69 to 79 
V-15 Ti-5 Cr 24 -14.7 40 to 45 64 to 69 
V-15 Ti-7½Cr 21 -15.6 34 to 38 55 to 59 
V-20 Ti-5 Cr 23 -19.5 32 to 35 55 to 58 
V-30 Ti-5 Cr 14 -13.1 20 to 22 34 to 36 

V-30 Ti-10 Cr 18 -14.1 15 - to 18 33 to 36 
V-20 Ti-2 Mo 17 - 8.5 40 to 45t 57 to 62 
V-20 Ti-2 Ta 34 -11. 2 35 to 40t 69 to 74 
V-20 Ti-2 Nb 34 -14.7 40 to sot 74 to 84 
V-20 Ti (Refer-

ence)f 42 -16.3 30 to 35 72 to 77 

* Samples were tested for 7 days with about 50% cold work. 
t Longitudinal surface cracks in hardened layer 10 to 20 µ deep. 
t V-20 Ti was rolled and annealed at 900°C. 

TABLE 2.38 - Behavior of Vanadium-Base 
Stainless-Steel Pumping Loops* [53,64] 

Alloy composition 

Unalloyed V 
V-10 Ti-1 Nb 
V-10 Ti-3 Nb 
V-10 Ti-3 Ta 
V-5 Ti-20 Nb 

Materials in 1202°F Sodium Circulating 

Weight change, 
mg/cm2/month 

-0.23 
+0.16 
+0.26, +0.30t 
+0.20, +0.37 
+0.07, +0.27 

in 

* Samples were exposed for 21 days to sodium containing 1 to 5 ppm Na20 regu-
lated by uranium gettering. 

t Double listings indicate two exposures, each specimen in a different metal-
lurgical condition - cold rolled, stress relieved, recrystallized, etc. 

oxygen at concentration levels achiev-
able by cold trapping, i.e., in the 
range of 10 to 15 ppm. [67] All these 
alloys showed weight gains in 650°C so-
dium containing 10 to 12 ppm oxygen, 
even in flowing (6.1 m/sec) sodium. 
When oxygen was increased to concen-
trations greater than about 15 ppm, a 
spalling film appeared and weight 
losses occurred. Sensitivity to vel-
ocity did not develop until the non-

adherent film appeared. Some results 
from these tests are shown in Tables 
2.37 and 2.39 to 2.41. 

Analysis of the sodium for oxygen 
was accomplished by attaching a vacuum-
distillation apparatus to the top of the 
experimental system. A nickel crucible 
was vacuum annealed in place and then 
used to sample the sodium. Distillation 
of the sodium was completed at 325 to 
350°C and the residue titrated as Na20. 
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TABLE 2.39 - Corrosion Behavior of Vanadium Binary Alloys Exposed 7 Days in Static, 
Refreshed Sodium at 650°C [67] 

Alloy 02 concentration Weight loss, External loss, 
composition in Na, ppm mg/cm2 µ/side 

V-20 Ti* 15 9.7 
V-20 Ti* 42 to 50 28.4 34 
V-10 Alt 42 to 50 51.2 93 
V-10 Cut 42 to 50 104 180 
V-5 Crf 15 9.1 

V-10 Crt 42 to 50 9.3 100 
V-10 Crf 15 61.4 
V-20 Crt 42 to 50 27.5 32 
V-10 Fet 42 to 50 88.5 129 
V-20 Fet 42 to 50 91.8 64 

V-10 Nit 42 to 50 93.8 146 
V-20 Nit 42 to 50 115 189 
V-2 Sit 42 to 50 82.5 133 

* Rolled and annealed at 900°C. 
t Levitation melted, chill cast, and machined. 
=f= As rolled. 

TABLE 2.40 - Effect of Titanium Concentration on Corrosion Behavior in Static, Re-
freshed Sodium at 650°C Containing 45 to 50 ppm Oxygen [ 6 7] 

External loss, t:.W, Depth of Total metal 
µ/side 2 hardened layer,t penetration, Alloy* mg/cm 

µ µ 

V-10 Ti 77 -51. 7 68 to 72 145 to 149 
V-30 Ti 39 -20.0 12 to 15 51 to 54 
V-50 Ti 27 -12.4 12 to 15 39 to 42 
V-70 Ti 17 - 7.6 7 to 10 24 to 27f 
V-90 Ti 13 - 5.3 50 to 55 63 to 68:f= 

* Samples were exposed for 7 days and tested as levitation melted, chill cast, 
and machined. 

t Including adherent oxide. r Does not include stringer penetration. 

(e) Tantalwn [53] 

(1) General Compatibility. As might 
be expected from consideration of thermo-
dynamic constants and solubility infor-
mation, the corrosion behavior of tan-
talum in contact with sodium is sensi-
tive to the temperature level and the 

oxygen content of the sodium. 

(2) Test Results. Results of ex-
posing tantalum inserts containing 
about 200 ppm oxygen to sodium circu-
lating in a polythermal pumping loop of 
316 stainless steel [68] are illus-
trated in Fig. 2.88. Cold trapping and 
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TABLE 2.41 - Effect of Treatment on Corrosion of V-Ti Alloys (Rolled Sheet) Exposed 
for 7 Days to Static, Refreshed Sodium at 650°C Containing 45 to 50 ppm Oxygen [67]. 

External loss, Internal Total metal 
Alloy µ/side 

V-20 Ti 42 
Control (annealed, 
900°C, 1 hr in vacuum) 

V-30 Ti 52 
Cold worked* 

V-30 Ti 33 
Annealedt 

V-40 Ti 28 
Cold worked* 

V-40 Ti 14 
Annealedt 

V-50 Ti 25 
Cold worked* 

* As cold rolled. 
t Annealed same as V-20 Ti. 
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Fig. 2.87 - Variation of penetration 
rate of vanadium with sodium velocity 
(cold-trap temperature, 140°C). (From 
M. Davis and A. Draycott, Compatibility 
of Reactor Materials i n Flowing Sodium, 
British Report IGR-TN/C-857, 1958.) 

penetration, penetration, 
µ µ 

43 to 46 85 to 88 

23 to 27 75 to 79 

15 to 17 48 to 50 

13 to 16 41 to 44 

13 to 16 27 to 30 

12 to 18 37 to 43 

gettering by zirconium foil were used 
to maintain the oxygen levels indicated. 
Other observed compatibility character-
istics included the following: 

1. There was no evidence of cold-
zone mass-transfer deposits of signifi-
cant magnitude. 

2. Intergranular penetration was 
not a significant mode of attack, al-
though it occurred in specimens fabri-
cated of arc-cast tubing exposed to so-
dium containing 80 ppm of oxygen. 

3. Oxygen migrated from tantalum 
containing approximately 200 ppm oxy-
gen to high-purity sodium. Final oxy-
gen levels in the tantalum were usually 
less than 50 ppm. This behavior could 
not have been predicted from available 
thermodynamic informatlon* except for 
very pure sodium, e.g., containing oxy-
gen in the 1-ppm range. 

* Tantalum forms a more stable oxide 
than sodium according to free-energy 
data; e.g., at 1000°K (1338°F) for the 
reaction 2Ta + 5Na20 Ta20s + lONa, 
the free-energy change is ~F0 = -56,050 
cal/mole. This suggests that tantalum 
will readily reduce Na20. 
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OXYGEN DURATION 
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Fig. 2.88 - Effects of temperature 
and oxygen content of sodium on its at-
tack on tantalum. [68] 

4. Exposure to low-oxygen sodium 
did not have a deleterious effect on the 
creep characteristics of tantalum at 
1200°F. 

The results shown in Fig. 2.88 are 
similar to those obtained in another 
T-Na investigation, [69] where weight 
losses for tantalum (1) began at about 
1075°F and increased to an equivalent 
of about 8 mils/year at 1220°F when the 
tantalum was exposed to cold-trapped so-
dium, and (2) began at about 970°F and 
increased to an equivalent of about 0.5 
mils/year at 1220°F when the tantalum 
was exposed to hot-trapped sodium. 

There is little information on the 
performance of tantalum and tantalum 
alloys in sodium at temperatures above 
1200°F. One exception is the indication 
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of good corrosion resistance exhibited 
by a tantalum insert exposed to 2200°F 
sodium in a Nb - 1 Zr refluxing- capsule 
experiment operated for 5000 hr. The 
oxygen in the sodium is probably per-
manently removed by the zirconium, and, 
since tantalum solubility is very low, 
very little corrosion would be expected. 
Another exception involves a series of 
Ta- 10 W refluxing capsules exposed to 
sodium boiling at 2310°F for 168 hr. 
[70] Insert specimens with longitudi-
nal test welds were utilized. The 
material exhibited generally poor cor-
rosion behavior characterized by severe 
intergranular penetration of the weld 
zones in one capsule with sodium con-
taminated with air during the loading 
operation. A second capsule with high-
purity sodium showed less severe inter-
granular attack and only in the weld 
area in the vapor region. 

(f) Molybdenum [53] 
Information relative to the cor-

rosion behavior of molybdenum in sodium 
or NaK indicates that molybdenum is ex-
ceptionally inert to sodium. Good cor-
rosion resistance is indicated by the 
fact that inserts of molybdenum in a 
thermal- convection loop exhibited no 
attack, pitting, or intergranular cor-
rosion after exposure to 1400°F NaK- 78 
for periods up ~o 3000 hr. In addition, 
there was no evidence of corrosion of a 
molybdenum insert exposed to 2200°F so-
dium in a Nb-1 Zr refluxing-capsule ex-
periment operated for 5000 hr. [70] 

Analysis of the possible reactions 
of molybdenum and soditllll oxide led to 
the conclusion that sodium molybdate is 
the probable reaction product.* At 
1340°F calculated free energies of for-
mation (Af' 0 ) aret 

*From thermodynamic considerations 
(free- energy data), metallic molybdenum 
does not appear to be oxidized by Na20 
to the simple oxides, Mo02, Mo03, etc. 

tThe free-energy data presented in 
Ref. 71 have been revised, and the 
values given here are the new values. 
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4Na20 Na2Mo04 + 6Na 
M 0 = -2 kcal/gram mole 

2Na20 + Mo02 Na2Mo04 + 2Na 
M 0 = -36 kcal/gram mole 

2Na + 2Mo02 Na2Mo0 4 + Mo 
M 0 = -69 kcal/gram mole 

Na20 + Mo03 Na2Mo0 4 
M 0 = -80 kcal/gram mole 

(2.7a) 

(2.7b) 

(2.7c) 

(2.7d) 

2Na + 4/3 Mo03 Na2Mo04 + 1/3 Ho(2 _7e) 
M 0 = -106 kcal/gram mole 

These findings were in conjunction with 
an investigation [71] of characteristics 
of molybdenum rubbing surfaces, both dry 
and in contact with liquid sodium. The 
data obtained indicated that the liquid-
sodium case was characterized by the 
presence of a Na2Mo0 4 film, which re-
duced friction, and that the film was 
continuously replenished by reaction 
with oxygen in the sodium. 

(g) Tungsten [53] 
Tungsten, like molybdenum, is gen-

erally regarded to be resistant to at-
tack by sodium although there is even 
less evidence on which to judge. Chemi-
cally tungsten is similar to molybdenum, 
and the thermodynamics are favorable 
for the formation of Na2W04 as the prod-
uct of the reaction between tungsten 
and sodium oxide*. For example, at 
1340°F the free-energy valuest are 

4Na20 + W Na2W04 + 6Na 
M 0 = -31 kcal/gram mole 

Na20 + W03 Na2W04 
Mo= -87 kcal/gram mole 

2Na + 4/3 W03 Na2W04 + 1/3 W 
M 0 = -106 kcal/gram mole 

(2.8a) 

(2.8b) 

(2.8c) 

*Tungsten does not appear to be oxi-
dized by Na20 to the simple oxides, W02, 
WO 3, etc. 

tThe free-energy data presented in 
Ref. 71 have been revised, and the 
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The sodium tungstate film (Na2W04) 
had frictional characteristics compa-
rable to those of the corresponding 
molybdate film (Na2Mo04) previously 
mentioned. [ 61] 

(h) Uranium and Thorium and Their 
Alloys [53] 

(1) General Compatibility. When 
exposed to sodium containing oxygen, 
both uranium and thorium react with the 
Na 20 impurity to form stable oxides at 
exposed surfaces.f The uranium oxide 
is not adherent and consequently not 
protective; however, the thorium oxide 
appears to be fairly adherent. 

(2) Test Results. The available 
exposure data [72] for uranium show 
somewhat erratic values but high speci-
men weight losses; this indicates that 
sl9ughing off of the oxide layers is 
the rule rather than the exception. 
Illustrative data for dynamic-corrosion 
situations are presented in Table 2.42. 
In samples from the tilting-furnace ex-
periments, there was evidence that con-
stituents of the 347-stainless-steel 
containers were deposited on the ura-
nium samples. It is not clear whether 
this accounted in part for the weight 
gains recorded for the 1200 and 1250°F 
peak-temperature exposures. [58] 

In similar experiments with pre-

values given here are the new values. 
tFor example, at 1000°K (1340°F), 

from the thermodynamics of the reac-
tions 

U + 2Na20 U02 + 4Na 
M 0 = -87,100 cal/mole 

3U + 8Na20 U30a + 16Na 
M 0 = -167,500 cal/mole 

Th+ 2Na 20 Th02 + 4Na 
MO= -115,650 cal/mole 

both uranium and thorium would be ex-
pected to reduce Na20. 
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TABLE 2.42 - Selected Corrosion Data for Uranium Exposed to Sodium or NaK in Dy-
namic Systems* 

Temper- Flow velocity, Weight change,t 
ature, ft/sec mg/cm2/month 

In pumping loops cold trapped at 
356°F; NaK-78; 500 hr [51] 

In pumping loops; Na (mostly 
10 to 80 ppm 0 2 but as high as 
610 ppm); 781 hr accumulated in 
8-hr increments 

In tilting- furnace capsules; 
Na (200 to 250 ppm 02); 
100 hr [73] 

* Data from Refs. 51 and 73. 

752 

1250 
1050 

1200 
980 

1000 
752 

1000 
752 

OF 

940 1.02 -65 
940 1.67 -90 

1075 1.67 -139 
1075 3.21 -222 

to 932 8 -616 

(high) +34 
(low) 

(high) +47 
(low) 

(high) -21 
(low) 

(high) -9 
(low) 

t A weight loss of 47 mg/cm2/month is approximately equivalent to uniform dis-
solution of 1 mil/month. 

irradiated uranium samples, the pro-
gress of corrosion was followed by moni-
toring of the buildup of radioactivity 
throughout the containment system. Gen-
erally, no differences were observed be-
tween the corrosion behavior of irradi-
ated and unirradiated samples. 

Static-exposure data for thorium and 
uranium samples are given in Table 2.43. 
There is some indication that thorium 
is more resistant than uranium to the 
oxygen impurity in sodium. The likeli-
hood of a difference in protectiveness 
of the oxide films is discussed by 
Pearlman [72] in relation to the ad-
herence of oxide films to base metals: 

"The adherence ... is governed by, 
among other factors, the ratio V0 x/Vm: 

E = 
Vax 
Vm 

= volume per metal atom in oxide 
volume per atom in metal 

Maximum adherence would be expected in 
systems where E = 1. For both U02 and 
Th0 2 the ratio is given by 

E = molecular weight oxide 
atomic weight metal 

density metal 
density oxide 

X 

For Th02 Eis about 1.3; for U02, about 
2. Based on this criterion, the oxide 
of thorium should be more adherent than 
that of uranium and should, in fact, 
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TABLE 2.43 - Selected Corrosion Data for Thorium and Uranium and Their Alloys in So-
dium and NaK in Static Systems [72] 

Material 

Thorium 
Th-3 U 
Th-4 U 
Thorium 

Uranium 
Uranium 
Uranium 
Uranium 

Uranium 

U-10 Pu 
U-10 Pu 

U-60 Al 
U-60 Al 
U-60 Al 
U-69 Al 

TABLE 2.44 

Test No. 

1 
2 
3 
4 

Temperature, 
OF 

1382 
1382 
1382 
1132 

392 
1132 

761 
745 

932 

662 
761 

844 
932 

1220 
932 

Time, 
hr 

720 
720 
720 
144 

144 
144 
160 
160 

166 

160 
160 

124 
170 
164 
167 

Oxygen level in liquid metal 

200 to 250 ppm 

Reduced by gettering with 
uranium 

Reduced by gettering with 
beryllium or calcium 

Reduced by double filtering 

Reduced by gettering with 
beryllium or calcium 

Uranium Corrosion in Cold-Trapped Circuits*t 

Temperature Velocity, Weight change, 
of specimen, ft/sec g/dm2 /month 

oc 

511 1.02 - 6.53 
511 1. 67 - 9.04 
581 1.67 -13. 95 
581 3.21 - 22.2 

Weight change, 
mg/cm2/month 

In sodium 

+2 
+l 

-40, +3 
+4.5 

-0.1 

-30 
+8 
-720 
- 220 

In NaK 

2 
2 

-12 

-0.08 
+3.1 
+7 
+1.4 

-216 
- 288 

Penetration change, 
0.001 in./month 

1.33 
1.84 
2.85 
4.33 

*From M. Davis and A. Draycott, Compatibility of Reactor Materials in Flowing 
Sodium~ British Report IGR-TN/C-857, p. 27, 1958. 

tTest conditions were form of material, quadrant of 1.5-in. disk (pickled); 
duration of test, 500 hr; cold-trap temperature, 180°C; liquid metal, 22% NaK. 

compare favorably with such well-known 
protective oxides as Al203 (E = 1.3 to 
1.5)." 
See Table 2.44 for additional data on 
corrosion behavior of uranium in cold-
trapped circuits. 

(i) Titaniwn [51] 
The titanium data are presented in 

Table 2.45. 

2-3.7 Nickel- and Cobalt-Base Alloys 
[53] 

(a) General Compatibility 
Nickel- and cobalt- base alloys have 

been examined for sodium and NaK ser-
vice with emphasis at temperatures above 



EFFECTS ON MATERIALS 

TABLE 2.45 - Titanium Corrosion in So-
dium Cold Trapped at 120°C*t 

Test Duration Temper- Weight change, 
No. of ature, g/dm2 /month 

test, hr oc 

1 440 400 + -0.0012 

2 6.7 500 -12.0 
16.7 -15.0 
33 -16.4 
83 -11. 7 

167 - 9.1 

3 6.7 650 -47.0 
16.7 -42.8 
33 -40.0 
83 -54.4 

167 -40.8 

*From M. Davis and A. Draycott, Com-
patibility of Reactor Materials in Flow-
ing Sodium, British Report IGR-TN/C-857, 
p. 36, 1958. 

tSodium velocity was 5.5 ft/sec. 

1200°F, the approximate temperature at 
which the usefulness of aust~nitic 
stainless steels may be limited by 
mechanical strength. 

It is generally accepted that the 
solubility process dominates the mass-
transfer behavior of nickel-base alloys 
in flowing nonisothermal systems and 
that the rate-controlling step in the 
process is the rate of diffusion of re-
action products through the boundary 
layer at the hot zones. These charac-
teristics can be deduced on the basis 
of the particularly distinct pattern of 
mass-transfer dependency on temperature, 
temperature differential, and flow ve-
locity. The effect of velocity is es-
pecially well illustrated by a compari-
son of thermal-convection-loop data 
(which indicate sparse mass transfer) 
with pump-loop data (which indicate 
fairly cop~ous deposits) under similar 
conditions of temperature and time. 

Cobalt-base alloys appear to be more 
resistant to corrosion than nickel al-
loys. Cobalt, however, has some unde-
sirable nuclear characteristics. 
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(b) Test Results 
Corrosion-loop data for nickel- and 

cobalt-base alloys are included in 
Tables 2.46 and 2.47 (pump loops) and 
2.48 (thermal-convection loops). Be-
low 1300°F nickel-base alloys suffer 
very little corrosion in sodium environ-
ments. Above this temperature, however, 
corrosion and mass transfer in pump-
loop experiments are much greater than 
for stainless steel experiencing the 
same thermal conditions. The corrosion 
is characterized by the selective leach-
ing of nickel and, to a lesser degree, 
chromium. A typical composition of 
material deposited by mass transfer of 
Inconel is 90 Ni-8 Cr-0.5 Fe. 

A preliminary examination of the be-
havior of certain nickel-rich alloys of 
the Nimonic type (Table 2.4~ showed 
that with increasing nickel content the 
rates of metal loss increased to values 
that were probably unacceptable for a 
fuel-cladding application. The short-
term results from two-month exposures 
at 650°C in sodium containing ~25 ppm 
oxygen and flowing at a velocity of 
30 to 40 ft/sec past the specimens are 
summarized in Tables 2.50 and 2.51. 
Since Nimonic BOA has good high-temper-
ature strength and is readily available 
in tube form, additional tests were 
carried out to establish whether the 
extent of corrosion could be reduced by 
lowering the oxygen content or the ve-
locity of the sodium. Over the velocity 
range 5 to 40 ft/sec,the material was 
relatively insensitive to oxygen level 
in the range investigated (i.e., <10 ppm 
and ~25 ppm), but, in contrast to aus-
tenitic steels, there was a marked de-
pendence on velocity in this range. 
The corrosion rate observed at 650°C at 
a linear velocity of 17.5 ft/sec was · in 
line with that observed in stainless 
steels in sodium containing 25 ppm oxy-
gen at high velocities. [42] (Fig. 
2.89). 

2-3.8 Miscellaneous Materials [53] 

(a) Braze Alloys 
Braze alloys containing copper, 
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TABLE 2.46 - Data for Pump-Loop Experiments Involving Selected Nickel-Base Alloys* 

Loop material Corrosion findings 

1500°F; !:{I'= 300°F; t = 1000 hr 

Inconel 

Incoloy 
Hastelloy Bt 

Hastelloy W 

Hot~zone attack to 2 mils; heavy cold-zone de-
posits to 18 mils 

Almost identical to Inconel 
Heavy hot-zone surface pitting to 1 1/2 mils; 
slightly more cold-zone deposits than for 
Inconel 

Hot-zone intergranular attack to 1 1/2 mils; 
about 17% greater cold-zone deposits than for 
Hastelloy B 

Tmax = 1700°F; ~T = 650°F; t = 305 hr 

Hastelloy X (as heater leg with 
pump cell of Inconel and re-
maining sections of 316 stain-
less steel) 

* Data from Refs. 58 and 74. 

Hot-zone attack characterized by large sub-
surface voids, to 3 1/2 mils (Hastelloy X); 
intergranular attack to ~l mil at entrance 
to cooler (316 stainless steel); deposits up 
to 32 mils in cooler; no observation regard-
ing interactions among construction materials 

t At 1300°F peak temperature Hastelloy-B system (~T = 300°F, t = 1000 hr) showed 
very sparse mass-transfer deposits. The depth of intergranular attack, however, 
was about the same as in the 1500°F system. 

TABLE 2.47 - Data for Pump-Loop Experiments Involving Haynes Alloy No. 25 and 
NaK-56 [75] 

6T, °F Time, 
hr 

Hot-leg 
flow, 

ft/sec 

Pretest 
oxygen level, 

ppm 

Corrosion findings 

Attack in Mass-transfer 

1800 
1800 
1650 
1650 

400 
400 
400 
400 

275 
500 
497 

1000 

14.7 
14.7 
14.4 
14.4 

silver, and precious metals are gen-
erally not useful for sodium-environ-
ment service since the individual metals 
are readily attacked. The most useful 
brazes are nickel with alloying ingredi-
ents such as silicon and boron. Table 
2.52 summarizes the results of static-

< SQ 
< 50 
<100 
<100 

hot zone, 
mils 

2.5 to 3.5 
3.0 to 5.0 
1.0 to 1.5 
2.5 to 4.0 

deposit, mils 

6.0 
10.0 
8.0 
5.0 

corrosion tests (77] of several nickel-
base alloys in sodium at 1500°F for 
100 hr. Several materials that ap-
peared promising on the basis of these 
static tests (together with others 
thought to hold promise) were investi-
gated more extensively in seesaw-furnace 
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TABLE 2.48 - Data for Thermal-Convection-Loop Experiments Involving Nickel- and 
Cobalt-Base Alloys* 

Fluid 

NaK-78t 
(<20 ppm 
02) 

Sodium 

Sodium 

Sodium 

Sodium 

Material 

Inconel X 

Hastelloy C 

Hastelloy N 

Haynes Alloy No. 25 

Hastelloy B 

Hastelloy X 

Hastelloy W 

Ni-Mo experimental 
alloys 

Ni-11 Mo-2 Al 
Ni-17 Mo-2 w 
Ni-15 Mo-3 Nb-0.5 Al-3 w 
Ni-16 Mo-5 Cr-1.5 Ti-1 Mn 
Ni-20 Mo-1 Nb-2 Ti-0.8 Mn 

* Data from Refs 59 and 76. 

Tmax, 
OF 

1400 

1600 

1500 

1500 

1500 

Time, 
hr 

To 4500 

1008 

1000 

1000 

1000 

Corrosion findings 

1000 hr: No apparent at-
tack 

2000 hr: Very slight gen-
eral corrosion 

3000 hr: Very slight pit-
ting 

1000 hr: 1-mil pitting 
2000 hr: 1.7-mils decar-

burization 
1500 hr: Slight evidence 

of intergranular 
attack 

2500 hr: General cor-
rosion to 1/2 
mil 

4500 hr: 2 1/2-mils de-
carburization 

1000 hr: 0.2-mil pitting 
2000 hr: Very slight evi-

dence of general 
corrosion 

3000 hr: 1.1-mils decar-
burization 

Slight amount of mass 
transfer: 1- to 2-mils 
intergranular attack 

No hot-zone attack or 
evidence of metallic de-
posits in cold zones 

No hot-zone attack but 
scattered nickel depos-
its in the cold zones 

Average hot-zone attack 
about 1 mil, appearing 
as subsurface voids and 
pits rather than inter-
granular attack; sparse 
deposits in cold zone 

t Experiments listed for NaK exposure were conducted in 304 stainless steel and 
Inconel; evaluations were made on insert specimens. 
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TABLE 2.49 - Nickel-Alloy Compositions [42] 

Nickel alloys Composition, wt.% Condition* 

Solid-Solution .Strengthened 

Inconel 600 
Nilo 50 
Nila K 

77 
50 
53 

Ni, 6 Fe, 
Ni, 50 Fe, 
Fe, 29 Ni, 

16 Cr, 0.02 C 
0.03 C 
16 Co, 0.03 C 

HT; 2 hr at 940°c in vacuum 
HT; 1 hr at 900°c in vacuum 
HT; 1 hr at 950°c in vacuum 

Precipitation Hardening 
Nimonic 80A 75 Ni, 20 Cr, 2.3 Ti, 1.4 Al, 

0.06 C 
AN; 10 min at 1100°C 
Water quenched 
Oxide pickled 
AC; 8 hr at 1050°C + 

16 hr at 700°C 

PE.11 35 Fe, 38 Ni, 18 Cr, 5.2 Mo, AC; 20 min at 1020°C + 
2.2 Ti, 0.9 Al, 0.07 C 16 hr at 700°C 

PE.16 34 Fe, 43 Ni, 16.5 
1. 2 Ti, 0.06 C 

Cr, 1. 2 Al, lAC; 30 min at 1020°C + 
2 hr at 800°C + 

16 hr at 700°C 
Cold worked 

* Abbreviations are: HT, heat treated; AN, annealed; and AC, age conditioned. 

TABLE 2.50 - Data for Materials Exposed to Dynamic Sodium (30 to 40 Ft/Sec) Con-
taining 25 to 30 ppm Oxygen at 650°C for 8 Weeks [42] 

Material Extrapolated loss in metal section, 
0.001 in./year 

Inconel 600 (soft) 
Nimonic 80A 
Nickel 
PE.11 (soft) 
PE.16 (soft) 
Nila 50 (soft) 
18/8/1 Ti 
PE.16 (opt. props.) 

316 S.S. 
PE.11 (opt. props.) 
Nila K (soft) 

experiments in which sodium was circu-
lated for 100 hr at a hot-zone temper-
ature of 1500°F and a cold-zone tem-
perature of 1100°F. Since the seesaw 
tests provided a more rigorous means of 
evaluating corrosion data, no brazing 

6.1 
4.9 
3.9 
2.9 
2.8 
2.5 
2.4 
2.3 

1.8 
1.8 
0.95 

alloy that had poor corrosion resistance 
to sodium in the static test was see-
saw tested. The results of these see-
saw-furnace experiments (Table 2.53) 
indicate several promising brazing al-
loys for short-time sodium service. 
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TABLE 2.51 - Corrosion of PE.16 at 650°C 

0 2 level of Na, 
ppm 

'\JlO 

15+ ft/sec* 

Velocity of sodium 

30 to 40 ft/sec 

1.5 x 10- 3 in./year 
(I- month test) 

1.6 x 10- 3 in./year 
(repeat 2-month test) 
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1.8 x 10- 3 in./year 
(6- month test) 

2.3 x 10- 3 in./year 
(2-month test) 

*This is a down-rated velocity value caused by failure of a loop component. 
It was the minimum value finally measured. During the experiment the velocity 
was considered to be higher than 20 ft/sec. 

TABLE 2.52 - Summary of Results of 100-hr Static-Corrosion Tests at 1500°F for 
Nickel- Base Brazing Alloys (77] 

I 

Materials with Good Corrosion Resistance 

General Electric No. 81 
Coast Metals No. 52 
Ni-10 P-10 Cr 
Nicrobraz 
Ni- 25 Ge 

Ni-25 Mo-25 Ge 
Ni-25 Ge-10 Cr 
Ni-9 Si-18 Cr 
Ni-3 P-9 Si 

Ni-10 Si- 8 Mn 
Ni-16 Si- 6 Mn 
Ni-13 Si 
Ni-10 P-13 Cr 
Ni-6 Si-30 Mn 
Ni- 9 P- 11 W 
Ni-10 Si- 13 Cr- 19 Fe-3 Mo 
Ni- 5 P- 6 Si 
Ni- 8 P- 3 Si 

Materials with Foor Corrosion Resistance (>5 mils Attack or Other Deterioration) 

Ni- 60 Mn 
Ni- 55 Mn- 10 Cr 
Ni-32 Sn 
Ni- 57 Mn- 3 Cr 
Ni- 23 p 
Ni-12 p 
Ni-11 P-8 Mn 

At Atomics International [78] several 
nickel- base brazing alloys were tested 
in a liquid-sodium thermal-convection 
loop for periods up to 10,000 hr at 1200 
and 700°F. On the basis of gross weight 
changes and photomicrographic examina-
tions of the exposed brazing-alloy 
specimens, the investigators concluded 
that Ni-Cr-Si-B (Coast Metals No. 53, 

Ni-9 P- 15 Fe-5 Cr 
Ni- 11 P- 9 Si 
Ni-10 P-4 Mo 
Ni-12 p 
Ni- 11 P- 8 Mn 
Ni-10 P-4 Mo 
Ni-10 P-11 Fe 

or CM53) and Ni-Si-B (CM52) were the 
most resistant to sodium attack. 
Ni-Cr- Si (CM60) was judged to be suit-
able only for short-term use (less than 
1500 hr) or low- temperature (below 
700°F) applications. Also, CM59 and 
Nicrobraz 135 were shown to have good 
resistance to sodium attack up to 5000 
hr at 1200°F. However, CM1700N and 
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TABLE 2.53 - Brazing Alloys on Inconel T-Joints Seesaw Tested in Sodium for 100 hr 
at a Hot-Zone Temperature of 1500°F and a Cold-Zone Temperature of 1000°F [77] 

Brazing-alloy composition 
(in order of decreasing 
corrosion resistance) 

Weight change (for braze 
and base material) 

Gram 

Coast Metals No. 52 -0.00ll 

Coast Metals No. 53 -0.0009 

Low-melting Nicrobraz -0.0007 

Coast Metals No. 50 -0.0012 

Ni-13 Ge-11 Cr-6 Si -0.0023 

Coast Metals NP -0.0069 

Nicrobraz 0.0 

Ni-25 Ge-10 Cr -0.0019 
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Fig. 2.89 - Effect of velocity on 
the rate of metal loss from Nimonic BOA 
at 650°C. [42] At oxygen levels of 25 
to 30 ppm: !::,, soft material. D , aged 
material. At oxygen levels <10 ppm: 
O, soft material. e, aged material. 

% 

-0.073 

-0.071 

-0.051 

-0.077 

-0.139 

-0.622 

0.0 

-O.ll3 

Metallographic notes 

No attack along surface of 
braze fillet 

Erratic 1-mil attack along 
surface of braze fillet 

Subsurface voids to a maxi-
mum depth of 1.5 mils along 
surface of braze fillet 

Very erratic 1.5-mil attack 
along fillet 

Nonuniform attack along sur-
face of braze fillet to a 
depth of 2.5 mils 

Uniform 2.5-mil attack along 
surface of braze fillet 

Very erratic stringer attack 
to a maximum depth of 4 mils 
along surface of braze 
fillet 

Intermittent surface attack 
to a maximum depth of 4 mils 
along braze fillet 

CM1700CN underwent deleterious attack 
at 700°F after the 5000-hr exposure. 
Of the last two, CM1700N appeared to be 
superior. 

(b) Graphite 
Graphite has been employed as the 

moderating medium in liquid-metal-
cooled thermal reactors such as the So-
dium Reactor Experiment (SRE) and the 
Hallam Nuclear Power Facility (HNPF). 
Unfortunately its corrosion resistance 
to sodium is poor, and any graphite used 
in a sodium system must be kept from 
direct contact with the sodium. [79,80] 

Numerous investigations have been 
conducted in an attempt to explain the 
action of liquid sodium on graphite at 
elevated temperatures. Carniglia [81] 
reviewed many of the earlier works. 
The effects observed included swelling 
or dilation, cracking or spalling, and 
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corrosion and mass transfer at temper-
atures above 1200°F. High-density car-
bon-impregnated graphites, as well as 
the normal commercial grades, have not 
been immune to these deleterious effects, 
and they exhibit the same poor corrosion 
resistance. Liquid sodium readily wets 
graphite, ultimately soaking into the 
pores and becoming rather uniformly dis-
tributed throughout the capillary space 
available. Coultas and Cygan [82] 
studied this capillarity, or "sponge" 
effect, by immersing a graphite 
rod in a reservoir of sodium within 
an evacuated chamber. Their data in-
dicated that roughly 60% of the con-
nected voids were filled by liquid at 
842°F and 100% at 1022°F. Carbon im-
pregnation of the graphite did little 
to alleviate the situation. In similar 
experiments Greening and Davis (83] ob-
served that 68% of the connected voids 
were -filled at 1202°F, and Collins [84] 
found 90% impregnation at 1355°F. 

This uptake of sodium is accompanied 
by an anisotropic dilation or swelling 
of the graphite. Greening and Davis 
[83] measured this dilation as a func-
tion of temperature from 302 to 1202°F. 
Interestingly, the addition of 1% po-
tassium greatly aggravated the situation. 
Gill (85] conducted a series of static-
capsule experiments on the dilating ef-
fect of graphite using graphite samples 
ranging in density from 1.6 to 1.89. 
His results indicate linear dilations 
of the order of 1% decreasing somewhat 
with increasing density in times up to 
100 hr at 950°F. The greater degree 
of expansion perpendicular to the axis 
of extrusion stems from the anisotropy 
of the graphite. Dilation does not 
vary markedly with exposure time (500 
to 2000 hr) or temperature (950 to 
1200°F). Gill further observed that 
in some cases decrepitation and dis-
integration (loss of strength) oc-
curred in the graphite owing to the 
dilation. 

Some investigators attribute the 
dilation and disintegration of graph-
ite to the formation of interlamellar 
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compounds between the graphite and so-
dium. [79, 80] It is well known that 
potassium, rubidium, and cesium form 
interlamellar compounds with graphite, 
although early experimental and theo-
retical work indicated that sodium could 
not participate in reactions of this 
type. (86] Later work at Harwell [87] 
provided evidence for the existence of 
at least one interlamellar compound of 
sodium, C64Na. 

The structure of this material, de-
termined by X-ray diffraction, is shown 
in Fig. 2.90. In this interesting com-
pound the sodium-metal atoms are lo-
cated between the plane sheets of car-
bon atoms which comprise the graphite 
structure. The sodium has penetrated 
into every eighth interplanar gap and 
exists in a ratio of 64 carbon atoms to 
one sodium atom. At the sodium-carbon 
gap position, the interplanar spacing 
has increased from 3.35 A to about 

0 

4.6 A in the compound. It is postu-
lated (79] that the sodium atom is too 
large to be comfortably accommodated in 
the graphite structure and tends to dis-
tort the graphite. Hence this distor-
tion and the resulting stresses cause 
the material to disintegrate. 

Radiation can also contribute ap~ 
preciably to the dilation and swelling 
of graphite in liquid sodium and ap-
pears to have contributed to the severe 
distortion following moderator-sheath 
failures in the Hallam reactor. (88] 
Atomics International found that graph-
ite absorbed sodium up to 20% in volume 
upon exposure to reactor neutron fluxes. 

(c) Cermets and Ceramic Materials 
[53] 

The resistance of cermet and ceramic 
materials to sodium and NaK has been in-
vestigated to some extent, inasmuch as 
these materials are ·potentially useful 
for speciality applications such as 
bearing surfaces in practical flow sys-
tems. In cermets emphasis has been 
placed on evaluation of the commercially 
available cemented-carbide materials, 
and many have been found to be stable 
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Fig. 2.90 - Top and side views of 
the sodium-graphite compound Na64C as 
deduced from X-ray diffraction measure-
ments. (53, 87] 

in high- temperature exposures, as demon-
strated by the information in Table 
2.54. However, as indicated in Table 
2.55, subtle changes in surface quality 
can occur even for materials that resist 
gross attack very well. In applications 
where surface integrity is essential, 
these microscopic surface changes may 
limit reliability and long life. 

Ceramics exposed to sodium or NaK re-
sist attack, usually in accordance with 
their stability predicted on the basis 
of the thermodynamic data, their purity, 
and their freedom from porosity. For 
the most part, the exposure data pre-
sented in Table 2.56 substantiate these 
generalizations. Exceptions of some in-
terest include Sm20 3 in particular and 
Si 3N4 which appear to possess resistance 
to attack although they are quite 
porous. 

A set of pertinent data for lower-
temperature exposures is presented in 
Table 2. 57. 

2-4 MASS TRANSFER OF METALLIC CON-
STITUENTS 

2-4.1 CategoPi es and Mechanisms 

In liquid-metal systems mass-trans-
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fer phenomena are considered part of 
the broad field of corrosion. In 
general, mass transfer involves the 
movement of one or more components 
(i.e., elements or compounds) within or 
between phases. This section is con-
cerned with the movement of metallic 
elements from cladding, structural, or 
special (bearing, valve trim, etc.) 
material through the liquid metal to a 
different location in the heat-transfer 
system. 

Mass transfer has been categorized 
into two types, temperature gradient 
and concentration gradient (or dissimi-
lar metal). (92] In both the driving 
force for transfer of a metallic con-
stituent of construction materials is a 
difference in chemical activity (effec-
tive concentration) of the constituent 
at different locations in the heat-
transfer system. 

For temperature- gradient mass trans-
fer, the driving force is the difference 
in solubility of the dissolved element 
at the high and low temperatures exist-
ing in the system. Figure 2.91 indi-
cates the movements of metallic atoms 
in temperature-gradient mass transfer. If 
there is selective removal of one ele-
ment from an alloy, these atoms must 
diffuse to the surface and then go into 
solution. The atoms must then diffuse 
through the laminar film into the bu l k-
liquid stream and are finally carried 
to the cold portion of the system where 
supersaturation occurs. A collection 
of such atoms can accumulate and form 
a nucleus that grows to a stable size 
and then drops from the liquid. On the 
other hand, the atom can supersaturate 
close to the wall, diffuse through the 
laminar film, and then nucleate on the 
metallic wall and form a dendritic crys-
tal, or it can diffuse into the wall. 
(92] 

The other type of mass transfer is 
dissimilar-metal or concentration-
gradient mass transfer. A schematic 
view of the manner in which dissimilar-
metal mass transfer takes place is seen 
in Fig. 2.92. Atoms of metal A go into 
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TABLE 2.54 - Corrosion Resistance of Cermets to Sodium and NaK*[89, 90] 

Exposure to 1500°F static Na or to Na 
in tilting-furnace equipment where 
Thigh= 1500°F and T1ow = 1100°F 
(each involves a 100-hr exposure) 

Exposure to NaK-50 for 168 hr in 
tilting-furnace equipment where 
Thigh= 1600°F and T1ow = 1200°F 

Cermets Showing No Observable Attack and Very Slight Weight Losses 

WC-6 Co (Carboloy 44A)t 
WC-9 Co (Carboloy 779)t 
WC-13 Co (Carboloy 55a)t 
WC-20 TaC-6 Co (Carboloy 907)t 
TiC-10 NbC-10 Ni (K-150A)f 
TiC-10 NbC-20 Ni (K-151A)f 
TiC-6 NbC-30 Ni (K-152B)f 
TiC-6 NbC-5 Mo-25 Ni (K-162B)t 
Cr 2C3-20 WC-15 Ni (Carboloy 608)t 

WC-4 Co (K-8) 
WC-12 Co (K-94) 
WC-12 Ni 
TiC-20 Co (K-138) 
TiC-20 Ni (K-151) 
TiC-20 Fe 
TiC-15 CbC-5 Co (K-139A) 
TiC-15 NbC-20 Co (K-138A) 

TiC-10 NbC-10 Ni (K-lSOA) 
TiC-10 NbC-20 Ni (K-151A) 
TiC-6 NbC-30 Ni (K-152B) 
TiC-6 NbC-40 Ni (K-153B) 
TiC-6 NbC-5 Mo-25 Ni (K-162B) 
Cr 3 C2-20 WC-15 Ni (Carboloy 608) 
Mo2C-4 Ni 

Cermets Showing Significant Degrees of Attack 

SiC-Si 

*Data from Refs. 89 and 90. 
tStatic test. 

Mo 2C-12 Co 
M0Si2-12 Co 
MoSii-12 Ni 

tTilting-furnace test. In this test a sample of test material is confined to 
one end of a sealed tube partially loaded with liquid metal. The tube is rocked 
in such a way that the fluid flows back and forth over the sample, which is main-
tained at a temperature higher than that at the opposite end. Thus as the fluid 
moves it undergoes a temperature cycle. 

solution and move to the surface of metal 
B either by diffusion (in a stagnant 
system) or by movement of the liquid. 
When they reach the surface of metal B, 
they come out of solution, alloy with 
metal B, and diffuse inward. The driving 
force for dissimilar-metal transfer is 
the decrease in the free energy that is 
achieved through the alloying of the two 
metals. The greater the difference in 
the chemical potentials of A and Bin the 
two solid phases, the greater will be the 
driving force for the occurrence of mass 

transfer. The rate of mass transfer de-
pends on the temperature since an in-
crease in temperature, of course, in-
creases the diffusion rate in both the 
liquid and the solid phases. A high 
solubility of metal A in B, Bin A, or 
both, also facilitates mass transfer. [92] 

Contacting two or more solid metals 
having different chemical activities of 
a metallic constituent with sodium (or 
another liquid metal) produces the ef-
fects associated with dissimilar-metal 
mass transfer. For example, nickel was 
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TABLE 2.55 - Surface-Roughness Data for Selected Materials Exposed to NaK-50 for 
158 hr in 1600°F Peak-Temperature Tilting-Furnace Experiments [53,90] 

Average surface roughness (measured by 
profilometer) 

Material 
Before exposure After exposure 

µin. rms µin. rms 

WC 1 1/2 1 2 1/2 3 
TiC 
WC-12 Co (K-94) 

WC-12 Ni 
TiC-15 NbC-5 Co (K-139A) 
TiC-15 NbC-5 Co (K-138A) 

TiC-6 NbC-5 Mo-25 Ni (K-162B) 
TiC-6 NbC-30 Ni (K-152B) 
TiC-6 NbC-40 Ni (K-153B) 

observed to migrate through sodium at 
1000°C to form a reaction layer on a 
molybdenum surface. [93] Dissimilar-
metal mass transfer is usually dis-
cussed in the context of an isothermal 
system. 

Systems with temperature differences 
(~T's) are of interest to the designer 
and operator of heat-transfer systems. 
Consequently they are concerned with 
overall mass-transfer effects, whether 
caused by thermal-gradient or dissimilar-
metal mass transfer since both types can 
occur in engineering systems operating 
with a temperature gradient. 

The processes involved in release of 
a metallic constituent to the liquid 
metal are common to both types of mass 
transfer. They consist of diffusion of 
the metallic constituent through the 
parent metal to the surface in contact 
with the liquid metal, solution attack 
of the parent metal, and chemical re-
actions resulting from interaction of 
nonmetallic impurities with both the 
liquid and the structural metals. These 
processes are all temperature dependent; 
their rates increase with increasing 
temperature. In the discussions that 
follow, sodium is used as an example, 
but the same principles apply to NaK. 

1 
3 

5 
5 
6 

7 
4 
5 

1/2 3 1/2 1 
4 6 6 

5 12 12 
5 6 7 
5 7 6 

7 6 6 
9 

4 20 10 

Diffusion of a particular alloy con-
stituent through the parent metal is of 
significance when its concentration at 
the surface of the metal in contact with 
the sodium is depleted through release 
of the constituent to the sodium. Dif-
fusion of the atoms involved (in the 
mass-transfer process) to the surface 
of the metal often becomes the rate-
controlling step in the overall mass-
transfer process. Since diffusion of 
alloy constituents within metals is a 
subject unto itself, and one that is not 
unique to liquid-metal technology, it 
is not covered in this handbook. 

Most solid metals are soluble to some 
extent in liquid sodium. Solution at-
tack of the parent metal can be con-
sidered to occur in two steps. The 
first, or "dissolution," step can be 
pictured as the breaking of metallic 
bonds that hold the surface atom to its 
neighbors in the solid parent metal and 
the simultaneous formation of metallic 
bonds between the solute and solvent 
(sodium) atoms. Very little is known 
about the mechanism of this exchange; 
however, it is believed to be highly 
sensitive to surface imperfections in 
the solid metal as the surface bond 
energies are related to crystal 

! 
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TABLE 2.56 - Corrosion Resistance of Ceramics to Sodium and NaK* 

Exposure to 1500°F static Na for 100 hr 
Exposure to NaK-50 for 168 hr in tilt-

ing furnace equipment where 
Thigh= 1600°F and T1ow = 1200°Ff 

Cr3C (98. 7) 
TiC (97.4) 
ZrC (100) 

No Observable Attack and Very Slight Weight Losses 

CbC (<l) 

Al203 (single crystal) (100) 
BeO (96) 
MgO (single crystal) (100) 
Mg2Al04 (single crystal) (100) 
Sm20 3 (79) 
~49.5 Sm203-27 Gd203-balance: 
rare-earth oxides (90) 

ZrB2 

TiC (<l) 
WC (<3) 
BeO (<l) 

other 

B4C (80 to 90) 
SiC 

Relatively Little Attack 

TiN (<3) 
TiB2 (2) 

Th02 (75 to 80) 
Si3N4 (67.7) 
M0Si2 

Significant Degrees of Attack 

Zr02 (Ca stabilized) 
BN (60 to 98) 
TiN 

* Data from Refs. 89 and 90. 

B4C (0.5) 
B4C-20 Mo2C (8) 
SiC-Si (0.3) 
ZrC (<l) 
Ta20s (2) 
Th02 (<2) 
U02 (2) 

ZrB2 (0.4) 
ZrB2 (O. 7) 
CaF2 (1) 
M0Si2 (<l) 
M0S2 (19) 
CeS (19) 

t In the left column the numbers in parentheses refer to percent of theoretical 
density; in the right column the numbers in parentheses refer to apparent porosity 
in percent. 

imperfections. Selective grain-boundary 
attack and dislocation etching are there-
fore indicative of dissolution rate con-
trol by the first step, especially in 
the absence of impurities in the grain 
boundaries. [ 32] 

The second step in solution attack 
of the parent metal is the diffusion of 
the solute species through the laminar 
sodium film immediately adjacent to the 
surface of the parent metal (Fig. 2.93). 
The driving force for diffusion through 

the laminar film is the difference be-
tween the equilibrium solubility at the 
dissolution temperature, So, and the 
solute concentration in bulk sodium, S. 
The diffusion rate, J (in units of mass/ 
time/area), is 

J = D(So-S) 
cS 

(2.9) 

from Fick's law, where Dis the dif-
fusion coefficient of the solute species 
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TABLE 2.57 - Resistance of Selected Ceramics and Cermets to Attack by Aged and Fil-
tered Sodium [53,91] 

Corrosion rate, 
mg/cm2/month 

Mole compositions 
(except as indicated) 932°F 1382°F 

Absorption, Density, 
% g/cm 3 

Ceramics 
Artificial periclase crystal 
BeO 
Stabilized ZrO 
lBeO:lAl203 
lMgO: 4Zr02 

lMg0:8BeO:lAl203 
76Be0:4Al 203:20Zr02 

-0.4 
0.14 
2.7 
0.0003 

-0.091 

-0.44 
-0.64 

-0.68 

-0.25 

0.18 
-14.6 0.01 

- 1. 6 0.03 
0.54 0.01 

- 0.96 0.03 
(+2 wt.% CaO) 

3Mg0:90Be0:1Zr02 
Hot-pressed synthetic mica 
TiN 

Disintegrated 2.74 

CaZr03 
CdO 
ZnO 
Be 2C (swelled due to hy-
dration after test) 

M0Si2 

Spalled 2.39 

28.7 4.28 
Missing 5.33 
Missing 2.33 

4.5 

Missing 6.10 

Cermets 
K-138 (Co-bonded TiC) 
K-138A (Co-bonded CbC) 
K-L7 (Co-borided WC) 
K-152 (Ni-bonded TiC) 
K-152B (Ni-bonded CbC) 
100% TiC 

-0.275 
-0.225 
-0.15 
-0.15 
-0.05 
-0.025 

in the liquid-metal solvent (sodium); 
Dis generally of similar magnitude for 
most liquid alloys. Thickness of the 
laminar film, o, is flow and viscosity 
dependent. 

Of the two steps, diffusion through 
the laminar film is generally indicated 
to be the rate-controlling step in pure 
systems by the sensitivity of the over-
all solution rate to liquid-metal ve-
locity. In experimental results from 
ORNL, [94,95] the mass transfer of 
nickel from Inconel in sodium was lin-

- 0.1 
- 1.77 
- 1.6 
- 0.22 

early dependent on sodium flow rate 
(Fig. 2. 94). 

Chemical reactions of coolant im-
purities, chiefly oxygen, are often in-
volved in the release of alloy constitu-
ents to the liquid metal. It is well 
established that the amount of mass 
transfer is strongly dependent on the 
level of oxygen impurity in the sodium, 
and this is illustrated by the removal 
rates of individual constituents from 
347 stainless steel in a flowing, iso-
thermal (925°F) sodium loop: [96] 
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Fig. 2.91 - Schematic diagram of the 
manner in which temperature-gradient 
mass transfer occurs. 
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Another example of the significance 
of oxygen concentration is the factor 
of 3 decrease in corrosion rates of 
ferritic and stainless steels with 
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A 
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LAMINAR FILM 

METAL 
B 

MOVEMENT BY DIFFUSION 
OR LIQUID MOVEMENT 
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METAL BAND 
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Fig. 2.92 - Schematic diagram of the 
manner in which dissimilar-metal (con-
centration-gradient) mass transfer oc-
curs. 
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Fig. 2.93 - Schematic diagram of 
dissolution of a solid metal into so-
dium. 

a decrease in oxygen concentration 
from 25 to 10 ppm. [97] The exact role 
of oxygen has not been determined, but 
it may accelerate dissolution and/or 
participate directly in a corrosion 
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Fig. 2.94 - Effect of flow rate on 
mass transfer of nickel by dynamic so-
dium in Inconel loops. 

reaction involving compounds of the 
form, Nax1'4yOz, where Mis an alloy con-
stituent. It is generally accepted that 
mass transfer of iron is dominated by 
reaction rather than dissolution; the 
reaction occurring when the sodium con-
tains sufficient oxygen is believed to 
be 

Fe(sol) + 3Na20 (in 2Na(liq) + 
(2.10) 

In cold zones the reverse reaction oc-
curs, releasing iron, which crystallizes 
out of solution. This particular Na-Fe 
complex compound was isolated and iden-
tified in residues obtained from heavily 
contaminated sodium (1 to 2% oxygen) 
that had been held in iron capsules. 
From the appearance of the compound, it 
was estimated to have precipitated from 
solution during cooling of the capsules. 
[98] The existence of this compound 
was confirmed by mass balance and chemi-
cal analysis. [42,90] 

2-4.2 Empirical Equations 

A significant recent contribution in 
the field of mass transfer is the work 
done at General Electric Company [45, 
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99] using statistical analyses of weight 
changes of samples exposed in flowing-
sodium test loops to develop empirical 
equations relating weight changes to 
the significant variables. Three ma-
terials, selected as representative 
candidates for reactor applications, 
were studied. Chosen to represent the 
austenitic stainless steels, 316 stain-
less steel, which has higher strength 
characteristics at elevated temperature 
than lower grades, was used as hot-leg 
material in four of the loops and simu-
lates the material in a reactor primary 
or secondary coolant circuit. Two Cr/Mo 
steels, 2 1/4% chromium-1% molybdenum 
steel (2 1/4 Cr) and 5% chromium-1/2% 
molybdenum-1/2% titanium steel (5 Cr), 
were chosen because of their relatively 
low cost and extensive use in fossil-
fueled power plants. These ferritic 
steels were used in hot- and cold-leg 
combinations to simulate use in secon-
dary sodium systems and in steam gener-
ators. Combinations of the austenitic 
316 stainless steel and the ferritic 
materials were used also to simulate 
secondary reactor sodium systems. 

A statistical plan including the 
following test variables was devised to 
determine mass transfer by measuring 
weight-change data during five runs on 
each of five loops: 

1. Maximum hot-leg temperatures of 
llOO and 1200°F. 

2. Two temperature differentials 
from the hottest to the coldest sodium 
in the loop, M = 250 and 500°F. 

3. Two sodium-purity levels, 10 and 
50 ppm oxygen. 
Sodium purity was determined with a 
plugging indicator. An "oxygen" flow 
break at 450°F was taken to represent 
an oxygen concentration of 50 ppm, and 
a break at 290°F, 10 ppm. 

Weight-change data from samples ex-
posed during a total of 25 test runs in 
the five loops were analyzed. The follow-
ing empirical equations were developed 
to relate the weight-change data to the 
test variables. The complete statisti-
cal analysis of the weight-change data 
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was reported. [46,100] For the removal 
(weight loss) of material from the hot 
leg, 

0.884 1.156 [ R = V Ox exp 12.845 -

23,827 - 0 00676 [f_ l + ~J 
T + 460 . Di t + 1 

(2.11) 

For deposition of mass-transfer products 
(weight gain) in the cold-leg, or low-
temperature region, 

R = Ox exp 22.61 - 0.038 6T -0.94 [[ ) 

where 

R 

0 
X 

V 
T 

L/D. 
1,, 

t 

[
31,980 - 55.24 6T) _ 

T + 460 

0 0032 [f_) + 0 ·92 ] • D. t + 1 
1,, 

(2.12) 

= steady-state rate of removal or 
deposition of metal (mg/cm 2 /month) 
maximum sample-holder temperature 
minus minimum sample-holder tem-
perature, representing heat-trans-
fer system M(°F) 

= oxide level in the sodium (ppm 
oxygen) 

= sodium velocity (ft/sec) 
corrosion- or deposition-site 
temperature (°F) 

= downstream factor (site location 
in number of hydraulic diameters 
downstream from beginning of iso-
thermal section) 

= exposure time (months) 

In later related work at General 
Electric Company [101,102] in s-upport 
of the Liquid-Metal Fast- Breeder Re-
actor (LMFBR) and Fast Flux Test Fa-
cility (FFTF) development problems, the 
ranges of test parameters covered in the 
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previous project were extended to simu-
late the expected range of temperatures, 
velocities, sodium purity, and corrosion 
potentials for a 1000-MW reactor sys-
tem. The effects of sodium velocity 
(from 0.7 to 24 ft/sec), sample position, 
and flow rate are being studied on 316-
and 304-stainless-steel test materials 
at top temperatures of 1300°F. Oxide 
purity is controlled by cold trap to 
<300°F plugging temperatures. 

The first result of analysis of pre-
liminary data was the separation of the 
downstream factor L/D (of Eqs. 2.11 and 
2.12) into two components, (L/D) 1 , dis-
tance downstream in an isothermal re-
gion, and (L/D) 2 , distance downstream 
in an isovelo (constant-velocity) re-
gion. [101] A series of samples with 
very little change in downstream factor 
showed corrosion rates dropping by a 
factor of 2 along the section. The 
series was not at the beginning of an 
isothermal region but at the beginning 
of an isovelo region after a change in 
velocity. Some sort of entrance effect 
causing the change in corrosion rate was 
postulated to exist; this effect could 
not be detected in the work that led to 
Eqs. 2.11 and 2.12 because there was 
only one sample along an isovelo region. 

The second result of analysis of the 
preliminary data was the establishment 
of significantly different velocity-
term and time- term coefficients. [102] 
Raw data from two runs with the param-
eters noted in Table 2.58 were trans-
formed to fit the previous model for 
the corrosion- rate equation. Combined 
analyses of corrosion data for 1000-, 
2000-, and 3000- hr time points, together 
with oxygen and temperature variables 
previously determined, yielded the fol-
lowing empirical equation for hot-leg 
corrosion: 

ln CR= 14.14 + 0.435 ln(V) -

0.000958 [iL- 0.122 hr [iL + 

1.445 [1/(t + 1)] + 1.156 ln 0 
X 

[23,827/(T + 460)] (2.13) 
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TABLE 2.58 - Run Parameters* 

Velocity, 
ft/sec 

Downstream factor Flow, 
gpm Samples (L/D) 

Hot leg Cold leg Hot leg Cold leg Tube Ring Pressurized 

0.7 to 14.3 
1. 3 to 26. 3 

0.7 to 8.1 
1. 3 to 14. 9 

450 
450 

980 
980 

3.0 
5.7 

189 
189 

63 
63 

4 
12 

* Common parameters were T = 1300°F, T . = 800°F, test duration= 3000 hr, max min 
Na 20 impurity= <10 ppm (260 to 280°F plugging), test materials= 304 and 316 
stainless steel. 

where 

CR 

V 
(L/D) 1 

(L/Dh 

t 
T 
Ox 

= rate of weight loss to time 
t (mg/dm2 /month) 

= sodium velocity (ft/sec) 
downstream factor= number of 
hydraulic diameters downstream 
in an isothermal region 

= downstream factor= number of 
hydraulic diameters downstream 
in an isovelo region 

= months' exposure 
= sample temperature (°F) 
= oxygen impurity (ppm) 

The difference (almost 2 to 1 ratio) 
between the velocity coefficients of 
Eqs. 2.11 and 2.13 is related to the 
range of velocity data for the two sets 
of experiments. It is suggested [102] 
that a plot of corrosion rate vs. ve-
locity is an S-type curve and that the 
corrosion rate is relatively insensi-
tive to velocity up to about 1 or 
2 ft/sec, where the velocity effect be-
comes more pronounced and the corrosion 
rate becomes more sensitive to velocity. 
At a velocity of 15 to 20 ft/sec, it is 
believed that the corrosion rate again 
becomes relatively insensitive to ve-
locity. The velocity range of the work 
that yielded Eq. 2.11 was limited to 
one part of this S-curve, but the ve-
locity range for the later work included 
sensitive and nonsensitive parts of the 
S-curve. Therefore, the velocity co-
efficient of Eq. 2.13 is the result of 
averaging two different types of ve-

locity variation. Work to clarify this 
point is continuing. 

The difference between time coef-
ficients of Eqs. 2.11 and 2.13 is ex-
pected to be resolved when data for 
more different exposure times are avail-
able. The steady-state corrosion rates 
for both sets of data are the same, the 
time coefficient determining the time 
at which steady state is reached. 

An important result of these tests 
was the finding that corrosion rates 
are the same for all three steels 
tested. This steady-state equivalence 
arises from the selective nature of the 
transport process. In low- oxygen ex-
periments chromium and nickel surface 
concentrations are decreased and the 
iron concentration is increased. It 
is postulated that this selective de-
pletion of chromium and nickel can 
change the surface composition of all 
three materials so that they eventually 
present a similar iron- rich surface to 
the sodium stream. After an initial 
transient condition, steady- state cor-
rosion is controlled by corrosion of 
the ferritic surface layer remaining. 
In the higher-oxygen systems, the selec-
tive direction is reversed. Iron is 
preferentially removed from the surface, 
and the alloys all tend to behave like 
Cr-Ni-rich alloys. [45,99] 

Results from other investigations 
[97] also showed that the steady-state 
corrosion rates for the stainless steels 
(16-12-2, similar to 316, and 18-8-Ti, 
similar to 321) and the ferritic steels 
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Fig. 2.95 - Behavior of 18/8/Ti 
stainless steel and 2¾ Cr-1 Mo fer-
ritic steel in flowing sodium at 600°C, 
~25 ppm oxygen, and 5.5 m/sec sodium 
velocity. 

(2 1/4 Cr-1 Mo, 2 1/4 Cr-1 Mo-0.4 
Nb-0.4 Ti, and 9 Cr-1 Mo-V) are very 
similar when the steels are tested under 
identical conditions (Figs. 2.95 and 
2.96). A hypothesis similar to that 
given for the depletion of chromium anp 
nickel was postulated. It was further 
reported that the metallurgical con-
dition (i.e., whether annealed or 20% 
cold worked) of their test samples did 
not affect the corrosion rate. [97] 

The empirical mass-transfer equations 
(Eqs. 2.11 and 2.12) can be used to pre-
dict average corrosion rates under a 
given set of conditions, as shown in the 
example. However, the variation of 
Young's data points [101,102] around the 
average was significant and must be con-
sidered in the application of these 
equations. For the hot-leg data the 
measured residual variance of 0.95 is 
equivalent to stating that an estimated 
95% of the samples will have measured 
corrosion rates within a factor of 5.3 
of the average. Average corrosion rates 
calculated from Eq. 2.11 are shown in 
Table 2.59, along with approximate maxi-
mum corrosion rates falling within the 
95% confidence levels. 

For convenience in evaluating results 
of the calculation, the total weight 
loss was converted to a decrease in wall 
thickness by using an assumption of uni-
form surface recession. This assumption 
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Fig. 2.96 - Effect of temperature 
and oxygen concentration on the rate of 
metal loss from various materials after 
exposure to flowing sodium. 316 
stainless steel, annealed. 316 stain-
less steel, annealed 20% reduction of 
area; e, 316 L stainless steel, annealed . 
A, 18/8/Ti stainless steel, annealed. 
6., Nimonic PE.16. ~, 2¾ Cr-1 Mo fer-
ritic steel, annealed, normalized, and 
tempered,+ 30% reduction of area. o , 
2¾ Cr-1 Mo-Nb Ti ferritic steel, an-
neal ed, normalized, and · tempered. 9 
Cr-1 Mo-V ferritic steel. 

is acceptable here because the corrosion 
mechanisms · uniformly affected the entire 
surface of the isothermal-weight-change 
specimens. 

Material deposition rates in low-
temperature locations were found to be 
the same for the three steels tested. 
Average deposition results calculated 
by using Eq. 2.12 are given in Table 
2.60 along with approximate maximum de-
position rates falling within the 95% 
confidence levels. 
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TABLE 2.59 - Rate of Hot-Leg Metal 
Loss* [45] 

Sample Oxygen content of the sodium 

temper- 10 to 15 ppm 45 to 50 ppm ature, 
OF 

Aver- Maxi- Aver- Maxi-
age mum age mum 

1000 ·o.o5t 0.25 0.25 1.25 
llOO 0.15 0.75 0.75 3.75 
1200 0.39 1.95 1.9 9.5 
1300 0.95 4.95 4.7 23.5 

* Velocity of sodium was 20 ft/sec, 
corrected to O downstream. 

t Mils per year. 

TABLE 2.60 - Rate of Cold-Leg Depo-
sition* [45] 

Oxygen content of the sodium 

Sample 10 to 15 ppm 45 to 50 ppm 
temper-
ature, Aver- Maxi- Aver- Maxi-

OF age · mum age mum 

900 0.006t 0.023 0.029 0. ll 
1000 0.022 0.087 0.ll 0.43 
ll00 0.056 0.22 0.27 1.1 
1200 0.14 0.55 0.68 2.7 

* Velocity of sodium was 7 ft/sec, 
corrected to O downstream. 

t Mils per year. 

Cold-leg deposition resuits showed 
more variance and were more difficult 
to interpret than hot-leg results. 
Such problems might be expected in so-
dium systems where the measured cold-
leg weight gains were partially caused 
by semiadherent or loose deposition 
products. Removal of test samples from 
the loops, together with the sodium re-
moval and handling required, might 
easily have resulted in loss of some 
of these deposits prior to weighing 
operations. [ 45] 
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The assumption that deposits had 
uniform depth and density does not ap-
pear to be well justified considering 
the type of deposits observed - loose, 
semiadherent, porous, etc. This as-
sumption was used to convert weight 
gains calculated by using Eq. 3.12 to 
thickness of deposit. 

From examination of Young's test 
loops, [101,102] it was noted that pref-
erential deposition occurred in cold 
legs whenever there was a change in the 
direction of a sodium flow path or a 
cross-sectional change in the piping. 
Surface roughness, sharp bends, flow 
restrictions, and abrupt section changes 
are potential sites for abnormally large 
deposits and should be avoided in the 
design of piping and sodium components. 

The designer should be aware of the 
reasons why calculations of the weight 
of mass-transfer deposits based on Eq. 
2.12 do not give conservative results. 
Variance of the results has been noted. 
Also, loss of deposition products dur-
ing sample handling prior to weighing 
operations would have given lower than 
true values of weight gain. The cal-
culation might also give low results 
because of specimen location in the test 
loops. The first specimen holder was 
located just downstream from the first 
cooler (see Fig. 1, Ref. 45). In high-
temperature runs this cooler reduced so-
dium temperature from 1200 to 1100°F. 
From results of the deposition calcu-
lation, it is apparent that deposition 
decreases by a factor of 2 for the 100°F 
temperature difference between 1200 
and 1100°F. Hence it must be assumed 
that significant deposition occurred in 
the first cooler, depleting the concen-
tration of mass-transfer products in 
the sodium stream prior to the first 
specimen holder. Therefore, results of 
calculations based on these test-loop 
results do not represent the maximum 
deposition that would occur at the 
entrance to the intermediate heat ex-
changer; results of these calculations 
underestimate the true situation. 
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2-4.3 Effects of Variables 

(a) Ti me 
After an initial period the corrosion 

rates of all the ferritic and stainless 
steels tested by Nettley and his co-
workers [97] (these metals are listed 
in the previous section) were constant 
when sodium velocity, temperature, and 
oxygen concentration in the sodium were 
maintained at fixed levels. Figure 2.95 
illustrates the behavior of 18-8-1 
stainless steel and 2 1/4 Cr-1 Mo fer-
ritic steel in tests of six months' 
duration. 

Similar findings were made at Gen-
eral Electric. [45] After an initial 
period both hot-leg corrosion and cold-
leg deposition rates became linear with 
time. This linearity was tested to 
~20,000 hr. The response of hot-leg 
corrosion rate is plotted in Fig. 2.97 
and the response of cold-leg deposition 
rate, in Fig. 2.98. Areas under each 
of the rate-response curves were in-
tegrated graphically and the integral 
curves plotted. 

The transition from a nonlinear to 
a linear corrosion rate arises from 
the influence of a linear rate-con-
trolling step in the transport process. 
Seven potential rate-controlling steps 
were considered for linearity: the 
four transport phases, (1) the steel 
alloy, (2) an oxide film, (3) a stag-
nant sodium boundary layer, and (4) 
the turbulent sodium stream, and the 
three interfaces, (1) alloy-oxide inter-
face, (2) oxide-stagnant-sodium-bound-
ary-layer interface, and (3) stagnant-
sodium-layer-turbulent-sodium-stream 
interface. The linear rate law rules 
out metallic diffusion in the alloy as 
the steady-state controlling step. If 
we assume no accumulation at a specific 
point along the flow path in the tur-
bulent sodium stream and perfect mixing 
at the stagnant-layer-turbulent-sodium 
interface, rate control must be im-
posed at or in one of the following 
steps: 
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Fig. 2.98 - Cold-leg deposition 
response. 

1. The alloy-oxide interface. 
2. The oxide film. 
3. The oxide-stagnant-sodium-bound-

ary-layer interface. 
4. The stagnant boundary layer. 

Solution-rate control at either inter-
face will eventually drive the total 
transport process linear, as will satu-
ration in either intermediate phase. 
[45] 

The effect of time was determined by 
these investigators for periods up to 
about 20,000 hr. [45] It is possible 
that for longer exposures mass-transfer 
rates of these materials will be con-
trolled by diffusion of chromium and 
nickel through the parent material;[97] 
the response of cumulative effects of 
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mass transfer will then become parabolic 
rather than linear. In this event extrap-
olation of the linear portion of the 
integral curves in Figs. 2.97 and 2.98 
tends to overestimate the amount of 
mass transfer and therefore is conserva-
tive from a design standpoint. 

(b) Temperature 
Of the variables affecting mass 

transfer, only time and sodium velocity 
are independent of temperature. Dif-
fusion, solution, and chemical reaction 
rates all increase with increasing tem-
perature, as do the solubilities of the 
alloy constituents being transferred. 
If other conditions are fixed, steady-
state mass-transfer rates are very de-
pendent on temperature. The dependence 
follows the Arrhenius relation as shown 
in Fig. 2.96, which shows that the cor-
rosion rate, R, of stainless and fer-
ritic steels is related to the absolute 
temperature, T (°K), in the temperature 
range 450 to 725°C, by the equation 

R = 2.3 x 10- 6 exp - l 7 ,SOO cm/sec 
RT 

(2.14) 

In these tests the oxygen concentration 
was maintained at 20 to 30 ppm. 

As a general guide, little mass trans-
fer would be expected in an austenitic 
stainless steel in a sodium system with 
oxygen concentration at 10 to 20 ppm if 
the temperature is less than 1000°F. 
However, a temperature increase of 100°F 
produces approximately a threefold in-
crease in corrosion rate. [45] 

(c) 6T 
In Sec. 2-4.1 the driving force for 

temperature- gradient mass transfer was 
said to be the difference in solubility 
of the dissolved metal at the high and 
low temperatures in the system. Con-
sequently an increase in the temper-
ature difference in the system (6T) re-
sults in an increase in mass - transfer 
rate for this type of mass transfer. 
An example of such mass transfer is the 
movement of nickel in an Inconel loop; 
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Fig. 2.99 - Effect of l:::,T on mass 
transfer in sodium, Inconel pump loops. 

Fig. 2.99 shows that the rate was 
linear with 6T. 

On the contrary, tests at General 
Electric showed that l:::,T within the 250 
to 500°F range of values had very little 
effect on the mass-transfer rates. Con-
sequently there is no M term in the 
hot-leg removal equation (Eq. 2.11). A 
6T term does appear in the cold-leg pre-
diction equation (Eq. 2.12) as a temper-
ature-coefficient adjustment term. [45] 

(d) Impurities 
The amount of oxygen dissolved in so-

dium has long been recognized as a very 
significant factor in mass-transfer pro-
cesses. Other impurities in sodium (ex-
cluding oxygen getters) may play roles 
in the processes, but their effects are 
not well identified. 

Other experimental results [97] con-
firmed that steady- state corrosion rates 
of stainless and ferritic steels are 
markedly dependent on the oxygen content 
of the sodium. As shown in Fig. 2.96, 
in tests at 650°C a change of oxygen 
content from 25 to 10 ppm reduces the 
corrosion rate by a factor of about 3; 
a change from 25 ppm to less than 5 ppm 
reduces the rate by an order of magni-
tude. Figure 2.74 shows that at 650°C 
reducing the oxygen concentration from 
25 to 10 ppm reduces the mass-transfer 



EFFECTS ON MATERIALS 

rate by a factor of approximately 2. 
In the tests at General Electric [45] 

corrosion rates varied in a direct ratio 
with the oxide content of the sodium as 
determined by the plugging indicator. 
An oxygen change from 12 ppm (305°F oxy-
gen flow break) to 50 ppm (450°F oxygen 
flow break) produced approximately a 
fourfold corrosion increase. 

(e) Velocity 
Measured mass-transfer rates were ap-

proximately linear with sodium velocity 
in the tests at General Electric. [45] 
Actually, the exponent of velocity in 
Eq. 2.11, 0.884, is between 1 (which re-
presents a linear relation) and the 0.8 
predicted from the analogy with heat 
transfer (which assumes a fluid-dif-
fusion-controlled process). 

The weight-change data obtained from 
slotted sample holders used in the test 
loops show that corrosion depends on 
velocity of sodium past the test speci-
mens. Both one- and three-slot holders 
were used, and they were so constructed 
that the velocity of the sodium through 
the single-slot holder was three times 
the velocity through each of the mul-
tiple slots. In the hot leg the 
measured corrosion rates were approxi-
mately proportional to velocity. The 
samples in the single-slot holders 
showed about three times as much cor-
rosion as identical samples in the 
three-slot holders. The cold-leg sample 
holders contained only triple-slot 
holders, and the in-pipe samples were 
located in the minimum deposition re-
gion; thus no cold-leg velocity-effect 
data were obtained (note absence of the 
velocity term in Eq. 2.12). Loop-exam-
ination data appear to indicate the 
existence of cold-leg velocity or im-
pingement effects. 

The effects attributed to sodium 
velocity are not entirely clear. It may 
be that mass flow of sodium is the con-
trolling variable rather than velocity. 
Because of the fixed geometry in the 
test loops, the mass flow and velocity 
are proportional and vary in an identi-
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cal amount in the standard "hockey-
stick" sample holders. Therefore it is 
impossible to separate the effects of 
velocity vs. mass flow in these tests. 
Some samples of a different geometrical 
configuration were exposed in the loop 
piping. Here the mass flow does not 
vary in the same ratio as velocity; thus 
the effects of these two variables can 
be separated. For these samples the 
mass flow parameter was consistently 
better than the velocity term in relat-
ing hot-leg in-pipe samples to standard 
slot samples. Because the number of 
checks was limited by the very low cor-
rosion rates of the in-pipe samples and 
because of the paucity of data pertinent 
to this point, no definite conclusions 
can be made at this time. Further test-
ing is needed to determine the relative 
importance of these two variables. [45] 

Recent information reported by the 
Reactor Materials Laboratory at Culcheth 
indicates that the rate of mass transfer 
of ferritic and austenitic materials is 
proportional to velocity only up to some 
limiting Reynolds number. [42] From the 
data now available (see Fig. 2.100) for 
austenitic stainless steel at 1200°F in 
sodium containing 25 ppm oxygen, it ap-
pears that a point of inflection occurs 
somewhere between 10 and 15 ft/sec above 
which velocity has very little effect 
on the rate of metal loss. The data 
also show the expected approximately 
linear increase in mass-transfer rate 
up to about 10 ft/sec. 

At the lower oxygen levels, 10 ppm 
and <5 ppm 02,velocity changes have been 
investigated up to 40 ft/sec. Here 
again very little change in corrosion 
rate is recorded in the range 15 to 40 
ft/sec for 316 stainless steel. It i~ 
noteworthy that the substantially ve-
locity-independent rate established is 
a function of oxygen content of the 
liquid metal. 

At the higher velocities some mech-
anism other than diffusion through the 
laminar sodium film appears to be rate 
controlling. The investigators hypoth-
esize that it is a combination of the 
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Fig. 2.100 - Effect of velocity on the rate of metal loss from various stainless 
steels (flow area constant). 

processes limiting iron removal from 
the sodium in the cold leg, as dis-
cussed in Sec. 2-4.1. 

Later work at General Electric, [101, 
102] discussed in Sec. 2-4.2, tends to 
support the existence of an S-type curve 
to describe the corrosion rate-velocity 
relation, with corrosion rate becoming 
relatively insensitive to velocity at 
high velocities. Work at General Elec-
tric and at Culcheth is continuing in 
an effort to better define the velocity 
effect. 

In contrast to that of austenitic 
stainless steel, the weight loss of the 
high-nickel Nimonic 80A depends on so-
dium velocity throughout the range in-
vestigated, i.e., up to 40 ft/sec; this 
implies sodium-film-diffusion control 
(see Fig. 2.89). [42] 

(f) Alloy-Constituent Concentration 
in Sodium 

An effect of mass-transfer rate de-
pendent on location along an isothermal 

section of the sodium flow path has been 
noted. [42,45] At General Electric 
this was designated the '~ownstream ef-
fect," [45] and the effect was observed 
in all loop testing. The first test 
sample exposed at a given set of con-
ditions always evidenced maximum cor-
rosion or deposition. Samples located 
downstream at the same temperature 
showed progressively lower mass - trans-
fer rates, whether weight loss (removal) 
or weight gain (deposition). Con-
sequently a factor to account for this 
effect was included in Eqs. 2.11 and 
2.12. 

The effect is considered to be caused 
by the concentration of the particular 
alloy constituent in the bulk sodium 
stream at a given location in the piping 
system. The value of equilibrium solu-
bility, So, in Eq. 2.9 is fixed by tem-
perature. When the concentration of the 
constituent (solute) in the sodium 
stream, S, is low (the relative con-
dition existing -at the beginning of a 
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high-temperatu~e, isothermal section of 
a system), the driving force (So - S) 
for dissolution of the constituent is 
large. As the solute enters the sodium 
stream, S increases. As S approaches 
So the driving force (So - S) decreases, 
approaching zero. The decrease in the 
driving force with distance along an 
isothermal section in the hot leg of a 
heat-transfer system is taken to be the 
cause of the downstream effect. De-
crease in oxygen content of the sodium 
as S increases with distance along the 
hot-leg isothermal section may also 
contribute to the downstream effect. A 
similar argument can be applied to the 
cold leg. 

The existence of a downstream effect 
has been interpreted as indirect evi-
dence that solute concentration around 
the loop stays relatively close to the 
saturation concentration at the highest 
temperature in the loop. In this case 
the cold-leg deposition rate would be 
the controlling step in metallic mass 
transfer. [103] 

2-4.4 Compositional Changes 

The extent of compositional changes 
in an austenitic stainless steel and in 
ferritic structural steels during an ex-
tensive sodium mass-transfer program 
was determined by Rowland et al., [45] 
who observed that: 

1. In low-oxygen sodium (12 ppm), 
chromium, nickel, and manganese were 
removed from samples positioned in the 
hot leg. 

2. In sodium at 1100°F containing 
higher oxygen concentrations (50 ppm), 
iron was selectively removed. 

3. Regardless of oxygen concen-
tration, the metallic constituents re-
moved were deposited in the form of 
layers on the surfaces of cold-leg 
samples and also in the form of semi-
adherent material. 

These effects were developed for 
material samples exposed in dynamic 
sodium systems operated at 1100 and 
1200°F. Oxygen levels of 12 and 50 
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ppm were maintained throughout the 
23,000-hr exposure period. The struc-
tural materials evaluated included an 
austenitic stainless steel, 316, and 
two ferritic steels, 2 1/4 wt.% Cr-1 
wt.% Mo and 5 wt.% Cr-1/2 wt.% Mo-1/2 
wt.% Ti. 

Regardless of material composition 
(austenitic or ferritic steel), the be-
havior patterns after exposure in low-
oxygen sodium were similar in that the 
exposed surfaces had been depleted in 
chromium, nickel, and manganese and en-
riched in iron. The typical effect of 
temperature and exposure time on this 
behavior is reflected in the data pre-
sented in Fig. 2.101. It can be seen 
that the extent of chromium depletion 
from 316 stainless steel depends on 
time as well as temperature, although 
the latter apparently exerts the greater 
influence. 

Corresponding to the depletion in 
the hot leg, samples positioned_ in the 
cold leg contained surfaces enriched in 
chromium, nickel, and manganese. Evi-
dence typical of this buildup in the 
cold leg is shown in Fig. 2.102, where 
chromium is again used in the example. 
Note that in this case the cold-leg 
samples were a ferritic steel. 

The effect of increased oxygen (from 
12 ppm to 50 ppm) produced a different 
mass-transfer pattern (see Fig. 2.103). 
Material positioned in the 1100°F hot 
leg exhibited a preferential depletion 
of iron accompanied by an apparent in-
crease in the chromium, nickel, and 
manganese levels. This behavior was in-
dependent of material composition, iron 
depletion being noted for the austenitic 
as well as for the ferritic steels ex-
posed. However, a reversal in behavior 
was observed when the hot-leg temper-
ature was increased to 1200°F with the 
oxygen level in the sodium maintained 
at 50 ppm. Instead of an iron de-
pletion, the material evidenced a de-
pletion in chromium similar to that ob-
tained from the exposure in low-oxygen 
sodium. 

It was postulated that the varied 
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behavior caused by the temperature in-
crease from 100°F to 1200°F is related 
to the initial nonlinear stage of cor-
rosion. [104] During this nonlinear 
transient stage, elements corroding at 
greater than stoichiometric proportions 
show surface concentration decreases; 
conversely, those corroding in less than 
stoichiometric proportions show in-
creased concentrations. The behavior 
of each alloy element depends on its 
specific rate constant, which could vary 
owing to the interaction of temperature 
and oxygen, as shown in Fig. 2.103. 
Thus the compositional variations in 
the high- and low-oxygen sodium estab-
lished in the initial stage of corrosion 
would result. 

A typical example of compositional 
changes for hot-leg material, determined 
by electron-microprobe techniques, is 
shown in Fig. 2.104. These graphical 
data show the concentration gradients 
developed in 316 stainless steel exposed 
in 1200°F, low-oxygen sodium for 5700 
hr. The composition of unexposed ma-
terial is included for reference. 

Similar observations regarding the 
surface composition of 316 stainless 
steel exposed in sodium were developed 
by Nettley et al. [97] The surfaces of 
material exposed for three months at 
650°C (1202°F) ·in sodium containing 25 
ppm oxygen and six months at the same 
temperature in sodium containing 5 ppm 
oxygen were analyzed for iron, chromium, 
and nickel. Electron- microprobe exam-
inations showed that the surfaces were 
depleted in chromium and nickel and cor-
respondingly enriched in iron. The 
measurements at the surfaces indicated 
that the concentration gradient extended 
to a depth of 10 to 14 µ below the sur-
face. Subsequent X-ray diffraction 
measurements of the surface layers in-
dicated a ferritic structure, which was 
confirmed by additional measurements 
(magnetic permeability) indicating 
ferromagnetic character. This behavior 
pattern for 316 stainless steel is in 
close agreement with that developed by 
Rowland et al. [45] 

Additional work is required to 
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provide the designer with firm rules 
for predicting the growth of the fer~ 
ritic layers in low-oxygen sodium with 
time. However, it seems likely that 
the rate of growth will ultimately be 
determined by parameters that control 
the diffusion of chromium and nickel 
through iron, after an initial allow-
ance has been made for the corrosion 
of the ferritic layer by sodium. 
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2-5 CARBON TRANSFER 

In sodium heat-transfer systems, car-
bon is present in the sodium as dis-
solved, particulate, or chemically com-
bined carbon. It also occurs in varying 
forms and amounts in the containment ma-
terials that contact sodium. In most 
systems the initial thermodynamic ac-
tivity of the carbon in the sodium is 
different from that in the contacting 
materials, and, because of the differ-
ence in activities, carbon exchange to-
ward an equilibrium condition takes 
place. [33] 

When metals or alloys with different 
carbon activities are in contact with 
sodium in the same system or when a 
single metal or alloy is in contact with 
sodium at different temperatures, car-
bon migrates via the sodium from regions 
with the higher carbon activity to those 
with lower activity. The carbon trans-
fer tends toward an equilibrium activity 
at all surfaces in contact with the so-
dium. The resulting carbon concen-
trations may be very different from the 
original carbon levels. 

2-5.1 Decarburization of Cr-Mo Steels 

The low-alloy Cr-Mo steels are at-
tractive for use in sodium-heated steam 
generators because of their low cost and 
relative freedom from susceptibility to 
water-side stress-corrosion cracking. 
There is adequate operating experience 
to reconnnend the 2 1/4 Cr-1 Mo steel for 
use up to 1000°F, but the steel decar-
burizes at a significant rate above this 
temperature. This decarburization has 
two undesirable effects. First, it 
causes the Cr-Mo steel to lose short-
time tensile strength and reduces its. 
stress-rupture life. Second, the car-
bon transferred to the sodium will car-
burize austenitic stainless steels in 
the system, with a resultant loss in 
ductility of the stainless steel. 

The rate of decarburization depends 
on the temperature and on the carbon 
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Fig. 2.105 - Decarburization of 
2¾ Cr-1 Mo steel samples, 1/16 in. thick, 
exposed for 700 hr. 

activity in the steel. Fig. 2.105 shows 
the carbon content of 2 1/4 Cr-1 Mo 
steel specimens 1/16 in. thick as re-
ceived and after 700 hr exposure to 
flowing sodium at three temperatures. 
[105] The 1100°F specimens have lost 
more than half their original carbon. 
Figure 2.106 shows the carbon content 
of similar specimens exposed to flowing 
sodium for more than 19,000 hr. [106] 
Decarburization of the 1100°F specimens 
is essentially complete after 2500 hr. 
Definite, though slow, decarburization 
is taking place at the lower temper-
atures. 

The loop piping in which the data 
of Fig. 2.106 were obtained was exam-
ined for carbon content at the end of 
the 20,000-hr run. A 2 1/4 Cr-1 Mo 
steel section operated at 1100°F was 
almost completely decarburized, although 
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Fig. 2.106 - Decarburization of 2t 
Cr-1 Mo steel specimens 1/16 in. thick. 

the material was twice as thick as the 
samples and was being decarburized from 
one side only. (Actually, the piping 
appeared to decarburize to the same 
lower limit of 0.025 wt.% C as the 
1100°F samples of Fig. 2.106.) 

Materials examination of & single-
tube sodium-heated model steam gener-
ator showed [107] the same temperature-
dependent decarburization of 1/2-in. 
tube and 1 1/4-in. pipe made of 
Croloy 2 1/4 that had been exposed to 
flowing sodium for 8000 hr at 630 to 
1000°F. The 1000°F sample showed 
(metallographically) almost complete 
decarburization to a depth of 5 mils 
and partial decarburization to a depth 
of 25 to 30 mils. About 5 mils was 
machined from the sodium-exposed sur-
faces and analyzed for carbon by con-
ventional combustion techniques. All 
the samples operated at 775 to 920°F 
lost carbon from this surface layer; 
only the lowest-temperature section 
(630°F) showed no significant change in 
carbon content. 

No effect of oxygen content on de-
carburization rate was observed where 
the oxygen in the sodium was kept below 
50 ppm (see Fig. 2.105). However, in 
the MSAR program to study the effects 
of high-temperature sodium on the 
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physical properties of austenitic and 
ferritic steels, sodium containing 300 
ppm oxygen was found to decarburize 
2 1/4 Cr-1 Mo steel faster than sodium 
with only 30 ppm oxygen. [19,4] Speci-
mens cut from an 80-mil sheet were ex-
posed to flowing sodium for times up 
to 5000 hr in tensile, fatigue, and 
stress-rupture tests. Figure 2.107 shows 
the carbon content of stressed speci-
mens. More-rapid decarburization at 
the start is indicated in the high-oxide 
sodium although after 5000 hr exposure 
the percent of original carbon remain-
ing is roughly comparable in both en-
vironments. The decarburization ap-
peared to be partially responsible for 
the following observed effects: 

1. Reduction of stress-rupture life 
below that of air and helium environ-
ments; 

2. Further reduction of stress-rup-
ture life of specimens exposed un-
stressed in sodium for 4000 hr before 
testing; 

3. Increase in ductility, reduction 
in macrohardness and in microhardness. 

The most critical effects were the 
decrease of rupture and creep strengths; 
the extrapolated 100,000-hr rupture 
strengths in both sodium environments 
were below the 60% ASTM average values, 
and the creep strengths were less than 
ASTM average values. The fatigue life 
was not adversely affected by either of 
the sodium environments. 

Decarburization of Cr-Mo steels by 
sodium was prevented by adding a car-
bon stabilizer to the alloy's chemistry. 
Titanium, vanadium, niobium, and chro-
mium have all been used successfully 
for this purpose. The strong carbide 
formers tie up the carbon as carbide 
more strongly than does the iron in 
the low-alloy steel, reducing the car-
bon activity in the stabilized steel to 
the point where no driving force re-
mains to put the carbon in solution in 
the sodium. 

Early work at Knolls Atomic Power 
Laboratory (KAPL) [108] showed that 
simply increasing the chromium content 

169 

900------,,-----,,-----T"-----------~ 

800 z 
gE 100 
~! 
u 1- 600 
wz 

500 
a:: z 
~8 400 
<( 

300 

200------------------
0 800 1600 2400 3200 4000 4800 

TIME (hr) 

Fig. 2.107 - Decarburization of 2¾ 
Cr-1 Mo steel in 1100°F sodium. 

of the Cr-Mo steel did not prevent de-
carburization at high temperatures. 
Steels with chromium contents of 1 to 
12% showed no decarburization after one 
month in static and dynamic sodium at 
930°F with oxygen contents ranging. from 
0.01 to 0.5%. But, when the steel with 
12% chromium was tested for three months 
in static 1300°F sodium containing 0.01% 
oxygen, the decarburization was severe, 
averaging 0.04 mil/hour. Later work at 
ORNL with Croley 9M (9% Cr, 1% Mo) 
showed very large losses of carbon in 
dynamic sodium at 1300 and 1450°F; car-
bon contents as low as 0.002% were re-
corded [109] after 2000 hr exposure. 

Use of carbide stabilizers other than 
chromium has produced Cr-Mo steels re-
sistant to decarburization at temper-
atures as high as 1200°F. The General 
Electric mass-transfer studies included 
5 Cr-1/2 Mo-1/2 Ti stabilized steels in 
two loops, and no decarburization was 
noted in any of the test runs (up to 
2800 hr at 1200°F). [45] A 2 1/4 Cr-1 
Mo steel stabilized with niobium (lOXC) 
was reportedly [110] free of carbon 
transport up to 1100°F. 

In an investigation of the suit-
ability of modified 2 1/4 Cr-1 Mo steels 
for sodium service, eleven modifications 
of the basic alloy were examined. [111] 
The modified alloys showed a substantial 
increase in decarburization resistance 
when tested for up to 3000 hr in dynamic 
sodium at 1200°F. The degree of 
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TABLE 2.61 - Decarburization Resistance of Modified Cr-Mo Alloys in 1200°F Sodium 

Composition, wt.% Carbon Exposure 
Alloy time, 

Cr Mo Nb Ti Ni V Before After hr 
exposure exposure 

4S2 2.29 1.07 0.32 0.145 0.09 3000 
4S1 2.30 1.07 0.40 0.47 0.18 3000 
4S5 2.42 1.04 0.12 0.35 0.145 0.125 3000 
7S1 5.05 1.03 0.46 0.38 0.155 0.18 2000 
5S1 2.23 2.01 0.44 0.40 0.17 0.18 2000 

5S2 2.33 1.03 0.42 0.40 1.3 0.16 0.16 2000 
4S3 2.32 1.09 0.37 0.14 0.065 3000 
4S7 2.18 0.94 0.73 0.01 0.16 0.145 2000 
4S4 2.34 1.08 0.6 0.135 0.09 3000 
4S8 2.23 0.99 0.10 0.6 0.14 0.105 2000 

4S9 2.27 0.97 0.25 0.6 0.14 0.135 1500 
2.25 Cr-1 Mo 0.11 0.045 3000 

304 S.S. 0.065 0.08 2000 

TABLE 2.62 - Mechanical Properties of Modified Cr-Mo Alloys 

Room temperature 1100°F 
Alloy 

Yield, 
10 3 psi 

Tensile, 
10 3 psi 

Impact, 
ft - lb 

Elongation, 
% 

Yield, 
10 3 psi 

Tensile, 
10 3 psi 

Elongation, 
% 

4S2 129 140 2 
4S1 93 106 2.75 
4S5 97 119 2 
7S1 82 92 4.5 
5S1 80 96 3.6 
5S2 83 97 6.5 
4S3 108 118 > 60 
4S7 90 102 5 
4S4 94 111 101 
4S8 91 107 >120 
4S9 86 104 >120 

increased resistance varied with the 
amounts of modifiers (Nb, Ti, V, Cr) 
added to the alloy (Table 2.61). 

17 
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19 
20 
19 
18 
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24 

The short- time tensile properties 
shown in Table 2.62 at room and ele-
vated temperatures appeared to be accept-
able for high-temperature sodium appli-
cations for all the alloy modifications 
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after the optimum heat- treating cycle 
had been established for each alloy. 
However, the room-temperature impact 
strengths of the titanium- bearing alloys 
were unacceptably low; the ductile-
brittle transition temperatures were 
above room temperature. These seven 
alloys were therefore eliminated from 
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further testing in the development pro-
gram, even though six of the seven were 
approximately neutral to carbon transfer 
in the 1200°F sodium tests. The four 
remaining alloys, modified with vanadium 
and/or niobium additions, had tensile 
properties comparable with the titanium-
modified alloys and also had satisfac-
tory impact strengths. The 4SE alloy, 
modified with niobium only, was elimin-
ated from the program because its re-
sistance to decarburization was inferior 
to that of the three vanadium-bearing 
alloys, which were subjected to further 
evaluation. The yield and ultimate 
tensile strengths from room temperature 
to 1300°F, the creep strength at 1100 
and 1200°F, and the stress-rupture 
strength at 1000, 1100, and 1200°F 
were shown to be equal to or superior 
to those of annealed 304 stainless 
steel. 

The decarburization behavior of these 
three V-Nb modified alloys is compared 
with that of the unmodified Cr-Mo steel 
in Fig. 2.108 for exposure in dynamic 
1200°F sodium in a stainless loop. The 
equilibrium carbon concentration of the 
modified alloys is shown to be progres-
sively raised with increasing additions 
of strong carbide-formers. The increase 
in decarburization resistance is at-
tributed to the formation of niobium 
and vanadium carbides that resist re-
solution and effectively lower the car-
bon activity in the steel. 

The effect of exposure in dynamic 
1200°F sodium in a stainless loop on the 
ultimate tensile strengths of these 
three modifications is shown in Table 
2.63. The progressive loss of strength 
with loss of carbon is much less for the 
V-Nb modified alloys than for the un-
modified Cr-Mo standard. 

2-5.2 Decarburization of Austenitic 
Stainless Steels 

In studying the creep-rupture prop-
erties of 304- and 316-stainless-steel 
tubing (10-mil wall) in high-purity 
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Fig. 2.108 - Decarburization of modi-
fied Cr-Mo steels in 1200°F dynamic so-
dium. 

static sodium, Lee [8] reported that 
the tubing was decarburized during the 
test. Zirconium foil had been placed in 
the sodium in the static-test retorts 
to getter oxygen from the sodium. The 
foil also acted as a sink for carbon 
transported from the stainless-steel 
tubing through the sodium bath. The 
carbon content of 304 stainless-steel 
specimens tested in 1400°F sodium was 
reduced from 0.06% to 0.03% (50% loss) 
and that of the 1300°F specimens was re-
duced from 0.06% to 0.04% (33% loss), 
both in less than 1000 hr. Chemical 
analysis of the zirconium foil showed 
an increase of carbon content from 0.01% 
before exposure to 0.33%. The average 
oxygen concentration in the sodium was 
below 10 ppm during the tests. The 316-
stainless-steel specimens tested in 
1350°F sodium showed a reduction in car-
bon content from 0.06% to 0.043% in less 
than 1000 hr. 

The decarburization of the austenitic 
stainless steels reduced their creep-
rupture strength by up to 25% as com-
pared with tests in a helium environment. 
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TABLE 2.63 - Effects of 1200°F Dynamic Sodium Exposure on the Room-Temperature Ten-
sile Strengths of Ferritic Alloys 

Exposure Initial Final 
time, carbon, carbon, 

Alloy 
hr wt.% wt.% 

2.25 Cr-1 Mo 1000 0.11 0.03 
2.25 Cr-1 Mo 1000 0.11 0.036 
2.25 Cr-1 Mo 2131 0.11 0.014 

4S4 1000 0.14 0.085 
4S4 1000 0.14 0.0~4 
4S4 2131 0.14 0.061 
4S4 3130 0.14 0.055 
4S8 1000 0.14 0.09 
4S8 1000 0.14 0.083 
4S8 2131 0.14 0.093 

4S9 1000 0.14 0.11 
4S9 2131 0.14 0.099 
4S9 3130 0.14 0.087 

* Data from single specimen. 

The effect on creep behavior is dis-
cussed in Sec. 2-2.2(b)(2). Decarburi-
zation also contributed strongly to the 
formation of sigma phase that was found 
randomly distributed across the 304-
stainless steel samples tested at 1400°F. 
Carbon is a stabilizer of austenite and 
retards sigma formation. In general, 
sigma phase is not expected to occur in 
annealed 304 stainless steel even after 
long exposure to elevated temperatures, 
but it has been found in 3041 stainless 
steel creep-tested at 1100 and 1500°F. 
Decarburization in Lee's tests in effect 
converted the 304 to 3041 stainless 
steel, and sigma formation resulted. 

2-5.3 Carburization of Austenitic Stain-
less Steels 

The carbon level in austenitic stain-
less steel at equilibrium with carbon-
saturated sodium was found [112] to be 
greater than the solubility of carbon in 
the alloy and greater than the dissolved 
carbon in equilibrium with the carbide 
phase. The surface carbon content of 

Room-temperature tensile strength,* 
psi 

Before exposure 

108,000 
108,000 

108,000 
108,000 
100,800 
100,800 
100,800 

96,800 
96,800 
96,800 

After exposure 

64,000 
6_4, 600 
65,200 
79,700 
82,600 

73,500 
68,400 
87,500 
72,900 
81,000 

90,500 
79,000 
80,100 

304 stainless steel in equilibrium with 
carbon-saturated sodium is shown· as a 
function of temperature in Fig. 2.109. 
The solubility of carbon in sodium con-
taining appreciable amounts of oxygen 
is shown [113] as a function of temper-
ature in Fig. 2.110. Later work using 
conventional combustion-analysis tech-
niques and sodium with low oxygen con-
tent gave carbon solubilities an order 
of magnitude lower; radiochemical-
tracer techniques gave very low solu-
bility numbers, several orders of mag-
nitude below the data of Fig. 2.110. 
However, the data of Fig. 2.110 are 
considered representative of the Na-C-0 
system, showing that the solubility of 
carbon in oxygen-contaminated sodium is 
much greater than in oxygen-fre~ sodium 
at the same temperature. Data from 
several papers on carbon solubility in 
sodium are presented and discussed in 
Vol. I, Sec. 2-4.l(k). 

Anderson and Sneesby [112] varied 
the carbon content of sodium while 
holding the temperature constant at 
1200°F; the results are shown in Fig. 
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Fig. 2.109 - Equilibrium surface-
carbon content of 304 stainless steel 
carburized in carbon-saturated sodium 
vs. temperature of exposure. 

2.111. Even at very low values of car-
bon in sodium, surface carbon in the 
stainless steel rises sharply with a 
small increase in carbon in the sodium. 
If surface carburization of stainless 
components is to be kept to a minimum, 
carbon in the sodium must also be kept 
to a very low level, both at the time 
of purchase and during operation. The 
carbon content of normal austenitic 
stainless steels (0.04 to 0.08 wt.% C) 
would apparently be in equilibrium with 
1200°F sodium containing 15 to 18 ppm C; 
raising carbon in the sodium to only 
30 ppm would raise the equilibrium sur-
face carbon content of austenitic stain-
less to over 1%. 

In further calculations [112] of the 
diffusion rates of carbon in austenitic 
stainless steel from these results 
(Fig. 2.112), a straight line was drawn 
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Fig. 2.111 - Equilibrium surface car-
bon in 304 stainless steel at varying 
concentrations of carbon in 1200°F so-
dium. 
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Fig. 2.112 - Diffusion coefficient 
of carbon in 304 stainless steel. 

through the average values obtained by 
chemical analysis for carbon in speci-
mens exposed at 1000 and 1200°F. 
Measurements of carbon-diffusion coef-
ficients for 304 and 316 stainless 
steels, also determined empirically at 
1200°F, [114] were in excellent agree-
ment, 4.0 x 10- 11 cm 2 /sec for 304 and 
1.8 x 10- 11 cm 2 /sec for 316 stainless 
steel. Later work [3] showed the co-
efficients to be even closer,that is, 
3.2 x 10- 11 cm 2 /sec for 304 and 
2.9 x 10- 11 cm 2 /sec for 316 stainless 
steel, again at 1200°F. This indicates 
a slower carburization rate for the 
more highly alloyed 316 stainless steel. 
However, a third series of carburi-
zation runs [106] carried out at 850 to 
1050°F on only 316 stainless steel re-
ported carbon-diffusion coefficients 
higher than either of the two previous 
studies (Fig. 2.113). This work demon-
strated that 316 stainless steel will 
carburize at temperatures as low as 
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Fig. 2.113 - Diffusion coefficient 
of carbon in 316 stainless steel. 

850°F in carbon-contaminated sodium. 
Campbell and Tyzack [115] noted 

that the diffusion coefficient for car-
bon in stainless steel, derived empiri-
cally by Anderson and others as 3 to 
4 x 10- 11 cm 2 /sec at 1200°F, was much 
lower than the values of 11 x 10- 10 

cm 2 /sec determined by extrapolation 
of experimental results for diffusion 
of carbon in iron at higher tempera-
tures. Their proposed model of the 
kinetics of carburization of stain-
less steel included the effects of car-
bide precipitation on the diffusion co-
efficient. 

Their model assumed that at the 
specimen surface the equilibrium ac-
tivity of carbon is set by the carbon 
activity of the sodium and that a car-
bon-activity gradient extends from the 
surface into the matrix of the steel, 
the growth of the carburized zone being 
controlled by the diffusion of carbon 
down the activity gradient. Within 
this carburized zone chromium- rich car-
bide was assumed to precipitate to bring 
the local level of dissolved chromium 
into equilibrium with the local carbon 
activity as required by the composition 
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of the carbide and the law of mass ac-
tion. Using their model and Anderson's 
data, (112] Campbell and Tyzack calcu-
lated a diffusion coefficient of about 
4 x 10- 10 cm2/sec at 1200°F. It was 
thought that the remaining difference 
between the calculated coefficient and 
that obtained by extrapolation of high-
temperature data could be due to the 
effects of dissolved chromium in re-
ducing the carbon-diffusion rate. 

Andrews et al. [3] described the 
differences in carburizing behavior of 
304- and 316-stainless-steel tabs in 
carbon-saturated sodium at 1200°F. 
Carbon penetration in both is first evi-
denced by an increase in grain- bound-
ary carbide followed by general pre-
cipitation of fine carbides within the 
grains. The thickness of the case in-
creases slowly with time, but the tran-
sition area between the case and the 
unaffected base metal maintains a reason-
ably constant thickness. For 60-mil-
thick 316- stainless-steel tabs, the 
carbon level increased from an initial 
value of 480 to ~8000 ppm after 5300 hr 
at 1200°F. Comparable exposure of 304-
stainless- steel tabs resulted in carbon 
contents in excess of 10,000 ppm. The 
carbon-saturation level for thin tabs 
of 316 stainless steel was 3.5%, for 
304, 3.8%. With long exposure and high 
carbon, there was some transformation 
of the 316-stainless- steel matrix to 
ferrite, but even at very high carbon 
contents the amount of ferrite was 
small. In 304 stainless steel, however, 
when carbon exceeded 1000 ppm, suf-
ficient ferrite was formed to cause the 
tabs to be attracted by a simple magnet. 
At this carbon level ferrite was re-
stricted to the surface, but at the 
highest carbon levels the ferrite was 
nearly the predominant phase. 

Tensile specimens of 316 stainless 
steel were exposed [3] unstressed for 
4000 hr to a high-carbon sodium environ-
ment at 1200°F. The specimens were 
then tensile tested in air at room tem-
perature and in helium at 1200°F, along 
with control· specimens exposed to helium 
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at 1200°F for 4000 hr, to compare the 
effects of the environments on tensile 
strength. The results are shown in the 
bar charts in Fig. 2.114. The more-
important conclusions are that unstressed 
exposure for 4000 hr in high-carbon so-
dium: 

1. Reduced room-temperature tensile 
strength about 22% and increased 1200°F 
tensile strength about 20%; 

2. Increased room-temperature yield 
strength 17% and increased 1200°F yield 
strength about 51%; 

3. Reduced room-temperature elonga-
tion 98% and reduced 1200°F elongation 
96%. 

The exposure of 316 stainless steel 
to high-carbon sodium is not particu-
larly detrimental to the tensile or 
yield strengths, but practically all 
the ductility is lost. 

2-6 NITROGEN TRANSPORT BEHAVIOR 

Although nitrogen is considered prac-
tically insoluble in sodium, nitriding 
of ferrous alloys, beryllium, and re-
fractory-metal specimens completely 
submerged in sodium with nitrogen cover 
gas has been reported. Suggested mech-
anisms for transport of nitrogen from 
cover gas to metal include diffusion of 
dissolved nitrogen, entrainment, and 
transfer as calcium nitride (Ca3N2) 
formed with the calcium present as an 
impurity in the sodium. 

Brush and Rodd [39] exposed 347-
stainless-steel and beryllium specimens 
to 900°F sodium for one week in static 
capsules pressurized with enough nitro-
gen to give a pressure of 100 psig at 
test temperature. This was followed by 
a second one-month exposure of six 
materials in 1100°F, filtered sodium in 
a diffusion-cold-trapped static con-
tainer pressurized with nitrogen to 10 
psi, with nitrogen bubbled continuously 
through the sodium and bled to atmo-
sphere. Test results given in Table 
2.64 show that under these conditions 
347 stainless steel nitrides at 900°F. 
The beryllium samples, which were 
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Fig. 2.114 - Tensile tests of 316 stainless steel after 4000-hr exposure in 
1200°F high-carbon sodium. The abbreviation (UW) means not washed after exposure 
(all other samples were washed). 

covered with a brittle film that flaked 
off during posttest cleaning procedures, 
suffered the severest nitriding. The 
lack of nitriding in the 2 1/4 Cr-1 Mo 
alloy and the fairly extensive nitrid-
ing in 410 stainless steel (12% Cr) were 
taken to be indicative of the role of 
chromium as a nitride former in promot-
ing the nitriding reaction. The nitrid-
ing rate for beryllium, 347 stainless 
steel, and 18-4-1 tool steel was 
strongly dependent on temperature (more 
than doubling for a 100°F rise in tem-
perature, so that the rate at 1100°F 
was more than 10 times the rate at 
800°F). 

The hardness of the nitrided layers 
was much lower than the hardness of a 

comm~rcially nitrided steel, which is 
about 900 Knoop. This lower hardness 
was attributed to the relative thin-
ness of the layer, to incomplete ni-
triding, and to the annealing effect 
of the longtime high-temperature ex-. 
posure that may have allowed the nitro-
gen to diffuse from the surface layer 
into the bulk of the metal. 

Wheeler [116] reported a continuation 
of this work in which specimens of 304 
and 347 stainless steel, beryllium, and 
18-4-1 tool steel were exposed to flow-
ing nitrogen-covered sodium at 600 to 
1100°F and 1/2 to 7 ft/sec. No nitrogen 
case was found on stainless- or tool-
steel samples exposed to flowing so-
dium except on portions of the sample 
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surface protected from the flow. It 
was assumed that the nitride case that 
adhered in static tests corroded away 
in dynamic tests and that all the metal 
loss observed was caused by removal of 
the nitride case as fast as it was 
formed. The mutually competing reac-
tions of nitrogen pickup and corrosion 
loss made weight-change data unreliable, 
and the specimens were measured to de-
termine metal losses. These data were 
extrapolated to predict a loss of 4 mils 
of thickness per surface in four years 
for 18-4-1 tool steel and 347 stainless 
steel in flowing 900°F sodium. 

The effect of these sodium-produced 
nitride cases on mechanical properties 
of stainless steel was ~bserved [116] 
by nitriding completely machined test 
specimens in static sodium to various 
case depths before testing at room tem-
perature and at 850 and 1000°F. Results 
of the tensile tests are given in Fig. 
2.115 as a function of the case depth. 
At temperatures up to at least 850°F, 
the strength, ductility, and strain-
fatigue resistance of nitrided speci-
mens were markedly below those of un-
nitrided specimens. The brittleness 
of the case produced surface cracks in 
the specimens at relatively low strains 
and the specimen behaved as a notched 
specimen. The severity of cracking in-
creased with case thickness and de-
creased with temperature; cracking was 
practically absent at 1000°F. It was 
estimated that a 347-stainless-steel 
part nitrided to a depth of 5% of its 
thickness would have tensile strength 
reduced by 5%, ductility reduced by 50%, 
and cycles-to-failure in fatigue re-
duced by 95% (all at 850°F). 

The results observed in these studies 
were confirmed in later work with 304 
stainless steel. [117] Tubing speci-
mens of 304 stainless steel were ex-
posed to 1000°F sodium (10 ppm oxygen) 
flowing at 0.1 to 0.2 ft/sec and to the 
nitrogen cover gas. Specimens were 
examined metallographically at 660, 
1140, and 1400 hr, with the results 
shown in Table 2.65. 
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50 I ELONGATION I 

10 

0o 10 20 30 40 50 
CASE DEPTH (% OF THICKNESS) 

Fig. 2.115 - Effect of nitride case 
on mechanical properties of 347 stain-
less steel. Abbreviation RT i& room 
temperature. 

A very thin case formed after 1400 hr 
exposure on the specimens completely sub-
merged 18 in. below the Na-N interface. 
The flow rate was apparently too low to 
remove the nitride case as it formed, 
as reported in Ref. 116; the results 
more closely compare with the static-
exposure tests of Ref. 39. Mechanical 
test specimens 32 mils thick were ni-
trided with anrrnonia by standard commer-
cial techniques to give a light case 
(1 to 2 mils) and a heavy case (4 to 6 
mils), tensile tested at room temper-
ature and at 500 and 1000°F, and stress-
rupture tested at 1000°F to determine 
the effects of nitriding on 304 stain~ 
less steel. Results of the tensile 
tests are given in Table 2.66, and re-
sults of the stress-rupture tests are 
shown in Fig. 2.116. An increase in 
yield strength and a marked decrease in 
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TABLE 2.65 - Nitride-Case Thickness for 304 Stainless Steel Exposed to a 1000°F 
Na-N System 

Exposure time, 
hr 

660 
1140 
1400 

Specimen position 

Sodium side 

Slightly below 
Na-N interface, 

mil 

0.9 
1.5 
2.0 

3 in. below 
Na-N interface, 

mil 

0.1 
0.1 
0.3 

Nitrogen side 

Slightly above 
Na- N interface, 

mil 

None 
0.1 

3 in. above 
Na-N interface, 

mil 

None 
0.1 
0.4 

TABLE 2.66 - Tensile Data for Nitrided 304 Stainless Steel 

Temperature As received 1- to 2-mil case 4- to 6-mil case 

Yield strength, psi 
Room 35,300 34,000 39,500 
500°F 22,500 28,400 29,800 
1000°F 18,800 26,900 29,800 

Ultimate strength, psi 

Room 93,100 74,000 60,000 
500°F 67,900 53,500 41,600 
1000°F 61;900 48,100 41,700 

Elongation, % 

(f) 
(f) 
LLJ 
0::: .... 
(f) 

Room 
500°F 
1000°F 

65.2 
34.9 
32.8 

10 100 1000 
LIFE (hr) 

Fig. 2.116 - Stress-rupture data at 
1000°F for nitrided 304 stainless steel. 
0, as received. 6, 1- to 2-mi l case. 

4- to 6-mil case. 

35.6 17.5 
19.6 10.5 
18.3 6.5 

ultimate strength, ductility, and 
stress-rupture life were found in the 
nitrided specimens. At 1000°F and 
40,000 psi, the stress- rupture life of 
an as-received specimen was 50 times 
that of the specimen with the light ni-
tride case . 

Experiments at Dounreay showed that 
niobium and vanadium will nitride when 
immersed in NaK under nitrogen cover 
gas if the temperature is high enough. 
[118] Nitriding of vanadium appeared 
to begin at about 400°C (750°F); samples 
picked up 600 ppm in six days. Niobium 
did not nitride at this temperature but 
did show signs of nitriding when 
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TABLE 2.67 - Effect of Mass Transfer of Carbon and Nitrogen on Room-Temperature 
Tensile Properties of Niobium* Tested in Sodium in 316-Stainless-Steelt Containers 

Surface- Change in concen-

Room-temperature 
tensile properties 

area ratio tration in nio- Ultimate ten- Elongation 
Temperature, Time, of stain- bium, ppm sile strength, in 2.5 in., 

OF hr less steel psi % 
to niobium 

Carbon Nitrogen Before After Before After 
test test test test 

1700 1000 0.1 +100 -20 
1700 500 6.5 +240 + 660 22,800 48,200 17.5 5 
1700 500 6.5 +420 +1920 22,800 46,200 17.5 11 
1800 500 20 +790 + . 860 22,800 50,400 17.5 6 

*All specimens used in these tests were annealed 
before exposure; specimens were 0.040 in. thick. 

tl8% Cr-13% Ni-2.5% Mo-1.8% Mn-0.06% C-0.03% N. 

for 2 hr at 1600°C in vacuum 

TABLE 2.68 - Carbon and Nitrogen Concentration of Niobium Specimen* Before and 
After Exposure in Sodium-316-Stainless-Steel System for 1000 hr at 1700°F 

Specimen condition 

Before test 
After test 
After surface layers 

machined off 

*Specimens were 0.040 in. thick. 

Concentration, 
ppm 

Carbon 

90 
510 
150 

Nitrogen 

80 
2000 

590 
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immersed for five days at 550°C (1020°F). 
In refractory-metal-stainless-steel-

sodium systems, the transfer of inter-
stitial nitrogen from stainless steel 
to the surface of the refractory metal, 
which forms more stable nitrides, has 
been observed. [62] The system Nb-316 
stainless steel-Na was investigated in 
detail at 1500 to 1800°F. The results 
shown in Table 2.67 indicate that time, 
temperature, and surface-area ratio (316 
stainless steel to niobium) all affect 
nitrogen transfer. When the surface 
area was 1:10, no significant increase 
in nitrogen in the niobium was found; 
when the ratio was 6.5:1, nitriding of 
the niobium occurred, causing an in-
crease in ultimate tensile strength and 
a decrease in ductility of the niobium. 
Metallographic and X-ray examination re-
vealed two surface layers on the nio-
bium, NbC and Nb2N. Further studies 
showed that carbon was confined to the 
carbide surface layer but that nitrogen 
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Heaters and Coolers 

Principal Author: E. N. PEARSON 

Contributing Authors: J. SUSNIR, R. S. BAKER, and E. LARSEN 

3-1 INTRODUCTION 

This chapter is concerned with the 
uses, design, and operating experience 
of sodium-NaK heaters and coolers. The 
sodium-NaK cooler, a type of liquid-
metal heat exchanger, is sometimes re-
ferred to as a radiator. (This is not 
to be confused with the radiators for 
space applications discussed in Chap. 
4.) Therefore in this chapter [specifi-
cally in Sec. 3-2.9(a)] the words cooler, 
heat exchanger, and radiator will be 
used interchangeably. 

Heaters used to preheat or to main-
tain sodium temperature in piping, pumps, 
and heat exchangers are discussed in 
Vol. IV, Chap~ 5, and are therefore not 
presented here. 

Sodium-NaK coolers can be categorized 
as follows: 

1. Liquid metal to air. In a liquid-
metal system, this cooler functions as a 
heat sink either in an experimental loop 
or in a reactor plant, in place of or in 
conjunction with the production of steam 
and electricity. Reactor plants are 
sometimes designed and operated with a 
liquid-metal cooler serving as an emer-
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gency safety or backup device. The 
Aircraft Reactor Experiment (ARE) 
used a liquid-metal cooler to pre-
heat engine air. 

2. Liquid metal to nonmetallic 
fluids. 

Fossil-fueled and electrical 
sodium-NaK heaters are discussed. 

3-2 LIQUID-METAL-TO-AIR COOLERS 

3-2.1 General I nformation 

Gas-cooled liquid-metal heat ex-
changers have been used almost ex-
clusively with air as the cooling 
medium. The liquid metal flows inside 
the tubes, and air flows across the 
exterior tube surfaces. 

Air-cooled heat exchangers (non-
metallic f~uid-to-air) are being 
used increasingly by the chemical and 
power-plant industries. Many of the 
techniques developed can be used in 
liquid-metal-to-air coolers after the 
effects of the higher temperature of 
liquid metals have been thoroughly 
evaluated. 
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3-2.2 Heat Transfer and Pressure Drop 

The design of an air-cooled liquid-
metal heat exchanger is concerned with: 

1. Heat transfer. 
a. Tube-side film coefficient. 
b. Tube-wall conduction. 
c. Air-side or fin-side heat 

transfer. 
2. Fluid flow. 

a. Tube-side flow distribution 
and pressure drop. 

b. Air-side or fin-side flow 
distribution and pressure 
drop. 

Kern [l] presents a complete chap-
ter on the design of units with extended 
surfaces. In general, the calculational 
techniques and typical applications are 
for hot fluids at temperatures no 
greater than 400°F. At the 1964 Ameri-
can Society of Mechanical Engineers [2] 
(ASME) Symposium on Air-Cooled Heat Ex-
changers eleven papers dealing with 
technical and economic aspects of air-
cooled heat exchangers were presented. 
Emphasis was on relatively low-tempera-
ture (400°F or less) coolers. Several 
other recent papers [3-6] present infor-
mation on cooler optimization and ellip-
tical-tube construction. [4] 

This section is limited to discussion 
of units with transverse or perpendic-
ular fins on the exterior of the tube. 
This type is most commonly required and 
used for air-cooled liquid-metal coolers. 
Space radiators (Chap. 4) have an entire-
ly different construction principle, in 
which forced convection plays no part. 
Their radiating fins are longitudinal, 
whereas the coolers (radiators) dis-
cussed here have fins that are trans-
verse or perpendicular to the tube. 

The heat-transfer design of an air-
cooled heat exchanger begins with the 
relation 

q = VA ( h. t) lm (3.1) 

where 1 u = ~-...,,.--,---,--...,.,.,_-----
( l /hi)+ (x/k) + (l/h0 ) 

(3. 2) 
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where A 
u 

heat-transfer area 
overall heat-transfer 
coefficient 
logarithmic-mean tempera-
ture difference 

X 

rate of heat transfer 
heat-transfer coefficient 
on inside surface 
heat-transfer coefficient 
on outside surface 
thermal conductivity of 
wall material 
thickness of wall 

Equation 3.2 is true for plane sur-
faces and can be applied to curved 
surfaces if the wall thickness is 
small compared to the radius of cur-
vature. 

The increased exterior surface area 
of the fin tubes must be considered; 
this can be done by defining the over-
all heat-transfer coefficient (neglect-
ing radiation): 

u 1 
(1/h) + (A/Ai)[(l/h.J + (x/k)] 

(3.3) 

where A is the total outer surface of 
finned tube, Ai is the inner surface 
of tube, and his the apparent surface 
coefficient of finned surface. Assuming 
hf= h0 , the apparent heat-transfer 
coefficient for the finned surface, h, 
can be expressed as 

(3.4) 

where nf = fin efficiency (values for 
various fin configurations 
are found in Refs. 1 and _7.) 

A = total outside surface area 
(base plus fin) 

= surface area of fins 
heat-transfer coefficient 
of fins 

h0 = heat-transfer coefficient 
on outer surface of tubes 
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Equations 3.3 and 3.4 should be 
qualified in three areas: (1) The 
heat-transfer coefficient U is based 
on the outer surface area, (2) radiant 
heat transfer is not considered, and 
(3) contact resistance between the 
fins and the tubes is not considered 
here (see Ref. 8). 

The assumption in the Eq. 3.3 deri-
vation is that the exterior his uni-
form everywhere. This is generally 
not rigorously correct. [6] When a 
radiation heat-transfer coefficient hr 
is added, the variation in h becomes 
more significant. Not only is the hr 
between fins much less than hr from 
the tube surface but, depending on the 
number of tube passes across the air 
stream, the values of hr for the lower 
and upper tube rows (assuming the 
liquid metal is flowing essentially 
horizontally in a multipass arrangement) 
could be significantly different. 

An effective hr can be derived based 
on area weighting of the tube and fins. 
This is added to the convective film 
coefficient hf. Chambers and Somers 
[9] present a theoretical analysis of 
radiant heat transfer from annular fins. 

It has been only recently that radia-
tion from fins has received much atten-
tion. [10] In 1963 Cobble [11] found 
the temperature of a fin transferring 
heat by forced convection and radiation. 
Therefore much remains to be done in 
this area before meaningful design in-
formation is developed. 

After the correct expression for the 
overall heat-transfer coefficient is 
formulated, the individual film coef-
ficients must be evaluated on the basis 
of reliable empirical correlations. 

The tube-side liquid-metal heat-trans-
fer coefficient can be obtained from 
correlations in Vol. II, Chap. 2. The 
Lubarsky-Kaufman equation [12] (see Vol. 
II, Chap. 3) is a frequently used corre-
lation for the tube-side liquid-metal 
heat-transfer coefficient: 

Nu 0. 625 Pe o • 4 (3.5) 
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Other correlations by Dwyer [13] 
(see Vol. II, Chap. 2) and 
Skupinski [14] are also used. The 
Lubarsky-Kaufman equation appears 
to give conservative estimates of 
Nu, and Dwyer's correlation tends to 
give the highest values of the corre-
lations now used. Skupinski's 
equation, 

Nu 4~82 + 0.0185 Pe 6 • 827 (3.6) 

tends to give an average value of Nu, 
based on results obtained from a num-
ber of experiments. 

The convection coefficient on the 
fin side is a function [4] of 

(3. 7) 

where A0 /A is the ratio of outer sur-
face: area of bare tube to total outer 
surface area of fin tube and S/l is 
the ratio of fin pitch to fin height. 

One correlation [5] used is 

Nu= 0.28 Re 0 • 6 Pr 0 • 33 (3. 8) 

where dis the Nu and Re is the tube 
outer diameter. This equation is for 
air outside finned tubes- in a staggered 
close-pitched arrangement. Lohrisch 
[5] further simplified Eq. 3.8 to 
obtain the film coefficient in terms 
of pressure drop and number of tube 
banks. For air [5] between 60 and 
300°F, 

where ~pis pressure drop in inches of 
water, n is number of tube rows, and 
dis root diameter of tube in feet. 

Figure 3.1 illustrates specific 
heat duty for elliptical and circular 
tubes. Average design air velocity 
(face velocity) for air-cooled heat 
exchangers was stated [5] to be 675 
ft/min (approximately 11 ft/sec). An 
increase in air velocity increases the 
heat-transfer coefficient but also the 
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Fig. 3.1 Specific performance of 
some fin-tube heat-exchanger rows. 
[From F.J. Schulenberg, Finned Ellip-
tical Tubes and Their Application in 
Air Cooled Heat Exchangers, Trans. ASME 
(Amer. Soc. Mech. Eng.)~ Ser. B: J. Eng. 
I nd., 179-190, May 1966.] 

pressure drop and power requirements 
of the fan. Various techniques and 
methods of optimization are presented 
in Refs. 3 to 6. Here again, note the 
differences between standard commercial 
air coolers and the higher temperature 
liquid-metal coolers. 

Airflow distribution is of concern, 
particularly if a significant amount 
of air is bypassing or leaking around 
the tube bundle; this causes ineffective 
airflow and heat-transfer performance. 

The vibration characteristics of the 
tube bundle and cooler structure must 
be evaluated. Vibration caused by air-
flow can be prevented by proper design 
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techniques based on analysis and test. 
Cohan and Deane, [15] Chester, [16] and 
Cantes and Johnson [17] presented 
valuable boiler-flow and vibration 
studies. Heat-exchanger noise and 
vibration were also investigated. [18] 

Liquid-metal pressure drop can be 
handled by the standard incompressible 
flow techniques presented in Vol. II, 
Chap. 1. Since the cooler will have a 
number of parallel tubes between inlet 
and outlet headers, parallel-flow net-
works are involved. Thus nonuniform 
flow distribution between tubes must 
be considered. 

Both liquid-metal- flow and airflow 
distribution can lead to thermal~stress 
problems [see Sec. 3-2.9(a)]. 

A final point to be considered is 
freezing of the liquid metal in local 
areas. This may be caused by low 
liquid-metal flow combined with low 
inlet temperature or by low ambient 
temperature. Freezing of the liquid 
metal is only an inconvenience; however, 
remelting or liquefying the solid sodium 
requires rigid safety considerations 
because of volumetric expansion. Re-
melting must begin at a free surface, a 
requirement that is not always practical. 

The air temperature for which the 
unit is designed must be realistic. 
Kassat [19] presented data for a specif-
ic location showing a probability 
curve of ambient temperature. An air 
temperature covering 95% of all oper-
ating hours was considered sufficient. 
In addition, day-to-evening cyclic tem-
perature variations must be considered 
in the design. 

3-2. 3 Fin Tuhes 

In air-cooled heat exchangers, 
the high heat-transfer coefficients of 
liquid metals suggest the use of ex-
tended surfaces (fins) in contact with 
the cooling air to which heat is trans-
ferred. 

The many types of fin tubes used in 
air-cooled heat exchangers can be broad-
ly classified under four headings: [20] 
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1. Integral .fins. 
2. Embedded fins. 
3. Soldered or brazed fins. 
4. Interference- fit fins: 

a. Edge tension-wound helical 
fins. 

b. Footed tension- wound heli-
cal fins. 

c. Helically extruded fins. 
d. Expanded-plate fins. 

Tubes with aluminum fins have been 
developed; these have the fin strip 
either wound tightly around the tube 
or rolled into a groove cut into the 
outer tube surface. Another type of 
tube can be manufactured by winding 
on an L- shaped aluminum strip with the 
foot of the fin embracing the tube and 
producing a contact surface about 3 mm 
wide. The fins of the so- called bimetal 
tube are rolled out of an aluminum tube 
that is at the same time mechanically 
bonded to an inner steel tube.[19] 

Such materials as copper and aluminum 
are not recommended for use in high- tem-
perature liquid-metal systems. Copper 
cannot be used in direct contact with 
oxidizing atmospheres at metal tempera-
tures above 400°F because of the forma-
tion of nonadherent oxide films that 
impede heat transfer and ultimately 
destroy the fins. Aluminum does not 
suffer this disadvantage and might be 
considered for use at metal temperatures 
as high as 1000°F except for its almost 
complete lack of mechanical strength and 
its high thermal-expansion coefficient 
relative to the basic metals to which 
it is customarily attached. [21] 

In spite of their low conductivity, 
[of the order of 10 Btu/(hr)(sq ft) 
(°F/ft)], the austenitic steels, 
Monel, and Inconel are customarily 
used when the fin-metal temperatures 
are beyond the limits of suitability 
of copper and aluminum. However, the 
recent development of clad copper fins 
may make it possible to operate at fin-
metal temperatures as high as 1900°F 
with all the advantages of copper's 
high conductivity and the corrosion 
resistance and high mechanical strength 

of the cladding material. [21] 

3-2.4 Structural Design 
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Since liquid sodium may be hazard-
ous in contact with other fluids or 
with personnel, extra precautions must 
be taken in heat-exchanger design to 
eliminate the possibility of such 
contacts. Normal exchanger vents and 
drains must be provided at high and low 
points of fluid compartments to reduce 
the likelihood of pockets of liquid (or 
solidified) sodium at shutdown. Wherever 
possible, tubes should be sloped to pro-
vide positive drainage by gravity. 
Crevices in which liquid sodium can be 
retained by surface tension or physical 
entrapment should be kept to a minimum. 

These considerations apply to hazards 
to personnel and equipment during start-
up and shutdown periods. During oper-
ation, however, leakage to the atmos-
phere is of concern. The probability 
of leakage from the equipment is custom-
arily minimized by integral construction 
of the vessel walls, i.e., by substi-
tuting welded joints for gasketed joints 
and by requiring more than normal evi-
dence of leaktightness during and after 
fabrication. In general, the equipment 
discussed in this section should be 
designed according to the ASME Boiler 
and Pressure Vessel Code, Sections III 
and VIII, for primary or secondary 
coolant usage, respectively. Reference 
22 presents considerations relating to 
total strain and stress rupture. 

3-2.5 Air-Cooler Arrangement 

On a typical arrangement the support-
ing structure, which carries the cooling 
elements, forms one unit with the plenum 
chambers. The cooling air is supplied 
by axial-flow fans and is forced through 
the elements. The fan rings are rigidly 
connected to the bottom wall of the 
plenum chamber. Of the numerous possible 
types of air coolers, the two types of 
construction preferred for use in re-
fineries and the petrochemical industry 



196 

are (1) "horizontal" construction where 
the cooler elements are arranged hori-
zontally and (2) "roof" construction 
where the elements are arranged in the 
form of a pitched roof. Both types are 
suitable for large-scale construction 
and therefore for the many cooling and 
condensing processes where large quan-
tities of heat have to be dissipated 
within the most varied temperature 
ranges (Fig. 3.2). 

---COOLING ELEMENTS 

SUPPORTS 

(a) 

PLENUM , 
CHAMBER__..: 

! I 

(b) 

Fig. 3.2 Arrangement of cooling 
bundles for roof (a) and horizontal (b) 
construction of an air cooler. (From 
Ref. 19. Reproduced with permission 
of Industrieverlag v Hernhaussen KG.) 

One of the advantages of roof con-
struction is that less floor space is 
required. In horizontal construction 
the simple arrangement of the pipework 
appears to be advan.t .ageous, particu-
larly if the combination of several 
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cooling processes is involved. 

3-2.6 Fans and Fan Drives 

Design and construction techniques 
for the fans and fan drives discussed 
here [19] are applicable to liquid-
metal systems if the higher fluid 
temperature (typically 1200°F) is 
considered. 

Since air-cooled plants are installed 
out-of-doors, fans and fan drives must 
be durable and must be designed so that 
all parts requiring maintenance are 
easi'ly accessible. All motor parts 
that are subject to wear (bearings, 
gears, etc.) should be designed for at 
least 50,000 operating hours. [19] 

Axial-flow fans up to about 5~ ft 
(1600 mm) in diameter are usually 
mounted on the driving- motor shaft. 
The limits for this kind of application 
are given by the fan noise, which 
increases with rising circumferential 
speed. Driving the fan directly by 
the motor is the best solution with 
respect to operating reliability; how-
ever, since this type of operation 
is limited to relatively small fan 
sizes, it will seldom be found in large 
air-cooler plants in refineries. Fans 
using vee-belt-drive speed reduction 
are frequently found in refineries. 
Such a drive is reasonable in price 
and is sufficiently durable if the 
mounting and bearings are carefully 
designed. This drive is suitable 
mainly for fans of 5¼ to 11~ ft 
(1600 to 3500 mm) in diameter. The 
range of application is restricted to a 
fan-shaft power of about 25 kw (Fig. 
3. 3). 

For fan powers higher than 25 kw, 
reduction gears are used. [19] Typical 
arrangements include a bevel gear 
coupled to a horizontal driving motor 
located on the floor and a vertical fan 
drive shaft connected to the gearbox 
through a universal joint. This can 
be replaced by a more compact construc-
tion with a spur gear. The fan wheel 
is arranged on the drive shaft of the 
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gearbox in an overhung position, and 
its bearing lies in the gearbox itself. 
The driving motor is of the flanged 
type, directly coupled with the gearbox 
input shaft. Reduction gears for axial-
flow fans up to capacities of about 100 
kw have been used. 

Since the operating reliability of 
the gears depends mainly on the per-
fect lubrication of the tooth surfaces 
and the bearings, oil-circulation pumps 
must be installed at the larger capaci-
ties. The reliability of the plant can 
be increased by controlling oil tempera-
ture and flow by thermometers wi.th alarm 
indicators and flow-sensitive relays. 
[19] 

VEE BELT 

BEVEL GEAR SPUR GEAR 

Fig. 3.3 Fan drives. (From Ref. 
19. Reproduced with permission of 
Industrieverlag v Hernhaussen KG.) 

Air-handling ability of fans needs 
further investigation. One exchanger 
manufacturer uses fans no larger than 
12 ft to avoid maintenance problems on 
bearings. [ 23] 
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3-2.7 Operation and Control 

Since air-cooled heat exchangers are 
usually designed for ambient air tem-
peratures that are reached or even 
exceeded during relatively few hours 
of the year, they have a cooling margin 
during the rest of the year which rises 
with decreasing air temperatures. 

The following equation may be used 
to approximate power consumption of an 
air-cooler fan: [19] 

V l:ipT 
N = 102n kw (3 .10) 

where N = fan power consumption (kw) 
V airflow rate (m 3 /sec) 

!:ipT total pressure difference 
(mm H20) 
f:iPstat + l:ipdyn 

liPstat = static pressure difference 
in cooler system (mm H20) 

!:ipdyn = velocity head to be produced 
in fan ring (mm' H20) 

n = efficiency of fan with respect 
to total pressure 

Economic performance can sometimes 
be improved at low air temperatures by 
reducing cooling airflow, thereby 
reducing electrical power consumption. 
This volume reduction can be achieved 
simply by stopping some fans. Numerous 
small fans must be used to facilitate 
appreciable saving of power in this 
manner, and this in turn leads to a con-
siderably higher installation cost, 
particularly in connection with electri-
cal supplies. [19] 

A more flexible performance is 
achieved by use of double-wound pole-
changing motors for the fan drive. The 
air quantity decreases almost linearly 
with speed, but the static pressure in 
the fin-tube system falls as the I.6th 
to 1.8th power of the air inlet vel-
ocity; thus a power saving of about 70% 
is gained by reducing the 6/4 pole 
motor to the lower speed and so reducing 
the fan speed to two-thirds. [19] 
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A combination of economic operation 
and product-side control can be obtained 
by using fans with blades that can be 
adjusted while running; the air quantity 
is thus continuously controlled by the 
blade adjustment. The product outlet 
temperature produces a signal to the 
control which can effect a blade adjust-
ment either pneumatically, hydraulically, 
or electromechanically. 

Figures 3.4 and 3.5 illustrate pneumat-
ic and electromechanical control sys-
tems, respectively. Power savings 
through the use of various fan-control 
techniques are discussed in Ref. 19. 

Fig. 3.4 Pneumatically adjustable 
fan. (From Ref. 19. Reproduced with 
permission of Industrieverlag v Hern-
haussen KG.) 

The liquid-metal temperature can 
also be controlled by variable airflow 
louvres. This kind of throttling by 
itself results in no fan power saving, 
however. 

Another possibility for liquid-metal 
temperature control is the use of a 
bypass around the cooler, i.e., mixing 
of hot (uncooled) and cooled liquid-
metal streams. 

3-2.8 Fan Noise 

Fan noise is caused by air separa~ 
tion at the fan blades at sections 
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within the fan housing. Drive motors 
and reduction gears add to the fan 
noise. Fan noise may be estimated 
from [19] 

L = A 'fu 

where Lis noise level in phons [24, 
25] and U is circumferential speed of 
blade types in milliseconds. The facto1 
A depends on the fan diameter and the 
air quantity. The following table 
refers to normal supply: 

Fan 2.56 3.28 6.55 9.83 13.1 16.4 
diameter, 
ft 

Fan 
diameter, 
mm 

800 1000 2000 3000 4000 5000 

Noise 
level 
factor A 

23 23 23 22.5 21 

For further details and applications 
see Ref. 19. 

3-2.9 Installations 

This section sunnnarizes the design 
and operating experience of specific 
units. 

(a) Aircraft Reactor Test (ART). 
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To investigate design and fabrication 
problems inherent in compact, high-per-
formance heat exchangers for aircraft 
nuclear propulsion (ANP) applications, 
experimenters at the ANP Division of Oak 
Ridge National Laboratory (ORNL) tested 
liquid-metal (NaK-air) coolers (radi-
ators). Twenty coolers were operated at 
1200 to 1700°F. The coolers, nominally 
rated at 1 and 1¾ Mw, employed cro~s-
countercurrent airflow over small-di-
ameter Inconel U-tubes. Brazed to these 
U-tubes were copper fins plated with 
stainless steel to form a compact matrix 
of extended heat-transfer surface. 
Figures 3.6 and 3.7 illustrate the 
two basic designs tested. [26, 27] 
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Fig. 3.5 Diagram for electrome-
chanical fan control. (From Ref. 19. 
Reproduced with permission of Indus-
trieverlag v Hernhaussen KG.) 

1 Cooler element 
2 Variable fan 
3 Blade positioner 
4 Motor 
5 Response signal 
6 Control 
7 Switchgear 
8 Blade-angle transmitter 
9 Response indicator 
10 Command indicator 
11 Blade-angle indicator 
p Product 
L Cooling air 
tE Product inlet temperature 
tA Product outlet temperature 

The high-conductivity stainless-steel-
clad-copper fin material used in the 
radiators required edge treatment after 
shearing to prevent oxidation of the 
copper core. Slurried aluminum powder 
was applied to the edges of a stack of 
fins, and the fins were heated to alloy 
the copper and aluminum, This aluminum 
bronze effectively prevented fin de-
terioration and loss of heat- transfer 
effectiveness. The fins were punched 
and slipped over the Inconel tubes, 
the extruded periphery of the punched 
hole serving as a spacer between fins. 

The first ORNL test unit was operated 
successfully in 1952, some six months 
after the radiator design and develop-
ment program was initiated, with solid 
stainless-s teel fins. The heat- trans-
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FIN BANK 

AIRFLOW 

NaK HEADER 

Fig. 3.6 Aircraft Reactor Test 
½-Mw(t) radiator. 

fer performance was somewhat inferior 
to that calculated, apparently because 
air streaming between the tubes left 
low-velocity regions in the tube wakes 
and thus rendered the fins in these 
regions less effective. 

As the test program progressed, 
tube failures occurred which could 
not be accounted for by any of the 
thermal strains envisioned in the 
preliminary stress analyses. The 
temperature distribution in a cross-
flow heat- transfer matrix leads to an 
odd three-dimensional distortion and 
a complex stress distribution. Figure 
3.8 shows the temperature distribution 
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Fig. 3.7 Aircraft Reactor Test 
1 3 /4-Mw(t) radiator. 

Fig. 3.8 Temperature distribution 
through the NaK-to-air cooler radiator. 
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Fig. 3.9 Radiator performance for ten ~-Mw(t) Y units. 
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Fig. 3.10 Radiator performance 
for eight ~-Mw(t) units. 

3000 

for a typical case. The radiator matrix 
is three-dimensional so that thermal 
expansion occurs not only in the air-
flow direction, but also transverse to 
the airflow, both along and across the 
tubes. Therefore it is necessary to 
allow for differential thermal expan-
sion between strip or plate fins and 
the header s.heet, between various tubes 
in the heat-transfer matrix, and between 
such tubes and any support structure or 
baffles desired. Provision must also 
be made for changes in temperature dis-
tribution associated with temperature 
transients in the liquid circuit r22]. 

Performance data were obtained on 
eighteen ~-Mw(t) units [26,28]. Be-
cause of test-equipment limitations, 
the heat load on the radiators was based 
on the measured NaK flow rate, and the 
airflow rates were then calculated from 
the air-temperature rise across the 
radiator. The test results from ten 
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Fig. 3.11 Composite heat-transfer 
data for Aircraft Reactor Test numbers 
1 and 2. 

~-Mw(t) units manufactured by a single 
vendor are plotted in Fig. 3.9. Line 
2 on the graph shows results from one 
of the very early ~-Mw(t) units whose 
performance was significantly below 
that of later units tested. Figure 3.10 
shows lines 1 and 2 of Fig. 3.9 along 
with data on eight additional ~- Mw(t) 
radiator units manufactured by four other 
vendors. The bulk of the units had per-
formance capabilities in good agreement 
with line 1, Fig. 3.9. A few of the 
units, however, gave reduced perfor-
mance. 

A performance test was carried out 
on two 1 3 /4-Mw(t) ART prototype radi-
ator units. The performance results 
from these tests are shown in Fig. 3.11 
along with line 1, Fig. 3.9, previously 
established for the ~-Mw(t) radiator 
units. The data indicate an improved 
performance over that of the ~-Mw(t) 
units. This apparently stemmed from 
improvements in testing techniques. 
One of the difficulties encountered in 
testing the ~-Mw(t) units was the elim-
ination of bypass air around the radi-
ator units. The necessity for avoiding 
rigid structural restraints on the unit 
complicated the task of sealing the air 
duct. In addition, temperature tra-
verses across the discharge air ducts 
indicated some degree of airflow and 
temperature asymmetry. In the design 
of the test stand for the 1 3 /4-Mw(t) 
ART radiator units, careful attention 
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Fig. 3.12 Main and auxiliary air- blast heat exchangers for the Sodium Reactor 
Experiment. 

was given to the radiator mounting and 
bypass air seals. Air-temperature 
measurements were made with thermocouple 
grids, and, in general, the radiator in-
strumentation was somewhat more extensive 
than for smaller radiator units on the 
heat-exchanger stands. 

(b) Sodium Reactor Experiment (SRE). 
The SRE used the sodium- to-air coolers 
shown in Fig. 3.12 (also referred to 
as air-blast heat exchangers) to dissi-
pate the reactor heat. (The main cooler 
was in parallel with a steam generator.) 
The main air-blast heat exchanger (see 
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detailed sketch in Fig. 3.13) consisted 
of four U-shaped tube bundles installed 
in a protective housing above d-c elec-
tric-motor-driven fans. The tubes are 
simila~ to those in the SRE IHX (l in. OD 
by 16 BWG wall thickness) but have exter-
nal 410 stainless steel fins 2 in. in di-
ameter spaced eight per inch. All tubes 
are connected in parallel from headers 
at one side of the assembly. The direc-
tion of airflow is normal to the secon-
dary sodium flow. Mechanically operated 
louvres are installed above the tube 
bundles to assist in controlling air-
flow. Tubular electric heaters are 
mounted below the tube bundles for pre-
heating the system and for providing 
makeup heat during low-power operation. 
These heaters maintain q temperature 
of 350°F during shutdown. [29,30] 

Fig. 3.13 Sketch of the Sodium 
Reactor Experiment main air-blast heat 
exchanger. 

The main air-blast heat exchanger 
contains 204 U-tubes 26 1/2 ft long. 
They provide 23,600 sq ft of heat-re-
moval surface for a heat removal of 20 
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Mw(t). At normal operating power the 
the estimated heat-transfer coefficient 
is 8.3 Btu/(hr)(sq ft)(°F), and the 
exit air temperature is 277°F with an 
inlet air temperature at 100°F. Below 
the tube bundles are two 11-ft-diameter 
five-bladed fans, each driven by a 
50-hp variable-speed d-c motor. The 
auxiliary air-blast (foreground in Fig. 
3.12) is similar in design but has only 
30 U-tubes 8 ft long. It has a heat-
removal rating of 1 Mw(t) with a design 
heat-transfer coefficient of 5.8 and 
utilizes a 5-ft-diameter fan driven by 
a 5-hp variable-speed d-c motor. 

Operation with this unit resulted 
in high heat loss, which was resolved 
by using line and component heaters 
(required for preheating) during criti-
cal times, i.e., following a scram. 

(c) Southwest Experimental Fast 
Oxide Reactor (SEFOR). The SEFOR air-
blast coolers are forced-air finned-
tube heat exchangers designed for the 
following conditions: [31] 

Main Auxiliary 
Power, Mw(t) 20 1 
Sodium inlet tempera-
ture, OF 670 670 

Sodium outlet tempera-
ture, OF 550 550 

Air inlet tempera-
ture, OF 90 90 

Air outlet tempera-
ture, OF 493 403 

Heat-transfer coef-
ficient design, 
Btu/(hr)(sq ft)(°F) 9.0 7.3 

The main air-blast cooler consists 
of the heat-exchanger tube bundle, 
support structure, blower, blower drive, 
and blower speed control. 

The cooler tube-bundle surface 
area, of 26,300 sq ft, consists of 270 
finned stainless-steel U-tubes 1.0 in. 
in outside diameter by 0.072 in. in 
wall thickness. The fins are 0.030-in.-
thick carbon steel helically wound at 
seven per lineal inch of tube in a 
plowed groove. The U-tubes are mounted 
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horizontally, 45 across and 6 deep, to 
produce a tube bundle of 12 layers of 
tubes. Inlet and outlet manifolds con-
sist of 16-in.-diameter pipe sections 
to which tube sheets are welded. The 
sodium nozzles are located so that the 
hot secondary sodium enters the top of 
the bundle to prevent stratification 
and promote natural circulation. The 
overall size of the tube bundle is 
about 13 ft wide, 17 ft long, and 4 ft 
deep. 

The main cooler tube bundle is sup-
ported about 16 ft above grade with the 
blower located at grade and to one side 
of the tube bundle. Air is ducted from 
the blower discharge upward through a 
transition duct, plenum chamber, and 
the tube bundle. Steel gratings are 
mounted above and below the heat-ex-
changer tube bundle for protection 
against flying objects. The tube bundle 
and support structure are designed for 
300- mph wind loads. The bundle can be 
isolated to maintain sodium temperature 
during downtime with three sets of pneu-
matic, remote-operated, insulated doors 
located above and below the tube bundle. 
The tube bundle housing is insulated, 
and Calrod heaters are mounted between 
the bottom of the heat exchanger and 
lower grating to preheat the unit during 
start-up or to maintain temperatures 
during shutdowns. 

Cooling air is supplied by a floor-
mounted scroll-type double- inlet cen-
trifugal blower rated to deliver 700,000 
lb/hr of air at 6.5 in. H2 0 pressure. 
The blower has manually operated, vari-
able-inlet-guide vanes for control at 
very low load conditions. A 250-hp 
motor drives the blower. The sodium 
outlet temperature from the main air-
blast cooler is controlled at a given 
set point by a temperature indicator 
controller that adjusts the blower speed 
through an ampli-speed magnetic drive. 
[31] 

(d) Cadarache. The air-cooled ex-
changers at Cadarache (nests of finned 
tubes) have been shown to be satisfac-
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tory and have sufficient capacity to 
dissipate the rated power at the design 
temperatures for the secondary coolant. 
[32] 

A leak in the 10-Mw(t) air exchanger 
was discovered because of the smoke 
produced. This leak was caused by 
porosity in a weld at a very inaccess-
ible spot; this led to external cor-
rosion of the faulty tube and of neigh-
boring tubes. Two tubes out of a total 
of 262 had to be cut and sealed off. 

Exchangers for Rapsodie will be 
manufactured in separate units to make 
the the welds more accessible to avoid 
incidents of this kind. I32] 

(e) Atomic Power Development Associ-
ates, Inc.~ (APDA). At the Fermi reac-
tor an air cooler was used in conjunc-
tion with high-temperature precritical 
tests. [33] The cooler bundle was in-
stalled in the furnace and served a dual 
function, i.e., as a heating coil. This 
is discussed in more detail as a heater 
in Sec. 3-6. 

(f) BOR. The Russian BOR will use 
air- cooled heat exchangers as backup 
in advanced sodium- cooled plants. 

In each secondary circuit loop of 
BOR, apart from the heat exchanger and 
pump, there is a steam generator. In 
addition, there is an air-cooled heat 
exchanger designed for a thermal capac-
ity of 30 Mw which can be connected 
to any secondary circuit loop instead 
of the corresponding steam generator. 
The flow of air through the heat ex-
changer is produced by fans. [34] 

(g) Sodium Components Test Instal-
lation (SCTI). The SCTI cooler, rated 
at 8.5 Mw(t), is used as a heat sink 
in reducing the temperature of the 
sodium to provide the required thermal 
transients for the test heat exchangers 
(Fig. 3.14). It is constructed of 6-in. 
304-stainless-steel inlet and outlet 
sodium headers with 14 in. - long finned 
tubes making 14 passes across the air 
stream. The finned tubes are 1 1/2 in. 
long with a 3.4-in. outside diameter and 
0.050- in. - thick fins spaced five per 
inch. [35,36,37] 
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Fig. 3.14 Sodium cooler for the Sodium Components Test Installation. 

(h) Fast Flux Test Facility (FFTF). 
At present a conceptual evaluation 
indicates that the FFTF will use ex-
tended-surface forced-air heat dumps 
to dissipate approximately 430 Mw(t) 
of heat generated in the reactor. [38] 
This could become the largest installa-
tion of air-cooled-sodium heat ex-
changers in one plant or facility. 

(i) Lithium-Cooled Reactor Experi-
ment (LCRE). The Connecticut Advanced 
Nuclear Engineering Laboratory (CANEL) 
nonnuclear LCRE system test used a 
5-Mw(t) air-cooled heat exchanger. The 
liquid metal was NaK. By Sept. 1, 1964, 
it had operated for over 9000 hr at de-

sign conditions. [39] 
(j) Experimental Breeder Reactor No. 

2 (EBR-II). An air-cooled heat ex-
changer is used in EBR-II in the shut-
down cooling system. NaK flows in a 
closed system through an immersion-type 
bayonet heat exchanger in the primary 
sodium system and the air-cooled heat 
exchanger. 

NaK flow is upward into the finned-
tube air-cooled heat exchanger, which 
is located in an air stack with the 
damper outside the reactor-containment 
building. The heat is transferred to 
the atmosphere by natural convection 
of air. The cooled NaK then flows down-
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ward into the inlet of the bayonet 
cooler. [40] 

The rate of heat release from the 
system is controlled by the position 
of the stack dampers. Normally the 
dampers are automatically controlled, 
but manual control is also possible 
in the event of failure of the auto-
matic system. During reactor operation 
the dampers are closed and a minimum 
flow of NaK occurs in the shutdown 
cooling system. This method of opera-
tion prevents the freezing of NaK in 
cold weather, provides for positive 
starting when the dampers are opened, 
and reduces thermal shock on the system. 
When the stack dampers are opened, the 
thermal head on both the NaK and the 
air side is increased. This gives rise 
to increased flow of both fluids, which, 
in turn, causes increased heat removal 
from the bulk sodium. 

(k) Prototype Fast Reactor (PFR). 
Air-cooled heat exchangers, similar to 
those in EBR-II will be used in the PFR 
for shutdown or decay cooling. 

(1) Sodium Pump Test Facility (SPTF). 
The proposed SPTF [41,42] requires 
sodium coolers for temperature control 
of the sodium. The conceptual designs 
have considered air-cooled heat exchangers 
or cooling devices attached to the sodium 
piping. Either cooling arrangement has 
to dissipate approximately 5 Mw(t) at 
sodium temperatures of 400 to 1200°F to 
maintain temperature stability. 

(m) Mine Safety Appliances Co. (MSA). 
The details of the MSA sodium cooler are 
shown in Fig. 3.15. Sodium was passed 
from a 3-in. double-extra-strong pipe 
manifold through 13 1-in.-OD by 16-BWG 
finned tubes into a discharge manifold. 
The sodium tubes made six passes through 
the air stream. The fin material was 
4 to 6% Cr Mo steel 0.024 in. thick, 
and the fins were 2 in. in outside 
diameter. They were spirally wound on 
the tubes at a pitch of five per inch. 
The finned length on each pass was 2 ft 
5 in. The tubes were formed in a ser-
pentine manner with a bare section U 
bend between passes. The unfinned 
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length was not in the air stream. [43] 
Air passed upward through the shell 

side of the cooler at a maximum rate 
of 27,000 lb/hr. The airflow rate was 
controlled manually by a damper on the 
blower inlet. 

The overall size of the cooler is 
3 ft by 2 ft 8 in. by 2 ft 2 in. The 
unit was designed for the following 
conditions: 

1. Heat load of 3,500,000 Btu/hr. 
2. Heat-transfer surface of 426 sq ft. 
3. Mean temperature difference of 

900°F. 
4. Sodium volume of 1.15 cu ft. 
The performance of the cooler can be 

expressed by 

U = 0.0391G 0 • 59 (3.11) 

where U is overall heat-transfer co-
efficient [Btu/(hr)(sq ft)(°F)] and G 
is air-mass flow rate (lb/hr/sq ft). 
Experimental data points (Fig. 3.16) 
lie within ±20 to 30% of the values 
computed from this equation, which was 
recommended by the manufacturer as his 
design equation. Comparison with Eq. 
3.8 shows a Re or G dependence of 0.6; 
this is in fair agreement with Eq. 3.11. 

In an attempt to get a better corre-
lation, the effects of (1) the sodium 
entrance temperature, (2) the air en-
trance temperature, (3) the viscosity 
and thermal conductivity of the air 
evaluated at the wall mean temperature, 
at the air-bulk mean temperature, and 
at the air-film mean temperature, and 
(4) possible natural convection were 
investigated. Correlations using these 
factors did not reduce the deviation. 
Fifteen separate methods of correlation 
were tried, but most resulted in plots 
with clumps of data that could be corre-
lated in almost any way without changing 
the deviation significantly. 

This deviation in results is caused 
by the difficulty of measuring air tem-
peratures in the discharge ducting. 
The discharge temperature was measured 
by nine thermocouples on a grid in the 
2.5-ft-square duct. The velocity profile 
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2 ft 5 5/8 in. x 2 ft 5 1/8 in . OPENING 

Fig. 3.15 Sodium cooler at Mine Safety Appliances. 

in the duct was measured at various 
flow rates to minimize the errors in 
the temperature measurement. However, 
the scatter in the data is believed to 
be due to these measurements. [43] 

(n) Comitato Nazionale per Z'Energia 
Nucleare, Italy (CNEN). The cooler 
consists of an air- sodium heat exchanger 
with finned tubes mounted in a cold-air 
conduit. The inlet and outlet sodium 
collectors will be connected by a series 
of finned tubes mounted in parallel. 
[44] 

At the exchanger approximately 50 
kw must be transported by the sodium 
flow of about 4400 kg/hr at a tempera-
ture of 1100°F at the inlet and 1040°F 
at the outlet. 

Cooling airflow is about 8.3 m3 /min. 
The blower has a capacity of 14 m3 /min 
and is installed with a bypass around 
the cooler and an air lock that permits 
regulation of the flow. Differential 
manometers will be installed across 
the cooler. 

The air temperature will be measured 
on the inlet section and at several 
points on the discharge section. The 
thermocouples for measuring the tem-
perature of the discharged air will be 
suitably shielded against thermal radia-
tion from the nest of tubes so that the 
temperature measurement will not be 
affected. 

Airflow will be measured by a pitot 
tube located in the discharge conduit 
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Fig. 3.16 Performance of the Mine 
Safety Appliances sodium cooler. 

in a suitable manner. 
(o) SNAP. The SNAP-8 Experimental 

Reactor (S8ER) employed the air-blast 
heat exchanger shown in Figure 3.17 as 
the system heat sink. Design conditions 
for the heat exchanger were as follows: 

NaK condition 

1 2 
Rate heat load, 
Btu/hr 2.05 X 106 2.05 X 10 6 

Rated flow, 
lb/hr 4.89 X 104 4.9 X 104 

Temperature in, 
OF 1250 950 

Temperature 
out, OF 1050 750 

Design tempera-
ture, OF 1400 1400 

Design pressure, 
psia 100 100 

Maximum pressure 
drop, psig 5 5 

The S8ER heat exchanger operated for 
over 8700 hr (1 year) with an inlet tem-
perature of 1250°F and for over 10,000 
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hr at greater than 1000°F before shut-
down. The core was of tube-and-fin 
construction with six fins per inch. 
The tubes were fabricated from 1 1/2-
in.-diameter Schedule 40 tubing with 
3.4-in.-OD by 0.030-in.-thick stainless-
steel fins helically wound into pre-
plowed grooves in the tubing. The 
heat exchanger was oriented horizontally 
with the inlet and outlet manifolds on 
the same end. The tube-bundle arrange-
ment consisted of four rows of four 
tubes each. NaK entered the inlet mani-
fold at the bottom, split between the 
four tubes, made four passes through 
the air stream, and then exited through 
the outlet manifold at the top. Air 
was blown straight up through the heat 
exchanger by a squirrel-cage blower. 
Lnlet and outlet louvers and fan speed 
were used to vary cooling as required. 
A metal shield was positioned over the 
air-blast heat exchanger to protect it 
from direct rainfall. The active portion 
of the tube bundle was 54 in. long, 20 
in. wide, and 17 in. high. 

Destructive postoperative examination 
of the heat exchanger did not reveal any 
impending failures and indicated that 
considerable life was still available 
at shutdown. 

A similar tubular heat exchanger 
with the same design requirements is 
to be used as the primary heat sink for 
the SNAP-8 Developmental Reactor (S8DR). 
The heat exchanger is shown in Fig. 3.18. 
The tube bundle is 48 in. long, 24 in. 
wide, and 8 in. high and is fabricated 
from 192 4-ft-long by 3/4-in.-diameter 
tubes. NaK enters the inlet manifold 
on one side, makes one pass through the 
air stream, and exits through the outlet 
manifold on the other side. 

3-3 LIQUID-METAL-TO-NONMETALLIC-LIQUID 
COOLERS 

The use of nonmetallic liquids in 
liquid-metal coolers has occurred almost 
exclusively in steam generators (Vol. II, 
Chap. 4) where the water steam combina-
tion is the nonmetallic cooling liquid. 
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Fig. 3.17 NaK cooler (air-blast heat exchanger) for the SNAP-8 Experimental 
Reactor. 

Steam generators will not be included 
in the subsequent discussion of non-
metallic coolers. 

The use of nonmetallic liquids (such 
as hydrocarbons) in preference to a 
gaseous coolant would be dictated by 
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Fig. 3.18 NaK cooler (air- blast heat exchanger) for the SNAP- 8 Developmental 
Reactor. 

requirements such as heat. flux, coolant 
flow area, and temperature driving force. 
[ 45] 

Systems and components using various 
hydrocarbon fluids to cool the sodium 
are as follows: 

1. Cold traps initially installed 
in the SRE where the cold trap is 
envisioned as a sodium-to-fluid ·cooler) 
used boiling toluene. This was sub-
sequently changed to a Tetralin cooling 
jacket. Final modifications resulted 
in gas cooling of the cold trap. (For 

more detail, see Chap. 1.) 
2. Freeze-seal pumps in the SRE 

initially used Tetralin as a heat 
sink. Difficulty with leakage and 
compatibility resulted in a change 
to NaK. [45] The cooling coils 
around the case and shaft freeze 
seals can·be viewed as sodium coolers. 

Liquid-metal coolers using non-
metallic liquids have not been in 
widespread use. Instead, fluids such 
as NaK and air have been used almost 
exciusively. 
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3-4 SODIUM-NaK HEATERS - MAIN CLASSIFI-
CATIONS 

Two main classifications for sodium-
NaK heaters are: 

1. Heaters for preheating system 
components and for maintaining liquid 
metal at flowing temperature. 

2. Heaters for simulating the reactor 
core in heat-transfer and corrosion 
studies. The second classification 
includes (1) heaters for producing 
liquid-metal stream temperatures corre-
sponding to normal reactor operation 
and (2) heaters of special design to 
produce high heat fluxes (about 
1,500,000 Btu/hr/sq ft) corresponding 
to reactor fuel-burnout conditions. 

Heaters for preheating liquid-metal 
piping systems are discussed in Vol. II, 
Chap. 2. 

This section discusses heaters for 
preheating system components (other 
than piping), heaters for maintaining 
liquid metal at temperatures correspond-
ing to normal reactor operation and 
special heaters for high-flux investi-
gations. 

3-5 SODIUM-NaK HEATERS FOR COMPONENT 
PREHEAT AND ~.iAINTAINING FLOW 
TEMPERATURE 

Heaters used to preheat components 
and maintain liquid metal at flow tem-
perature have used (1) fossil fuels 
(gas and oil), (2) steam, (3) hot gas, 
and (4) electricity. Fossil-fuel-fired 
preheating systems are not used as ex-
tensively as other systems because it is 
difficult to maintain and ventilate 
combustion equipment in test instal-
lations or in reactor environments. 

Steam and hot-gas preheating systems 
have been placed in operation. These 
systems consist of a centrally located 
heater which supplies heat to tracing 
lines. Tracing lines for sodium and 
NaK preheating generally consist of 
1/4- to 1-in. carbon-steel pipe strapped 
or metallurgically bonded to the com-
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ponent to be preheated. 
Electrical preheating systems are 

more extensively used than th~ other 
methods. The ease of control of electri-
cal circuits, the readiness with which the 
heating elements may be installed, and the 
ease of maintenance have led to the adop-
tion of electrical preheating for most so-
dium-NaK installations now in operation. 

Several techniques have been devel-
oped for electrical preheating. Among 
these are cartridge resistance heaters, 
induction heating methods, and the heat-
ing of the component by making it a por-
tion of a directly connected circuit. 

Cartridge or rod heaters are fastened 
to the outer surface of the £omponent to 
be preheated. Small staples (usually 
series 300 stainless steel in strip 
form) are tack welded to the outer sur-
face in such a manner as to force the 
heater into good thermal contact. Com-
mercially available heat-resistant putty 
containing a large percentage of graph-
ite or lamp-black is supplied as fillet-
ing to improve heat transfer. The heater 
is provided with a backup reflector con-
sisting of a strip of stainless steel. 
Care must be taken to avoid bending the 
heaters sharply within the heated length. 
The heater terminals must be brought 
out through the thermal insulation with 
which the component is usually provided. 
Typical installations are described in 
Refs. 26,35 to 37, and 46 to 49. 

Induction preheating systems are not 
extensively used for component preheat-
ing in sodium and NaK systems since 
these systems are constructed of series 
300 stainless steels, which are nonmag-
netic. The component must be clad with 
a shell of mild (magnetic) steel to 
achieve a reasonable efficiency. This 
increases the cost of preheating with 
this system. An additional drawback 
is the fact that the transfer of heat 
to the component is retarded by lack of 
close fit between cladding and component. 

Direct electrical heating systems in 
which the component itself or a portion 
thereof forms part of a directly connect-
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ed circuit have been used to some 
extent. However, the nature of most 
components makes the use of this system 
unsuitable because of the variation in 
current density with wall thickness of 
the component. Uneven heating is pro-
duced where this occurs. Reference 26 
describes an application of this method. 

As mentioned previously, all electri-
cal systems have the advantage of ease 
of control. The particular control 
system for a given application will be 
governed by the characteristics of the 
application. The simplest control 
system utilizes magnetic contactors in 
an on-off switching circuit controlled 
by a temperature-sensing device. A 
more accurate maintenance of tempera-
ture can be obtained by using variable 
autotransformers or saturable-core 
reactors. 

Since solid-state devices capable 
of handling large currents are now 
available, the solid-state device known 
as the silicon-controlled rectifier, 
which has no moving parts, shows prom-
ise of filling the long-standing need 
for compact, infinitely variable, low-
cost, reliable power control. 

3-6 SODIUM-NaK HEATERS FOR REACTOR-
CORE SIMULATION 

As mentioned previously, sodium-NaK 
heaters for reactor-core simulation 
are in two categories: (1) heaters for 
simulating normal reactor operation 
and (2) heaters of special design for 
studies of simulated fuel-element burn-
out. 

Fossil-fuel-fired heaters have been 
used extensively for this application. 
Tangential gas burners were used at 
MSA in heat-exchanger tests with sodium 
on a 3000-kw system. Gas-fired heaters 
have also been used at ORNL. [26] A 
35-Mw gas-fired heater was installed 
at Atomics International [ 33-35] (Fig. 
3.19). 

If fossil fuel is competitive with 
electric power on a price basis, the 
fossil-fuel-fired systems are usually 
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chosen over electrical systems for 
large-scale reactor-core-simulation 
studies because of the added complexity 
of installing electrical heaters. 

In contrast to the application of 
electrical heaters to the outer surface 
of components for preheating, electrical 
heating systems for reactor-core simu-
lation should be designed so that the 
heating. elements are immersed in the 
liquid metal. Immersing the elements, 
however, presents two disadvantages: 

1. A leaktight weld must be made 
between the heater sheath and the wall 
of the component. Crevices on the 
liquid-metal side must be avoided; the 
construction technique to be followed 
here is the same as that in the welding 
of tubes to tube sheets in sodium-heated 
steam generators. If crevices are per-
mitted, sodium or NaK collecting in the 
crevice during operation will react 
with moisture-laden air that finds its 
way into the liquid-metal side of the 
component when it is shut down for 
maintenance purposes. Special machining 
of the component wall is necessary. [50] 

2. Care must be taken to make certain 
that the liquid-metal level rises until 
the heaters are completely submerged 
before applying full- line voltage to 
the heater circuit. If the heaters are 
operated at full-line voltage for any 
length of time before being submerged, 
failure due to overheating will very 
likely result. 

Heaters for this service must be 
designed to operate dependably while 
producing enough heat to boil liquid 
metal. Since these requirements are 
difficult to satisfy with rod-type 
heaters of ordinary construction, 
special heaters have been developed. 
[51-57] These heaters are designed for 
direct contact with liquid metal, as 
heat fluxes in liquid-metal-boiling 
studies must be accurately known. 
Indirect heating methods in which heat 
is applied to containment systems from 
external sources are not desirable for 
this application. 

One problem that has been encountered 



HEATERS AND COOLERS 213 

Fig. 3.19 Gas-fired 35- Mw heater for the Sodium Components Test Installation. 

in the use of high- current electrical 
immersion heaters is the effect of the 
magnetic field surrounding the heater 
on the liquid metal; it causes an 
apparent increase in viscosity and a 
change in heat-transfer characteristics 
in the immediate neighborhood of the 
heater. The mechanism of this phenom-
enon is the subject of continuing 
investigation. 
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Chapter 4 

Radiators, Condensers, and Boilers 

R. E. BEDFORD and J.M. HOWARD 

4-1 INTRODUCTION 

A relatively new area in the field 
of liquid-metal heat-exchanger design 
is the design of radiators, condensers, 
and boilers for space power plants 
that produce electricity for the pro-
pulsion, guidance, and communications 
equipment of space vehicles. This 
chapter presents the factors that must 
be considered in the design of these 
components for liquid-metal service 
in the space environment. Both the 
direct-condensing radiator, in which 
the working fluid changes from a vapor 
to a liquid within the radiator, and 
the sensible-heat radiator, in which 
the working fluid maintains its phase 
but loses sensible heat and temperature, 
are discussed. In addition, the heat-
exchanger type of condenser, which 
uses liquid metal for both the coolant 
and condensing fluid, is considered. 
The boilers considered are of the 
indirectly heated type in which both 
the primary (heating) fluid and the 
secondary (boiling) fluid are liquid 
metals. 

In this chapter attention is 
restricted to sodium and NaK alloy 
coolants. The general areas of fluid 
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flow and of liquid-metal heat transfer 
are discussed in detail in Vol. II, 
Chaps. 1 and 2, respectively; therefore 
the only aspects of these subjects 
considered here are those unique to 
radiator, condenser, or boiler design. 

4-2 RADIATOR-DESIGN CONSIDERATIONS 

The design of radiators to be used 
with liquid-metal working fluids 
involves many special technical dis-
ciplines, including: 

1. Radiative heat rejection. 
2. Fluid mechanics and stability 

of zero-gravity environment for 
sipgle- and two-phase flow. 

3. Materials selection. 
4. System and vehicle integration. 
5. Mechanical design for with-

standing launch loadings. 
6. Meteoroid protection. 

In addition, the space application 
requires that the radiator be light, 
compact, and highly reliable. The 
technical areas involved in the design 
of a space radiator are summarized 
here and are described in considerable 
detail in subsequent sections. 
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In some respects the heat-transfer 
analysis of a space radiator is less 
complex than many designs for ground 
use as only radiation, not convection, 
is involved. The importance of mini-
mizing either weight or area, however, 
requires greater design accuracy than 
is normal for heat-transfer analysis 
since factors of ignorance add weight 
or area. The basic theories of radi-
ative heat transfer are well-known. 
Recent work has been concerned with 
the application of basic theory to 
special cases of interest to the 
radiator designer. This chapter is 
concerned primarily with the design 
of a finned-tubed surface. Either a 
vapor is condensed or liquid is cooled 
in the tubes, and a large portion of 
the heat is radiated from the fins 
attached to the tubes. The heat-
transfer analysis of this configura-
tion involves the thermal resistance 
of the fins, the emissivity of the 
radiator surface, and interchange 
between the tubes and the fins. ·The 
resistance of the condensing film is 
of secondary importance for low-
temperature direct-condensing radiators 
since the radiation heat transfer 
usually governs. In high-temperature 
radiators the condensing and convec-
tive heat-transfer coefficients may 
become important. 

Another major problem area in the 
design of radiators relates to fluid 
mechanics and stability. A detailed 
knowledge of condenser fluid mechanics 
is important in the design of a direct-
condensing radiator. A stable liquid-
vapor interface, constant inventory, 
and constant pressure drop must be 
maintained in the radiator condenser 
to prevent transients in the remainder 
of the power system. 

Meteoroid protection is accom-
plished by using an extended radiator 
surface where only tubes containing 
the heat-transfer fluid are suscep-
tible to damage and require protection. 
This protection can be provided either 
by armor (thick tube walls) or bumpers 

BEDFORD AND HOWARD 

(thin shields placed at some distance 
from the tube). 

Erosion of heat-rejection surfaces 
by micrometeoroids and sublimation of 
materials in the vacuum of space are 
minimized by the proper selection and 
application of materials. A radiating 
surface should have a high emissivity 
in the infrared spectrum, a low absorp-
tivity in the solar spectrum, be 
resistant to mechanical erosion, and 
should not evaporate in a vacuum. Fin 
and tube materials should be light, 
easy to fabricate, low cost, and should 
have a high thermal conductivity. In 
addition, tube material must be com-
patible with sodium and NaK. 

The integration of the radiator 
with the launch vehicle and power 
plant is a major problem. The radiator 
must be contained along with the 
remainder of the power plant in a rel-
atively small section of the vehicle. 
Therefore packaging and radiator 
deployment are important considera-
tions in the design of any large space 
radiator. These integration problems, 
though important, depend on the specif-
ic application and for this reason 
are not considered in any detail in 
this chapter. 

4-2.1 TheY1mal Considerations 

This section outlines the techniques 
used in designing a radiator or radi-
ative condenser that is thermally ade-
quate for a specific application. 
Many combinations of materials, fin 
thicknesses, and numbers of tubes can 
be used in the design of a radiator of 
a required heat-rejection capability. 
The final choice is usually fixed 
either by a limit on the area avail-
able for the radiator, or by an opti-
mization in terms of weight, area or 
cost effectiveness. 

(a) Radiator Concepts and Config-
urations 

From a thermal point of view, there 
are two basic radiator concepts that 
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(a) CENTRAL FIN AND TUBE, i. = L 
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(b) OPEN-SANDWICH FIN AND TUBE, J. = L 
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2t 
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t a 

---2L----, 
Cc) CLOSED-SANDWICH FIN AND 

TUBE WITH VARIABLE SIDEWALL, 
J. = L + ta (1 - t/ta) 

R R 
0 0 

Cd) CROSS SECTION OF VAPOR-CHAMBER 
FIN-TUBE GEOMETRY 

Fig. 4.1 - Radiator fin-tube configurations 

deserve consideration. The first con-
cepts, the tube-and-solid-fin arrange-
ments shown in Fig. 4.1 (a, b, and c), 
are early approaches to radiator design. 
There are many possible variations of 
tube-and-fin geometry; however, the 
thermal problems are essentially the 
same for each. The sodium or NaK 
passes through the tubes. The armor 
on either the tube or the fin pro-
tects the tube from meteoroid pene-
tration. Heat from the fluid is 
conducted through the tube walls and 
into the fins. Depending on the radi-

ator geometry, either one or both of 
the fin-tube surfaces radiates this 
heat to space. If a meteoroid punc-
tures a fin, a very small amount of 
surface area is lost, and heat-
rejection capability of the radiator 
drops by a negligible amount. On the 
other hand, puncture of a tube causes 
the coolant to leak out, a generally 
catastrophic event. For this reason 
the tubes are heavily armored and 
spaced far apart. Tube spacing is 
limited by the temperature drop 
resulting from heat conduction through 
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Fig. 4.2 - Radiator configurations. 
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Fig. 4.3 - Local view factor to 
space for triform and cruciform con-
figurations. 

the fins. 

1.0 

The second concept, the vapor-
chamber fin [Fig. 4.1 (d)], proposes 
to reduce radiator weight and area by 
providing for an essentially iso-
thermal fin between tubes. This is 
accomplished by replacing the single 
solid fin, which transfers heat by 
conduction, with a double-wall fin 
that forms a hollow chamber, which 
contains a heat-transport fluid. The 
working fluid can then be boiled off 
the tube surfaces of the chamber and 
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ARMOR HEADER 

Fig. 4.4 - Plane finned-tube direct-
condensing radiator. 

condensed on the fin surfaces to pro-
duce a fin of constant temperature 
and high radiating effectiveness. Con-
densate is then returned to the boiling 
surface by some means of capillary 
pumping that is essentially insensitive 
to gravity forces [1]. In the radiator 
application the vapor-fin chamber, 
which is vulnerable to meteoroid pene-
tration, can be compartmented into a 
large number of sealed segments to 
minimize the effect of puncture on the 
operative area, The principle of 
transporting heat by boiling and con-
densing a fluid in conjuction with the 
return of the condensate through a 
capillary medium has been established 
experimentally in heat pipes .[2, 3]. 
The application of the vapor-chamber 
fin concept to space radiator design 
is analyzed in Ref. 4. 

Of the fin-tube configurations 
shown in Fig. 4.1, the central fin 
construction (a) is the geometry con-
sidered in most analytical studies. 
However, it may be less practical to 
fabricate than some alternate geom-
etries. 

The open-sandwich construction (b) 
is the most easily fabricated; it 
lends itself to tube-to-fin furnace 
brazing, torch brazing, or welding, 
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depending on the tube and fin materials, 
strength requirements, and/or furnace 
capacity. Its use in a conical or 
cylindrical panel configuration with 
the tubes on the inside makes maximum 
use of the meteoroid protection effect 
of the fins. 

The closed-sandwich concept (c) has 
the advantages of strength and the 
meteoroid protection afforded by the 
fin location for any panel config-
uration but is somewhat more diffi-
cult to fabricate than the open-
sandwich concept. 

Five typical radiator configur-
ations are shown in Fig. 4.2. The 
panel choice, of course, is deter-
mined by the envelope available. In 
general, the flat plate is the 
lightest for a given heat rejection 
but requires greater envelope dimen-
sions. Conversely, the cone and 
cylinder may be heavier but will fit 
into a smaller envelope. The tri-
form and cruciform fall between the 
flat plate and cone or cylinder with 
regard to weight and envelope size. 
In brief, the optimum radiator config-
uration can be determined only in the 
specific case, including in particular 
the launch vehicle integration for 
each case. 

For the triform and cruciform 
configurations, the view factor to 
space may be considerably less than 
unity. Figure 4.3 shows the local · 
view factor from radiators of these 
configurations to space [5]. The 
integrated values of the view factors, 
0.866 for the triform and 0.707 for 
the cruciform, can be used as constants 
over the entire surface without siz-
able overall error. Figure ·4. 4 shows 
a flat-plate solid-fin-and-tube 
direct-condensing radiator of the 
central-fin type. 

(b) Nomenclature for Secs. 4-2.1 to 
4-2.4. 

A Area of radiating surface 
At Total radiating area of 

radiator 

a 

B 
Cp 
Cpv 
C 

D 

d 
Et 

FE(SR) 

F 

f 
g 

> 

Outside area of vulnerable 
surface (tubes, headers, 
etc.) in radiator 
Albedo, the fraction of 
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solar radiation incident on the 
earth which is reflected 
Correction for a finite 
target; i.e., the target that 
will be penetrated by a pro-
jectile is a times the depth 
of penetration in an infi-
nitely thick target (due to 
spalling) 
Tube center-to-center spacing 
Specific heat of liquid 
Specific heat of vapor 
Sonic velocity in armor 

(l2vEtg 
O 

/Pa) 
Hydraulic diameter of tube 
= Di for circular tube 
Critical tube diameter for 
interface stability 
Inside diameter of tube 
Inside diameter of vapor 
header at inlet 
Inside diameter of vapor 
header at entrance to last 
tube supplied by header 
Diameter of liquid header 
Diameter of vapor header 
Outside diameter of tube 
inside diameter of vapor 
header in Section 1 (Fig. 
4 .10) 
Inside diameter of vapor 
header in Section 2 (Fig. 
4 .10) 
Particle diameter (cm) 
Modulus of elasticity of 
meteoroid armor 
Radiator view factor for 
earth's reflected solar 
radiation (albedo) 
Radiator view factor for 
earth's thermal radiation 
Radiator view factor for 
direct solar radiation 
Cumulative flux (particles/ 
m2 -day) 
Friction factor 
Local acceleration 



224 

H 

h out 

K 
k 

kt 

L 

Ler 
Loe 
i 

M 
m 
m 
mx 
N 
Ne 

n 

p 
P(O) 

32.2 ft/sec 2 

Gravitational acceleration at 
earth's surface 
Mass velocity at position x 
along header 
Earth thermal radiation 
constant 
Liquid-header length 
Heat-transfer coefficient 
inside radiator tube 
Boiling heat-transfer coeffi-
cient of heat-transfer fluid 
in vapor-chamber fin 
Condensing heat-transfer 
coefficient of heat-transport 
fluid in vapor-chamber fin 
Heat of condensation of vapor 
Heat content of fluid 
entering radiator 
Heat content of fluid 
leaving radiator 
Entrance loss coefficient 
Thermal conductivity of fin 
material 
Thermal _ conductivity of tube-
wall material 
Minimum fin half-length (Fig. 
4.1); one-half the tube 
center-to-center distance 
less the outside tube radius 
Condensing length; length 
from tube inlet to liquid-
vapor interface 
Critical condensing length 
Reference condensing length 
Actual fin half-length (Fig. 
4 .1) 
Mass of vapor 
Minimum particle mass (g) 
Mass flow rate 
Mass flow rate at position x 
along header 
Number of radiator tubes 
Conductance parameter, 
Ne= a£ 2 T 3/kt 
Number of ~'s acceleration= 
= g/go' 
Pressure (absolute) 
Probability of no penetration 
of vulnerable area by meteor-
oids in a period of T days 

Po 

Pm 

(11P)f 
(11P) H 
Q 

Re 
Reo 

Ro 
s 
T 
To 
Too 

Toi 

To2 

Tout 

Tsat 
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Total pressure at inlet of 
tube 
Pressure at liquid-vapor 
interface in radiator tube 
Liquid-vapor interface 
pressure at design point 
Pressure of vapor in vapor 
manifold 
Pressure of vapor in vapor 
header at design point 
.Frictional pressure drop 
Header pressure drop 
Net heat transferred from 
radiator to sink 
Heat load from space 
Gas constant 
Tube sidewall to tube center-
line dimension, R0 - L 
Reynolds number 
Axial Reynolds number based 
on diameter 
Outside tube radius 
Solar-radiation constant 
Radiating-surface temperature 
Fin-base temperature 
Fin-base temperature at 
design point 
Fin-base temperature at 
radiator inlet 
Fin-base temperature at 
radiator outlet 
Bulk-fluid temperature 
Effective fin-base temperature 
for evaluation of surface 
effectiveness, no 
Fluid temperature 
Temperature of vapor at 

· liquid-vapor interface 
Temperature of fluid at 
radiator inlet 
Temperature of vapor in 
manifold 
Temperature of fluid at 
radiator outlet 
Effective radiant-sink 
temperature 
Saturation temperature of 
vapor at the radiator-inlet 
pressure 
Temperature drop between con-
densing fluid and base of fin 
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X 

a 

s 
y 
E: 
a 

Temperature drop between con-
densing fluid and base of fin , 
at design point 
Half-thickness of the fin 
Tube armor thickness 
Tube sidewall thickness 
Overall heat-transfer 
coefficient 
Meteoroid velocity (cm/sec) 
Average axial velocity at 
position Z 
Inlet axial velocity (vapor) 
at tube inlet 
Inlet axial velocity to 
pertul:'bed tube 
Average vapor velocity in 
Section 1 of vapor header 
(Fig. 4.10) 
Average vapor velocity in 
Section 2 of vapor header 
(Fig. 4.10) 
Vapor quality at radiator in-
let 
Distance along header length 
Momentum loss factor 
Axial distance along tube 
Distance from tube inlet to 
point of runback 
Flux-mass relation of 
meteoroids (5.71 x 10-10 ) 
Absorptivity of radiator sur-
face to solar radiation 
Constant (1.34) 
Cratering coefficient 
Radiating surface emissivity 
Stefan-Boltzmann radiation 
constant [0.1713 x 10- 9 

Btu/(hr)(sq ft)( 0 R4
)] surface 

tension 
Surface effectiveness defined 
as the ratio of the heat 
rejected by the radiating 
surface to the heat that 
would be rejected if the sur-
face were all at the fin-base 
temperature (radiation from 
tube surfaces included in 
this definition) 
Ratio of two-phase pressure 
gradient to single-phase 
vapor-pressure gradient 

A Heat-transfer parameter for 
vapor-chamber fin 

Pa Density of meteoroid armor 
Pf Density of fin material 
PL Density of liquid phase of 

working fluid 
Pp Meteoroid density (~/cm 3

) 
Pt Armor density (g/cm) 
Pv Density of vapor phase of 

working fluid 
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µL Viscosity of liquid phase of 
working fluid 

µv Viscosity of vapor phase of 
working fluid 

T Exposure time in days 
(c) Radiation Heat Transfer 
The basic equation that governs the 

net radiant heat transfer from a sur-
face is the familiar Stefan-Boltzmann 
law, given by 
Q =£a A (T 4 - T 4 ) (4.1) 

s 
where Ts is the sink temperature and T 
is the surface temperature. 

The sink temperature can be defined 
as the temperature that a passive sur-
face would reach if it were in thermal 
equilibrium with its environment. It 
is an effective temperature rather than 
a true temperature because of its 
dependence on the radiating surface 
properties. The environmental heat 
input to a radiator operating in space 
can be expressed as 

a8 S F8 A+ a8 S FE(SR) a A+ 
EH FE(T) A (4.2) 

and the net heat transfer can be 
written as 

Q = E: a A T4 - Qspace (4.3) 

The equivalent sink temperature can be 
determined from Eqs. 4.1 to 4.3 as 
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Equation 4.1 describes the heat 
transfer from a surface at a constant 
temperature T, but radiators generally 
employ extended radiating surfaces 
that are not at a constant temperature. 
The performance of extended surfaces 
is conveniently described in terms of 
a variable called the surface effec-
tiveness. The surface effectiveness 
is the ratio of the actual heat 
rejected by the extended surface to 
the heat that would be rejected if 
the surface were all at the temper-
ature T 0 (where T 0 is the fin-root 
temperature), i.e., 

Qactual 
A (T4 _ T 4) sat o s 

(4. 5) 
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Fig. 4.5 - Surface effectiveness 
for central fin and tube configuration 
with radiation from both sides. 
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Fig. 4.6 - Surface effectiveness 
for open-sandwich fin-tube configura-
tion with radiation from both sides. 

The analytic solution of the 
radiant heat-transfer fin problem is 
quite complex. To determine the sur-
face effectiveness, we must solve 
second-order differential equations 
expressing -the relation between con-
ductive and radiative heat transfer 
in the fin-tube element. Since 
methods of solution are described in 
the literature [6], they are not 
discussed here. The surface effective-
ness has been determined for a variety 
of fin-tube geometries [7]. The sur-
face effectiveness for Fig. 4.1 (a) 
and (b) expressed in terms of two 
dimensionless parameters is shown in 
Figs. 4.5 and 4.6, respectively. 
These parameters are the ratio of fin 
half-length to tube outer radius L/ R0 ., 

which describes the effective cavity 
of the fin and tube, and the conduc-
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tance parameter Ne (sometimes called 
the radiation modulus), which describes 
the ratio of the radiating potential 
of the fin to its conducting poten-
tial. The conductance parameter is 
defined by the relation Ne= 
al 2 T0

3 /kt for a black body. For 
Fig. 4.1 (a) and (b), Z = L. 
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Fig. 4.7 - Surface effectiveness 
for closed-sandwich fin-tube config-
uration with radiation from both sides. 

An additional parameter is required 
to describe the variable-tube sidewall 
thickness used in the closed-sandwich 
design in Fig. 4.1 (c). This param-
eter is the ratio of the actual side-
wall thickness of the tube to the 
thickness specified by the meteoroid 
protection criteria t 8 !ta. The sur-
face effectiveness for the closed-
sandwich configuration is shown in 
Fig. 4. 7. 

Several specific assumptions were 
used to derive the fin-tube effi-
ciencies [7] shown in Figs. 4.5 to 
4.7: 

1. Incident radiation from 
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external sources is negligible. 
2. The radiator surfaces act as 

black bodies with incident and emitted 
radiation governed by Lambert's co-
sine law. 

3. Steady-state one-dimensional 
heat flow occurs in the fins with the 
fin-base temperature equal to the tem-
perature of the tube outer surface. 

4. Fin and tube material properties 
are constant and evaluated at the 
fin-base temperature. 

5. The development of the fin and 
tube angle factors is based on an 
infinite longitudinal extent of fin 
and tube. 

6. Fin thickness is neglected in 
the determination of the view factor 
from the base surface to the fin. 

7. Temperature on the outer tube 
surface is constant circumferentially 
and longitudinally. 
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Fig. 4.8 - Surface effectiveness 
for vapor-chamber fin with radiation 
from both sides [4]. 

The total radiating effectiveness 
based on the base surface temperature 
for the vapor-chamber fin configura-
tion [4] is shown in Fig. 4.8 as a 
function of the heat-transfer param-
eter and the ratio Z/Rb [see Fig. 
4.1 (d)]. The heat parameter, A, is 
defined by 
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(4. 6) 

where hB and he are the boiling and 
condensing heat-transfer coefficients, 
respectively, of the heat-transport 
fluid in the vapor-chamber fin. 

(d) Effective Temperature for 
Evaluating n0 

The equations so far developed 
assumed that the temperature of the 
base surface is a constant (T0 ). In 
the condensing region of a radiative 
condenser this assumption is appro-
priate if the static pressure change 
is small. This is not true for the 
sensible-heat radiator,where T 0 varies 
between Tin and Tout of the fluid 
flowing in the tubes (neglecting for 
the present, the temperature drops 
associated with the fluid film and 
conduction through the tube wall). 
The preferable method of analysis for 
variable T 0 would be an integration 
over the radiating from Tin to Tout 
with the evaluation of n0 at each 
point [8]. In many instances, however, 
it is sufficient to define an effective 
temperature to evaluate the surface 
effectiveness between Tin and Tout· 
The effective temperature is defined 
by [9] 

(4. 7) 

where Toi and To2 are the inlet and 
exit ba~e-surface temperatures. 

(e) Heat Rejected per Unit Area 
For the sensible-heat radiator the 

surface area required can be expressed 
as [9] 
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C m p 
3E: a no ( 4. 8) 

or, in terms of the heat rejected 
per unit area, 

9-- = 3E: a no(To1 - To2) 
A 1 1 l 

LTi 2 - Ti iJ 
( 4. 9) 

The sink temperature, T8 ,was neglected 
in Eqs. 4.8 and 4.9; this is a valid 
simplification for radiators operating 
above 1000°F. 

Note that the equations presented 
in the previous discussion do not 
account for the effect of heat con-
duction in the fin in the direction 
of fluid flow; the differences in 
sink temperature around the radiator 
such as would occur in, for example, 
a cylindrical radiator; or the effect 
of maldistribution of flow, which 
would lead to an asymmetry of the 
temperature distribution between the 
tubes. More rigorous heat-transfer 
models have been developed in the 
literature to account for these effects 
[5, 8, 10]. 

(f) Fluid-to-Fin Heat Transfer 
The preceding section showed the 

dependence of the radiated heat on 
the base-surface temperature, T 0 • 
In g·eneral, the fluid temperature 
rather than the base-surface tempera-
ture is specified. The difference 
between these temperatures is composed 
of two parts: The temperature drop 
through the tube wall to the fin, and 
the drop through the fluid film. The 
general equation for the rate, Q, at 
which heat must be rejected by a radi-
ator is 

Q = m(h. - h ) in out (4.10) 
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If constant specific heats can be 
assumed for the single-phase regions 
of heat rejection, Eq. 4.10 can be 
approximated by 

The fluid flow rate, inlet tempera-
ture, pressure, quality, and the de-
sired exit temperature are fixed by 
system requirements and can be consid-
ered as input available to the radiator 
designer. The cycle fluid is also 
selected during the system studies, so 
that fluid properties such as density, 
specific heat of liquid and vapor, and 
heat of condensation are available to 
the designer (see Vol. I, Chap. 1) and 
the fluid heat load can be calculated. 
For most applications sodium and NaK 
are used simply as a coolant rather 
than as the working fluid in a vapor 
cycle, in which case Eq. 4.11 reduces 
to 

Q = m C (T. - T ) p in out ( 4 .12) 

The heat from the fluid is transferred 
to the inside surface of the tube by 
convection and to the outside surface 
of the tube by conduction. The heat 
transferred to a length dx of the tube 
outer surface is given by 

dQ = U(TID )(Tb - T )dx 
0 0 

( 4 .13) 

where Tb is the bulk-fluid tempera-
ture. The overall heat-transfer 
coefficient U based on the outside 
tube area is obtained from 

1 U=-----------------[(D0/Di)/h] + [D0 ln (D0 /Di)2kt] 
(4 .14) 

where his the film coefficient of heat 
transfer, which can be calculated as 
prescribed in Vol. II, Chap. 2. 

Equation 4.13 can be used to predict 
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the bulk-fluid to fin-base-temperature 
difference in terms of the local heat 
flux per unit length. In radiative con-
densers the heat flux is nearly constant 
along the radiator. In sensible-heat 
radiators, however, the temperature, and 
thus the radiative heat flux, changes 
markedly along the radiator length. In 
Fig. 4.9 the bulk-fluid temperatures at 
the inlet and outlet (Tin and Tout) are 
specified, but Toi and To2 are not. A 
heat balance on the element of tube and 
fin length dx gives (neglecting axial 
conduction) 

(4 .15) 

where A is the surface area per unit 
length of the fin-tube element. Equa-
tion 4.15 can be solved directly for 
Toi, and To2 can be determined in the 
same manner. Once the entrance and exit 
fin-base temperatures are known, the 
radiator area can be determined [11]. 

(g) Heat Pipes 
The heat pipe consists of an evacu-

ated enclosure containing a capillary 
structure along its inside walls and a 
small quantity of fluid that wets the 
capillaries and has a significant vapor 
pressure at the required operating tem-
perature. The fluid evaporates at the 
heat-input end, condenses on the pe-
ripheral surfaces, and returns to the 
boiling interface by capillary action 
along the walls. Operation is similar 
to that of the vapor-fin chamber de-
scribed in Sec. 4-2.l(a). 

The design characteristics, along 

T02 

Fig. 4.9 - Tube-fin element. 
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with a summary of recent work pertinent 
to heat pipes, is covered in detail in 
Chap. 5 and is not discussed further 
here. 

4-2.2 Fluid Flow 

A detailed knowledge of single-phase 
and condensing fluid mechanics is 
important in the design of a radiator. 
The major factors related to fluid-
mechanics that must be considered in 
the design of radiators are: 

1. Fluid pressure losses and flow 
regimes. 

2. Inlet- and outlet-manifold de-
sign. 

3. Stability. 

(a) Fluid Pressure Losses and Flow 
Regimes 

Techniques for the determination of 
pressure losses are treated extensively 
in Vol. II, Chap. 1, and are not re-
peated here. The total overall change 
in static pressure between the inlet 
and outlet of the radiator can be sub-
divided as follows: 

1. Inlet header frictional pressure 
drop. 

2. Header-to-tube turning and en-
trance loss. 

3. Tube pressure changes: For 
direct-condensing radiator? pressure 
change in tube includes the two-phase 
condensing pressure drop, pressure rise 
due to momentum recovery, and the fric-
tional pressure loss in the liquid sub-
cooling leg. For the sensible-heat 
radiator the tube pressure drop is the 
frictional loss in the liquid. 

4. Tube-to-exit-header turning loss. 
5. Exit-header frictional pressure 

loss. 
To accurately compute the pressure 

drop in a radiative condenser requires 
a step-by-step procedure with the ap-
plication ~f local pressure-drop data 
appropriate to the local flow pattern. 
Various flow patterns that may be en-
countered in a condenser are: 
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1. Stable-film annular flow. 
2. Unstable-film annular flow with 

entrained liquid. 
3. Slug flow and bubbly flow. 
4. Single-phase liquid. 

For the sensible-heat radiator, of 
course, only single-phase liquid flow 
is of concern. 

The pressure also depends on the 
flow regime of each phase. For the 
radiative condenser four types of flow 
are possible: 

1. Viscous (liquid phase)-viscous 
(vapor phase). 

2. Viscous-turbulent. 
3. Turbulent-viscous. 
4. Turbulent-turbulent. 

The type of flow is evaluated from the 
film and vapor Reynolds numbers. For 
Reynolds numbers greater than 2000 flow 
is turbulent. Most condenser designs 
of interest fall under viscous-turbu-
lent or viscous-viscous flow regimes. 

(b) Manifold Design 
In the design of a radiator, con-

sideration must be given to the sizing 
of the liquid and vapor manifolds. 
When more than one radiator tube is to 
be operated in parallel, it is desir-
able to produce equal loading and simi-
lar conditions in each tube. Distri-
bution of flow to each tube is influ-
enced by the manifold design. If 
vapor-flow distribution is unequal, 
condensing and subcooler lengths will 
vary from tube to tube. Variations in 
condenser-tube inlet pressure, tube 
diameter, condenser pressure drop, and 
tube heat-rejection rate all lead to 
variations from tube to tube which can 
cause unequal inventory distribution. 

The inlet-vapor manifold should be 
designed for constant static pressure 
at the inlet of each tube. The design 
procedure utilizing this criterion, the 
static-regain method, attempts to con-
trol the static-pressure regain due to 
loss of fluid velocity when fluid is 
removed at the manifold outlets. This 
static-pressure regain should be equal 
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to the static-friction pressure drop in 
each section so that a constant static-
pressure manifold is obtained. 

The velocity is reduced at each con-
denser tube take-off so that the recov-
ery in static pressure due to this re-
duction offsets the friction in the 
succeeding sections. Thus uniform 
static pressure is maintained at all 
branches. Under ideal conditions, from 
0.7 to 0.8 of the velocity head is re-
covered, the balance being dissipated 
in dynamic losses, not considering the 
changes in section shapes or direction. 
In practical design, an average recov-
ery of 0.5 is obtained. 

A typical section of a vapor header 
[12] is shown in Fig. 4.10. By the 
static-regain method, the pressure drop 
due to friction, (Af>)f, in Section 2 of 
the figure, is offset by recovery in 
static pressure in Section 1 due to 
reduced velocity (Af>)R, 

(4.16) 

or 

Velocity V2 is not known but can be 
expressed as a function of flow rate 
m2 and diameter D2: 

4in2 
V2 = TIP D2 (4.18) 

V 2 

and introducing constants a and S, 
where 

and 

a 

S = 3.25fB ft7/lb2 pi 
Equation 4.18 reduces to 

Ds - a[m2J2D2 - s[m2J2 = 0 
2 V1 V1 

(4.19) 

The vapor-header friction factor, f, is 
determined from a Moody diagram. 

Fig. 4.10 - Typical vapor-header 
section [12]. 

231 

The superiority of vapor headers de-
signed by static-regain methods over 
constant- diameter headers was proved 
by numerous tests using mercury and ni-
trogen [10, 13]. The liquid levels in 
condenser tubes supplied by constant-
diameter headers were grossly unbal-
anced and their locations were unpre- . 
dictable, but, in headers designed by 
static-regain method, liquid-interface 
positions were maintained within 3%. 

A header designed for constant static 
pressure at the inlet of each tube is 
usually very similar to one designed 
for a constant vapor velocity. Because 
of this similarity and the simplicity 
of the constant velocity header, the 
latter type of header is often used in 
radiator- condenser design. The con-
stant-velocity criterion requires that 
the header(s) consist of symmetrical 
section(s) generated by a rotated 
parabola given by 

y 2 = 4bx 

where the constant b describes the 
distance from the vertex of the parab-
ola to its focal point as shown in 
Fig. 4.11. Design equations for vapor 
headers designed on this basis are 
developed in Ref. 2. For preliminary 
designs the vapor header inlet and 
outlet diameters can be approximated by 
assuming that velocity in the header is 
constantly equal to the tube-inlet ve-
locity .• Under these assumptions for the 
configuration shown in Fig. 4.4, 
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Fig. 4.11 - Detail of parabolic 
header geometry. 

DHl = Di IN 
DH2 = Di (4. 20) 

where Di is the tube inside diameter 
and N the number of tubes. 

The design of liquid headers for the 
radiator can be simplified by assuming 
that the headers are tubular with uni-
form diameters. If we also assume that 
the working fluid enters the inlet 

· header at the middle and leaves the 
outlet header at the same position 
(Fig. 4.12), such a design could pro-
vide some saving in header weight since 
in such an arrangement each half of the 
header handles only one-half of the 
total mass flow and header diameter can 
be reduced for constant pressure drop. 
Other arrangements, e.g., U- or Z-type 
headers, are described in the litera-
ture [12]. 

The following equation [8] should 
be satisfied for equal flow distribution 
among the tubes: 

( 4. 21) 

The allowable pressure~drop relation 
is obtained by integrating 

where the mass velocity is now evaluated 
from Eq. 4.21 and the continuity 
equation for constant diameter as 
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FLUID IN+ TIN 

Fig. 4.12 - Radiator configuration 
for liquid-header design. 

4m [ 0. 5 - (x I H L) ] 
G = p V = - ------ (4.22) 

X L X TTDlH 

The friction factor with turbulent 
flow assumed in the headers is given by 

f 0.046 
Reo.2 (4.23) 

The pressure drop for an element of 
header length dx is then 

-dp = 4.411 x 10- 3 x rl•8µ1"2) 
l-D4. 8 

LH PL 
[ xJl.8 o.s - H ax 

L ( 4. 24) 

The integration of Eq. 4.24 yields the 
desired relations between length, di-
ameter, mass flow rate, and pressure 
drop: 
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0.2263 x 10- 3m1 • 8µ 0 • 2H 
(M) H = _____ __ L _ _ L 

D4. BP 
LH L 

( 4. 25) 

When the header diameter is taken as 
the dependent variable, Eq. 4.25 be-
comes 

DLH = 
HL jo.2oa 

Q .17 4,n O • 3 7 5µ 0 • 0 4 I 7 
L (M)HPL (4.26) 

(c) Flow Stability 
Radiator- condenser instability is 

very undesirable since in its worst 
forms it can have catastrophic effects 
on system performance. Primarily 
these instabilities cause large pres-
sure fluctuations or even cause large 
slugs of vapor to enter the effluent 
liquid stream. Either of these effects 
could cause large fluctuations in sys-
tem performance or premature system 
shutdown due to pump or bearing failure. 
The major· forms of instability exam-
ined analytically and experimentally 
are discussed in this section. 

(1) Types of Instability. Three 
types of instability that may occur in 
direct-condensing radiators in a nega-
tive zero gravitational or force field 
were examined in the literature: 
Interface instability, runback in-
stability, and liquid-leg instab-
ility. The first two are single-
tube phenomena; the last is peculiar 
to multiple parallel- tube operations. 

Interface Instability. Interface 
instability, the inability to maintain 
a relatively stable meniscus, does not 
appear to be a critical parameter in 
itself in a condensing system that has 
restoring forces in the form of vapor 
drag and/or impinging droplets. The 
primary influence appears to be in 
promoting runback instability. The 
nature of the instability and the ex-
perimental determination of the 
critical Bond number are discussed in 
greater detail in Refs. 14 to 16. 
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Liquid-Leg- Instability (Single Tube). 
This instability, which may occur in a 
system of parallel condensing tubes, 
causes the liquid leg of a perturbed 
tube to spill into the vapor manifold. 
The resultant effect could be a signif-
cant pressure fluctuation, but nova-
por should be entrained in the effluent 
liquid stream. This instability is 
primarily a function of the condensing 
length, the entrance pressure loss, and 
the degree of condensing vapor momentum 
recovery and can occur only if there is 
a negative pressure drop, i.e., if the 
pressure rise due to vapor momentum re-
covery exceeds the frictional losses. 

Liquid-Leg Instability (Multiple 
Tube). This is the most severe form of 
instability since it may cause liquid to 
spill into the vapor manifold and vapor 
to spill into the liquid manifold. If 
the vapor in the liquid manifold does not 
condense before it reaches the pump, it 
may deprime the pump, shutting down the 
system. If it does condense, it may 
raise the temperature of the liquid e-
nough to reduce the net positive suction 
head to the pump below the critical value 
to maintain adequate pump performance. 
Parallel-tube instability occurs when the 
acceleration forces opposing condensing 
exceed a critical value. The critical val-
ue is primarily a function of the conden-
sing length, flow rate, and pressure drop. 

Runback Instability. Runback insta-
bility has been noticed in wetting 
system condensing against gravitational 
forces. Runback occurs when the vapor 
drag can no longer support the weight 
of the liquid in the annular film; thus 
the liquid bridges the tube, trapping 
vapor behind it and shortening the con-
densing length. The net effect can be 
large pressure fluctuations detrimental 
to system performance. 

(2) Predicted Stability Limits and 
Experimental Observations. 

Interface Instability. The critical 
tube diameter above which the interface 
is unstable is approximated by [17] 
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Der :;: 1. 84 [ / ( CJ /~ if ge PL - Pv J (4. 27) 

In this relation the constant actually 
varies slightly depending on tube 
material and surface finish. 

In most applications considered to 
date, the interface in the condensing 
tubes is stable either because the ac-
celeration level is essentially zero 
in space, and hence the tube diameter 
is below the critical diameter, or 
because the direction of any applied 
acceleration is from the vapor to the 
liquid and therefore is inherently 
stable. As an example of the negative-
g design margin, consider a local ac-
celeration of 0.05 g; the critical di-
aineter would be about 4.5 times the 
value on earth. 

Liquid-Leg Instability (Single Tube). 
To simplify the pressure-drop equation 
for the purpose of examining the fac-
tors influencing condensing stability 
at zero g, we assume incompressible 
flow and, to account for the fact that 
condensation occurs and the stream veloc-
ity varies along the condensing tube, 
we assume that the area is constant, not 
varying with distance, and that 

v (Z) = vi (l _ ~) (uniform con-
0 L densing rate) e 

L (the flow into a given e = Vo-- tube ·is proportional 
Loe ' to the condensing rate) 

This represents a very special case, 
but the major conclusion can be shown 
to be essentially independent of these 
particular assumptions. 

The resulting pressure-drop equa-
tion based on these assumptions is [10] 

p V2L2 
- V O e Pi= Po+ (2 - Y - K) 2g L2 

e Oe 

4p v
2 

L
2 1 

) ( ) V O e J q,2 f L [1 - _£_ 2 d 
2g DL2 o e Le L~ e oe 

(4. 28) 
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which gives for the interface pressure, 
assuming an average ¢2 (¢2 ) and an aver-
age f(f), 

P v2 
V 0 

2ge 
(4.29) 

Equation 4.29 shows that the condenser 
will be completely stable as long as 
(2 - y - K) < 0 or the condensing 
length is greater than the critical 
condensing length when (2 - y -K) > O. 
By differentiating Eq. 4.29 and 
setting it equal to zero, we find the 
critical length to be 

2 - y - K 

Figure 4.13 is a graph of Eq. 4.29, 
showing the interface pressure on the 
vapor side vs. condensing length for 
equilibrium conditions at each con-
densing length. From this figure the 
criterion for stab.ility in zero g when 
one tube out of many is perturbed is 
seen to be 

uJ 
u 
<l: 
u.. 
a:: 

z 

.,_....---------.-,__REG I ON WH ERE 
INTERFACE 
PRESSURE IS 
GREATER THAN 
INLET TOTAL 
PRESSURE 

CONDENS ING LENGTH CU 

Fig. 4.13 - Typical radiator-con~ 
denser pressure variations. 
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The figure shows that it is possible, 
with small momentum losses during con-
densing, to have an interface static 
pressure greater than the incoming 
total pressure; hence the interface 
might move toward the inlet. 

Liquid-Leg Instability (Multiple 
Tube). A disturbance that causes the 
liquid level to rise in all the tubes 
decreases the condensing area. A re-
duced condensing area must operate at 
higher temperature to reject the same 
amount of heat, and the higher tempera-
ture corresponds to a higher saturation 
pressure. Because of the frictional 
pressure loss of the vapor as the inter-
face moves, the pressure drop along the 
tube increases, reinforcing the inter-
face pressure variation due to heat-
rejection requirements. This may be 
ameliorated by the increase in inlet-
vapor pressure (due to increased tem-
perature), tending to maintain liquid 
level. 

When only one tube out of many is 
perturbed in the direction of a shorter 
condensing length, it is not required 
to reject the same amount of heat. The 
rising tube pressure causes part of the 
flow that would normally enter that 
tube to be diverted and distributed 
among the others. The increase in the 
heat load of the other tubes is small 
if there are •any tubes and their per-
formance is virtually unaffected; the 
main restoring force of the multitube 
assembly, the rise in condensing pres-
sure, is no longer available to the 
single tube. The only restoring fore€ 
remaining is the pressure gradient 
down the tube; if this· is insufficient, 
the liquid leg in the perturbed tube 
will eventually spill into the vapor 
manifold. 

The necessary condition for stable 
operation at the design intP~face is 

[
aP .} 

- az~ Loa, vapor side (4. 31) 

-r::i}Loa, liquid side 
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where Z is axial distance. The critica 
value of negative acceleration {op-
posite to vapor flow direction) at 
which the instability occurs can be 
found by the following analysis [18]. 

The following ~quations describe the 
operation of a simplified system. 

1. Liquid-static head. 

P· =Po+ p (L - Z)n -~ (4.32) 
L oc g 

where c 
go g = l lbf/lbm 

C 
2. Heat transfer (constant-width 

radiator). 
I+ '+ mhfg = a£nA.t(To - T8 ) (4.33) 

and, since flow rate is constant. 
L 

~'+ = T 4 + ___Q_£ (T 4 - -Ti+) (4.34) 
O R Z 00 S 

where Too represents the fin-base tem-
perature at the design point. 

3. Fluid temperature (saturated). 
T + T. m Tf ... 2 = To + b.Tu, (4.35) 

where b.Tw is the temperature drop 
between the condensing fluid and the 
base of the radiating fin: 

L 
~T.\ - T (4.36) 

w - Wo z 
4. Saturation equation (Clausius-

Clapeyron). At both the interface and 
the vapor manifold of the radiator-
condenser, the vapor is assumed satu-
rated; thus 

(4.37) 

and 

(4. 3~) 

5. Pressure-drop approximation. An 
approximate pressure-drop equation for 
the radiator with constant flow ii 

p 2 - p~ = (P2 - P~) _z_ (4.38) m mo ~o Loa 
where Pmo - Pio is the pressure drop at 
the design point. Equation 6.32 can be 
differentiated directly to yield 
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-[:iJliquid side= go 
-np -Lg a 

(4.39) 

where golea = l in magnitude and has 
the units lbf/lbm. Combining the heat-
transfer equations and pressure-drop 
equation and solving for -(dPi/dZ)z 
yields 

dP./dT. 
i, i, 

dP idT + 2 
m m 
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Runback Instability. Runback occurs 
i~ a tube below critical diameter in a 
wetting system condensing against 
gravitational forces when the vapor 
drag can no longer maintain upward flow 
of the annular liquid filfu. Conse-
quently the condensate flows back 
against the vapor flow. As the falling 

[dPdT:.·J _f114o o [1 T; J Am J " [ - Tg O + LliWo 

[ 
P • dP ·/dT ·J i, i, i, 

Loa l + Pm dPm/dTm 

~4. 40) 

where dP/dT can be obtained from the 
Clausius-Clapeyron equatibn, 

dP - ..J:_ 
d'J. - R T2 (4. 41) 

Applying the stability criterion to the 
two equations for the pressure gradi-
ents results in the following limit for 
the number of negative g's, n: 

film thickens, it eventually bridges 
the tube. The location of this bridge 
is called the runback point. The 
bridging by the liquid decreases the 
heat-transfer area available for con-
densing; this causes the vapor pres-
sure to rise quickly. The pressure 
differential thus created across the 
runback slug is sufficient to slam the 
slug back into the liquid leg; this 

n<---------------------------- (4.42) 
fJ..Q.. [ Pi dPi/dTij. p L 1 + - -,,,---1..,._,,,..-

L oa ga Pm dPm dTrrz. ____ __;_ _____ ........;.. ___________ _ 
The critical value of n can be computed 
by setting nar equal to the right-hand 
side of Eq. 4.42 and inserting the de-
sign-point values. 

Acceleration beyond this value re-
sults in large shifts in the interface 
location and/or vapor entering the 
liquid manifold when the pressure 
regulator and zero-g interface are es-
sentially at the same station. There-
fore this acceleration represents an 
llpper limit for 11egative-g operation. 
fypically this form of instability is 
not a severe limitation, with the 
exception, perhaps, of very low 
interface pressures. 

causes pressure oscillations that can 
be of significant magnitude. An analy-
sis of runback under wetting conditions 
is reported in Ref. 12. Runback was 
assumed to occur at the point where tne 
shear forces went to zero. 'Ct Wati 
found that the distance from the con-
denser inlet to the point of runback 
could be expressed by the relation 

(~:J¼ 2 ll + 2DRe 0 J 8. 75pvVc 64L 
a (4.43) = 2 l 2[ r -

1 
ZR g3p3µ3 1L 3Re 3 

La a L g o a 
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From experimental data Koestel et 
~i. (12] determined that, to minimize 
the effects of runback slugging for 
tubes of less than 0.5 in. in diameter, 
the distance ·to the point of runback 
3hould be greater than 0.8 of the con-
densing length (ZR/L = 0.8). This 
provides a relation between minimum 
allow.able tube-inlet velocity, tube 
diameter, and level of negative ac-
celeration forces which must be 
satisfied to avoid excessive pressure 
and flow accelerations. (Note that 
runback does not occur in zero-g 
environment.) Since Eq. 4.43 relates 
the min~um inlet velocity required to 
the ture diameter and acceleration 
level. i.t also sets the minimum pres-
sure drop ·required for a stable con-
:lensing flow under a given accelerati.on. 

4-2.3 Meteoroid Proteation for Spaae 
Radiators* 

Meteoroids of varying size, dens1Ly, 
and ve~ocity are hazards encountered by 
space vehicies. If the integrity of a 
particular com~onent were diminished or 
lost by a puncture resulting from a col-
lision with one of these meteoroids, 
suitable precautions would have to be 
taken. This is precisely the case with 
radiator-condenser tubes. 

Meteoroids, of cometary and aster-
oidal origin, travel in eccentric orbits 
within our solar system. About 20% of 
those near the earth are members of a 
meteoroid shower whose behavior can be 
predicted; consequently they can be 
avoided. The remaining 80%, however, 
are sporadic in nature and must be 
treated on a probability basis. Pro-
tection from meteoroids requires the 
determination of (1) the frequency of the 
meteoroids, (2} the mass, density, and 
velocity of the meteoroids, and (3) the 

*Material in this section is from 
S. Lieble!n and J , h. Diedrich, Material 
and Geometry Aspect~ of Space Radi-
ato~s, Nual. Appl., 3(2): 82-93 (1967). 
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penetrating power, assuming the mass, 
density, and velocity are known. Many 
earth observations and satellite exper-
iments have been performed to deter-
mine items 1 and 2, but most have had 
significant limitations of time, area, 
or sensitivity; i.e., only meteoroids 
above a certain minimum size could be 
counted. 

Many data have been obtained di-
rectly from satellite experiments em-
ploying various kinds of impact s~nsors 
such as photomultiplier cells, micro-
phone detectors, pressurized cells, and 
capacitance wafer panels. The last two 
types, employed on the Explorer (16 and 
23) and the Pegasus (1, 2, and 3) space 
vehicles, respectively, measure the 
rates of puncture of thin materials. 
Calibration relations and particle-im-
pact equations provide estimates of the 
minimum meteoroid mass associated with 
the sensor punctures. Values of par-
ticle. flux and mass were established 
for the satellite experiments. 

Indirect measurements of meteoroid 
particle flux and mass were obtained 
from evaluating the zodiacal light and 
from radar and photographic observations 
of meteors. The particles observed by 
these indirect techniques are primarily 
cometary meteoroids in orbit around the 
sun. From the indirect and direct 
methods, particle-flux data are avail-
able over a range of particle mass from 
around 10- 13 to 1 gram. Although there 
are unresolved discrepancies in the 
low-mass range, the flux-mass variation 
for space-radiator design is reasonably 
well defined. 

The meteoroid minimum mass against 
which a radiator must be protected is 
related to the radiator meteoroid haz-
ard parameter. 

AvT 
-ln P(O) (4. 44) 

For system power output from several 
kilowatts to several megawatts, the 
radiator hazard ~arameter varies from 
around 10 4 to 10 m2-days, corresponding 
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to minimum meteoroid masses of from 
10- 4 to 10- 2 gram. For this region of 
particle mass, a design flux-mass vari-
ation can be established from consider-
ation of the data from the Pegasus 
flight experiments and the radar and 
photographic meteor observations (helio-
centric cometary particles). The 
cumulative flux, F>, in units of par-
ticles/(m2-day) is essentially a power 
function of the minimum particle mass, 
m, in grams: 

(4.45) 

Considerable work has been done on hyper-
velocity impact into various simulated 
radiator materials using a light-gas gun. 
Projectile velocities of 7.6 km/sec were 
achieved with the light-gas gun for 
routine firing of spherical projectiles 
with diameters of 1/16 to 1/8 in. (1.6 
to 3.2 mm). Although the projectile 
velocities are lower than the meteoroid 
velocities (17 to 20 km/sec), comparable 
levels of particle kinetic energy can be 
obtained with these projectile sizes. 
Initial results of the hypervelocity im-
pact tests indicated that radiator tubes 
can sustain several modes of critical 
damage (Fig. 4.14). 

In addition to cratering and per-
foration, dimpling and spalling of the 
inner surface of the tube can occur at 
thicknesses larger than the thickness 
necessary to prevent perforation. 
Dimpling of the inner surface causes a 
restriction of the flow passage, and 
spalling releases metal fragments into 
the circulating fluid. 

The tube armor required to prevent 
a given mode of damage is 

(4.46) 

where a is the damage-thickness factor 
corresponding to the inner-surface 
damage mode of interest and P

00 
is the 

crater depth that would be incurred in 
a relatively thick target of the same 
material. The crater depth is related 
to the target and projectile properties 
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Fig. 4.14 - Definition of projectile 
damage modes. [From S. Lieblein and J.H. 
Diedrich, Material and Geometry Aspects 
of Space Radiators, Nucl. Appl.~ 3(2): 
82-93 (1967).] 

by the relation [19] 

(4. 4 7) 

The crater, perforation, dimple, and 
spall characteristics of a wide range 
of materials are listed in Table 4.1 
in terms of cratering coefficient (Eq. 
4.47) and damage-thickness factor (Eq. 
4.46). The damage- thickness factors of 
Table 4.1 are incipient values defined 
as the ratio of the target thickness 
corresponding to the onset of the par-
ticular damage mode to the crater depth, 
P. Thickness factors greater than 

00 
these values would have to be used to 
prevent the damage. In general, armor 
weight is approximately proportional to 

5 1 

the term P;E?. 
4-2.4 Materials Selection 

Any practical radiator for a space 
environment must have a suitable con-
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TABLE 4.1 - Results of Hypervelocity Impact Tests 

Material 
Cratering 
ff . . * coe 1c1ent, 

y 

2024- T6 aluminum 1.97 
316 stainless steel 1.67 
Nb-1% Zr 1.39 
Beryllium 2.05 
Graphite (ATJ) 1.18 

Inconel- 718 
L-605 
A-286 
Vanadium 
Molybdenum 

1.55 
1.77 
1.99 
1.38 
1.57 

Rear- surface damage factorst 

Dimple, 
t/P 

00 

2.5 
2.4 
4.5 

3.0 
2.5 
2.4 

Spall, 
t/P 

00 

2.3 
1.9 
4.0 

2.5 
2.1 
1.9 

Perforation, 
t/P 

00 

1.7 
1.4 
1.7 

1.7 
1.4 

*Room-temperature values. Additional data are given by Clough and 
Diedrich [20]. 

tThreshold or incipient values. 

tainer and radiating materials that 
possess high emissivity characteristics, 
the strength required for a structur-
ally sound design, and the ability to 
withstand the deleterious effects of 
the environment to which it is exposed. 
These materials must lend themselves to 
available fabrication methods and must 
withstand the rigors of high- tempera-
ture operation over extended periods of 
time in space without adversely affect-
ing the thermal and mechanical func-
tioning of the radiator. 

An ideal material for a high-tem-
perature radiator should have: 

1. High emissivity to allow maxi-
mum utilization of the radiator sur-
face. 

2. High thermal conductivity for 
fin efficiency. 

3. Low density to minimize weight. 
4. Resistance to penetration by 

meteoroids. 
5. Resistance to the space environ-

ment; notably sublimation or erosion. 
6. Compatibility with sodium or 

NaK. 
7. Ductility to facilitate pack-

aging and deployment. 

Obviously no one material has all 
these qualifications, and therefore 
combinations of materials are required 
for radiator construction. 

High emissivity is best provided by 
coating the radiator surface with high-
emissivity coatings as described later. 
The fin material is normally selected 
for its low density and high thermal 
conductivity. Pyrolytic graphite, 
beryllium, stainless-steel- clad copper, 
and niobium have been considered for 
high-temperature radiators. For lower 
temperatures aluminum and magnesium 
have been considered. The criteria 
for .meteoroid protection are discussed 
in Sec. 4- 2.3. Niobium, stainless 
steels, and cobalt alloys are of 
interest for tube material. 

(a) Radiator Heat-Transfer Materials 
Spacecraft radiators or radiator-
condensers achieve maximum effectiveness 
by use of thermal- control coatings that 
exhibit a high thermal emittance and a 
low solar absorptance. Generally, the 
radiator surface area and weight are 
proportional to the thermal emittance 
property of the surface coating; thus 
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judicious coating selection is of 
major importance to the radiator de-
sign. 

As a result of recent extensive 
effort in the development of emittance 
coatings for use at elevated tempera-
tures, a wide choice of stable coating 
systems is available for use on space-
craft radiators. Table 4.2 contains 
the results of a literature survey con-
ducted to determine the most effective 
coatings, their applicable tempera-
ture range, the methods of application, 
the substrates applicable, and the 
testing duration. 

Thermal-control coatings for space-
craft radiators are selected primarily 
for their optical properties, stability, 
and integrity in the space environment. 
Also of extreme importance is the de-
sign operating temperature of the radi-
ator. 

Because of the effect of solar in-
put on a radiator coating surface, 
reference design coatings can be cat-
egorized by radiator design tempera-
ture. Two temperature regions of radi-
ator operation are discussed here~ 
(1) between 300 and 700°F and (2) above 
700°F. 

For radiators operating between 300 
and 700°F, the thermal emittance prop-
erty is the dominant factor. A low 
solar absorptance property contributes 
a measurable bonus to the net heat-
rejection capability of a radiator op-
erating in this temperature region. A 
successful coating for use in this tem-
perature range, developed for the SNAP-2 
and -lOA systems, is designated the 
AI 93 system [18]. The AI 93 system 
utilizes a bilayer coating consisting 
of a subcoat containing a Cr-Co-Ni 
oxide mixture and a top coat containing 
stannic oxide. Both layers use alumi-
num phosphate as the binding agent. 
Between 300 to 700°F the total hemi-
spherical emittance of the AI 93 is 
0.90 minimum, and the solar absorptance 
is 0.35 maximum. AI 93 has undergone 
complete qualification in a simulated 
space environment and, in addition, has 
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attained an excess of 1000 hr of suc-
cessful operation in the space environ-
ment at temperatures exceeding 700°F. 

A foremost consideration in the 
selection of a coating for use at 700°F 
and above is the ability to withstand 
the severe conditions of thermal shock 
and stress associated with start-up and 
operation at these temperatures. Also, 
it is desirable to select a coating 
that does not use filler agents, binding 
agents, or other additives that may con-
tribute to emittance degradation after 
long-term operation at these elevated 
temperatures. In this temperature 
range the solar absorptance has little 
effect on the thermal effectiveness of 
the coating. 

Plasma-arc spray coatings meet these 
requirements, and two very succesful 
high-emittance coatings developed for 
this application are calcium titanate 
and iron titanate. The emittance of 
these coatings is shown in Table 4.2. 

Selection of the right fin material 
is as important as the emittance of fin 
coatings. Two properties are of fore-
most interest for heat-transfer and 
weight optimization: High thermal con-
ductivity and low density. 

For radiating fins the volume of fin 
material to reject unit heat, Q, is in-
versely proportional to fin thermal con-
ductivity, k, and emissivity, E, 
squared [ 21] : 

Voiume 
Q 

1 
0:: --kE2 (4.48) 

Therefore, if Pf is the density of the 
fin material, fin weight, W, per unit 
rejected heat is 

-w ex: p+' _,/.._ (4.49) 
Q kE 2 

Minimum fin weight will be achieved 
when kE 2 /pf is a maximum. Since Eis a 
function of the surface coating, k/pf 
is the governing parameter for fin 
material to achieve minimum weight. 

Figure 4.15 and Table 4.3 [21] 
show the conduction parameter (k/p) 
values as a function of temperature for 
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TABLE 4.3 - Material Properties* 

Material 

Commercial 
graphite 

Beryllium 

Pyrolytic 
graphite 

Wrought 

Density, 
lb/cu ft 

109 

116 

130 

aluminum 172 

Aluminum 
powder 
metallurgy 172 

Titanium 

Vanadium 

316 stain-
less steel 

Niobium 

Copper 

Molybdenum 

Tantalum 
Beryllium 

oxide 

283 

381 

500 

530 

530 

638 

1036 

188 

Conduction 
parameter, 
k/pf at 

1400°F 

0.365 

0.400 

0.590 
1.100 

0.039 

0.023 

0.029 
0.072 

0.375 

0 .102 

0.034 

0.092 

Thermal 
stress 
parameter, 
ob/Ea, at 

1200°F 

330 

15 

220 

2lt 

155 

71 
165 

121 

98 
148 

58 

BEDFORD AND HOWARD 

Thermal 
shock 
parameter, 
obk/Ea, at 

1200°F 

13.5 X 10 3 

0.79 

17.5 

l.8t 

1.25 

0.95 
5.7 

24.2 

6.2 

6.6 

1. 7 

*From J.H. Diedrich and S. Lieblein, Materials Problems As-
sociated with the Design of Radiators for Space Power Plants, 
in Power Systems for Space Flight, Progr. Astronaut. Aeronaut., 
11: 647 (1963). 

tValue at 800°F. 
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TABLE 4.3 - Continued 

Penetration Yield 
Material resistance Sublimation rate, strength 

parameter, in . /year (oyh, 
pS/6/El/3, lb/in. 
at 14OO°F At 14OO°F At 16OO°F at 14OO°F 

Commercial 
graphite 4.7 X 10- 2 < 10_10 < 10-9 2.4 X 10 3 

Beryllium 1.9 4.1 X 10- 3 0.15 2.1 
Pyrolytic 
graphite 3.5 < 10-10 < 10-9 14. 8 

Wrought 
aluminum 8. 0 X 10- 3 0.3 

Aluminum 
powder 
metallurgy 8.0 X 10- 3 0.3 

Titanium < 10-6 < 10- s 

Vanadium 6.2 < 10- 7 < 10- 6 11. 8 

316 stain-
less steel 6.8 < 10-S 1.4 X 10- 4 18.9 

Niobium 7.8 < 10-10 < 10-9 10.9 

Copper 4 X 10- 4 0.032 1. 3 
Molybdenum 6.9 < 10-11 < 10- 10 18.6 

Tantalum 11.4 < 1O- l 6 < 10-15 18.9 
Beryllium 
oxide 2 . 3 < 10-9 < 10- 8 13.4 
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Fig. 4.15 - Conduction parameter vs. temperature. [From J.H. Diedrich and S. 
Lieblein, Materials Problems Associated with the Design of Radiators for Space 
Power Plants, in Power Systems for Space Flight, Prog. Astronaut. Aeronaut., 11: 
627-653 (1963).] 

representative materials. 
If armor is bonded to fins or a 

tube, coefficients of expansion must 

not differ too markedly if joining 
problems are to be avoided. Local co-
efficient of thermal expansion as a 
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funccion of operating temperature is 
given for typical radiator materials 
in Fig. 4.16. 

The maximum operational temperature, 
Tmax, for a plate in a thermal-shock 
environment is given by the following 
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relation [21] for a critical value of 
stress, Ob; thermal conductivity, k; 
modulus of elasticity, E; coefficient 
of thermal expansion, a; and Poisson's 
ratio,µ: 

20 X 10·6 ,-----r-----,------r------,,---------------

18 

16 

u: 
0 -C: 

" :§ 14 

z· 
0 
cii z 
~ I 12 
X 
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a: 
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I .... 
LL 
0 
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..J 
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2 
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"C" DI RE CTI ON 
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0 ..__"""'-___ _,_ ___ ....1,, ___ __.. ____ .,_ ___ -'-___ ....1., ___ ...,j 

-400 0 400 800 1200 1600 2000 2400 
TEMPERATURE, T (0-F) 

Fig. 4.16 - Local coefficient of expansion vs. time. [From J.H. Diedrich and 
S. Lieblein, Materials Problems Associated with the Design of Radiators for Space 
Power Plants, in Power Plants, in Power Systems for Space Flight, Progr. Astronaut. 
Aeronaut., 11: 627-653 (1963).] 
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obk 
Tmax a: Ea (1 - µ) (4. 50) 

The parameter Obk/Ea is used to com-
pare the relative shock resistance of 
brittle materials. A similar parameter, 
ob/Ea, is used when heat-transfer con-
ditions or part dimensions nullify the 
effect of thermal conductivity. Both 
parameters are shown in Table 4.3 for 
a range of materials and temperatures 
[21]. Other limiting parameters, such 
as sublimation rate or yield strength, 
are indicated for representative 
materials in Table 4.3. 

The preceding discussion was con-
cerned with tube puncture and the 
attendant loss of fluid or dimpling 
and spalling of the inner surfaces of 
tubes which can lead to flow restric-
tion. However, other damage mechanisms 
may be of serious consequence for radi-
ator operation. Effects of local 
stress concentration and microcrack 
formation in a nonpuncture impact can 
also cause difficulties in long-~erm 
operation. Erosion effects of micro-
meteoroid particles on high-emissivity 
coatings must also be considered. 

Clearly some form of protection 
against damage from impacting meteor-
oids must be provided for radiator sur-
faces. For a given resistance to 
damage, the protection used should in-
volve the least weight and complexity 
and the greatest reliability. Two 
general concepts of protection are 
usually considered. The first, the 
armor concept, uses a solid mass of 
material to physically stop an impacting 
particle before any serious damage can 
occur. In the second, the bumper con-
cept, a relatively thin shield of 
material displaced from the vulnerable 
surface is used to fragment an im-
pacting particle and spread its energy 
over a greater area. 

Many geometric forms for finned-tube 
radiators are possible, as indicated in 
Fig. 4.17. The configurations on the 
left are based primarily on the armor 
concept; those on the right embody the 
bumper principle. 

BEDFORD AND HOWARD 

Fig. 4.17 - Armor and bumper con-
figurations for fluid-filled tubular 
radiators. 

Theoretically, repairing or sealing 
techniques using, for example, self-
sealing materials, plugging solids, 
double-wall tubes, etc., could be used 
to correct any damage from impact. 
Sealing also could be achieved by cut-
off or pinching mechanisms that iso-
late the damaged tube. However, these 
methods would require a leak detection 
or sensing device for activation. To 
date, a practical repairing or sealing 
device has not been demonstrated. 

The use of redundant radiator seg-
ments was proposed as a means of re-
ducing radiator vulnerability [22]. 
In this concept the radiator is di-
vided into a large number of segments 
that can be isolated in the event of a 
puncture or other failure. Spare seg-
ments can be carried along to be acti-
vated when needed to maintain power, or 
a reduced power can be accepted as seg-
ments are lost. 

(b) Compatibility and Corrosion 
The compatibility of the various 

materials with sodium and NaK is 
treated in Chap. 2 and is not further 
considered here. 

4-3 CONDENSERS 

The design of liquid-metal con-
densers presents problems not usually 
encountered in ordinary condenser de-
signs. Usually both the condensing 
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fluid and the coolant are liquid metals 
presenting unique materials-compati-
bility problems and having heat-trans-
fer characteristics that differ mark-
edly from those of common engineering 
fluids. The primary application for 
liquid-metal condensers considered 
here is in the heat-rejection systems 
for Rankine-cycle space power plants. 
Therefore the condensers must be able 
to operate in any orientation, in 
gravity fields ranging from zero to one 
or more and in a vacuum environment at 
elevated temperatures for 10,000 hr or 
more. 

This section outlines the techniques 
used in designing a condenser that is 
thermally adequate for a specific ap-
plication. Normally the application 
defines such parameters as terminal 
temperatures, heat load, flow rates, 
allowable pressure drops, condensing 
pressure, and geometric limitations. 
Many combinations of materials and ge-
ometries can be used in the design of 
a condenser of a required thermal capa-
bility. The final choice is usually 
determined by an optimization in terms 
of weight, volume, or cost effective-
ness. 

Condensers for use with sodium and 
NaK fall into one of three categories: 
Radiative, jet, or heat exchanger (con-
vective). Condensation in a radiative 
condenser occurs by removal of the heat 
from the vapor by direct radiation to 
space. This type of condenser is con-
sidered in Sec. 4-2. 

4-3.1 Jet Condensers 

The jet condenser is very compact 
relative to a direct-condensing radi-
ator or a heat-exchanger condenser. 
Jet condensing can provide significant 
pressure augmentation to circulate the 
liquid in the heat-rejection loop. 
Preliminary analyses have indicated 
that for space applications significant 
weight savings are possible using a 
jet-condensing system [23, 24]. A 
scheillatic of a jet-condensing heat-re-
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VAPOR 
FROM 
TURBINE 

p 
V 

INJECTED 
LIQUID 

LIQUID 
TO 
BOILER BOILER 

PUMP 

JET 
CONDENSER p 

e 

LIQUID 
RADIATOR 

CIRCULATION PUMP 

.,_LIQUID 

p 
0 

LIQUID 

(a) SCHEMATIC OF INDIRECT-CUNDENSER SYSTEM 
USING A JFT r.ONDENSER 

SUB- LIQUID 
COOLED c:::=I=====::::::::::::::::::::::::::::::::::::=::::===:==:==:~ 0 UT LET 
LIQUID I FLOW 

0 2 
Cb) CONSTANT-AREA JET CONDENSER 

MIXING SECTION 
(CONDENSATION REGION) 

/ FINAL INTERFACE DIFFUSER 

SUB- I LIQUID 
COOLEDC I ~~=OUTLET 
LIQUID I-+----+---.---------~, FLOW 

0 
CENTRAL 
INJECTOR 

THROAT 
2 

Cc) VARIABLE-AREA 
(CONVERGING-DIVERGING) JET CONDENSER 

Fig. 4.18 - Jet-condenser system 
and types. 

jection system is shown in Fig. 
4.18(a). 

In the jet condenser subcooled-
liquid working fluid is injected into 
the vapor stream. Physical mixing of 
the vapor and liquid and subsequent 
condensation of the vapor occur within 
a relatively short distance downstream 
of the region of injection. The re-
sulting condensate-liquid flow circu-
lates through a sensible-heat liquid 
radiator where the heat absorbed by 
condensation is rejected. Part of the 
resulting subcooled liquid is bypassed 
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and reinjected into the jet condenser, 
and the remainder is returned to the 
boiler loop. 

0 

6:Pv 

r 
Re 
T 
V 
X 
a 

µ 

(a) Nomenclature [25] for Sec. 4-3.1 

Area (sq ft) 
Area ratio of injector to tube 
inlet 
Area ratio of injector to throat 
Specific heat of liquid (Btu/ 
lb/°F) 
Diameter (ft) 
Constant= 32.2(lbm/lbf) (ft/sec 2 ) 

Heat of vaporization (Btu/lb) 
Diffuser loss coefficient 
Length (ft; in.) 
Mass flow rate (lb/hr) 
Ratio of injected liquid mass 
flow to vapor mass flow (satu-
rated vapor flow for quality less 
than unity) 
Pressure (psia) 
Pressure rise from jet-condenser 
inlet to outlet (psid) 
Pressure drop across injector 
(psid) 
Ratio of pressure r i se, Ma, to 
dynamic pressure of injected 
liquid 
Ratio of pressure rise, Ma, to 
dynamic pressure of inlet vapor 
flow 
Ratio of pressure rise from in-
let to throat to dynamic pres-
sure of injected liquid 
Ratio of pressure rise from in-
let to throat to dynamic pres-
sure of inlet vapor flow 
Heat rejected to liquid jet from 
condensing vapor (Btu/hr) 
Radius (ft) 
Reynolds number 
Temperature (°F); time (sec) 
Velocity (ft/sec) 
Distance (ft; in.) 
Angle ( 0

); thermal diffusivity 
(sq ft/sec) 
Turbulent diffusivity for heat 
(sq ft/sec) 
µth characteristic root of 
Bessel's Function (Jo) 

BEDFORD AND HOWARD 

p Density (lb/cu ft) 
B Ratio of liquid to vapor den-

sities 
Tw Wall shear stress (lb/sq ft) 
X Jet utilization factor 

(Tie - Ti 0 )/(Tve - T£o) 
Subscripts 
0 Inlet of jet condenser, station 

number 
1 Throat of jet condenser, station 

number 
2 Outlet of jet condenser, station 

number 
b Bulk; boundary 
c Condensation 
(calc) Calculated 
d Diffuser 
e Exit, outlet of jet condenser 
i Injector 
j Jet 
£ Liquid 
m Mixed 
s Saturated conditions 

Tube 
v Vapor 
w Wall 

(b) Theoretical Flow and Analysis 
Schematic illustrations of two types 

of jet condensers [Fig. 4.18 (b) and 
(c)] show the two simple geometries, 
constant area and variable area. 

Vapor flows from left to right and 
enters the condenser at Station O, 
where subcooled liquid is also injected 
in the form of a central jet. Vapor 
and liquid _flow concurrently through 
a mixing chamber with simultaneous mass 
transfer, heat transfer, and momentum 
exchange. With sufficient heat ex-
change between vapor and subcooled 
liquid, the vapor condenses. 

(1) Condensation Mechanisms. Trans-
port of vapor from the main flow stream 
to the subcooled-liquid jet is pri-
marily a result of the pressure dif-
ference between the vapor and the sub-
cooled-liquid boundary. For a free 
boundary with no net mass transfer, the 
vapor pressure at the boundary must be 
in equilibrium with the saturation 
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pressure of the liquid phase (neglecting 
surface-tension effects): 

(4. 51) 

Large pressure gradients will occur 
at Station 0, Fig. 4.18 (b or c). The 
liquid is at the lowest temperature and 
saturation pressure in the mixing 
chamber. 

Rapid transfer of the vapor to the 
liquid can occur at liquid saturation 
pressures less than one-half the vapor 
pressure. Maximum vapor flow rate con-
densing on the jet at this point is 
proportional to the jet area and the 
sonic velocity of the vapor. As vapor 
is condensed on the jet, the heat re-
leased by condensation raises the jet 
temperature and liquid saturation 
pressure. The pressure difference be-
tween the vapor and the liquid jet is 
reduced, and the flux of vapor to the 
jet decreases. An increase in the tem-
perature of the liquid jet surface 
(reducing condensing vapor flux) re-
sults, as the bulk temperature of the 
jet is raised due to heat addition from 
the condensing vapor. A radial tempera-
ture gradient in the jet is required to 
remove the heat of condensation re-
leased at the surface, and the surface 
temperature will be greater than the 
bulk temperature for heat transfer into 
the jet. 

These effects are illustrated in 
Fig. 4.19, an idealized representation 
of the vapor and liquid temperature 
gradients at different axial locations 
in the mixing chamber. The initial 
temperature field (at O) has a large 
local temperature (and pressure) gradi-
ent in both the vapor ~nd the liquid 
near the interface. As condensing 
occurs, the bulk temperature, T·, is 
raised, and the temperature graaient 
within the liquid phase decreases. The 
jet-surface temperature, Ttb, increases 
as the vapor temperature gradient de-
creases. As complete condensation of 
the vapor is approached, the bulk tem-
perature of the fluid approaches its 

251 

final value. The difference in free-
stream vapor pressure, Pvo~ and the 
saturation pressure for the bulk tem-
perature, P8 (Tj), may still be sig-
nificant. However, the surface tem-
perature of the jet, Ttb, must be 
greater than the bulk temperature, Tj, 
to transfer heat to the interior. 
Therefore the local vapor pressure dif-
ference, Pvo - P8 (T£b), may be small, 
and low condensation rates will occur. 

It has been postulated that con-
densation of vapor on the liquid jet 
can produce significant conversion of 
thermal energy to directed kinetic 
energy (velocity head) [26]. Empiri-
cal correlations with theory appear to 
verify the hypothesis [25]. Thus jet 
condensers can theoretically operate 
both as condensers and as vapor-driven 
circulation pumps. 

(2) Pressure Rise. Several complex 
changes occur during condensation of 
the vapor on the liquid jet. If the 
liquid phase is a solid cylinder of a 
constant radius, ri, injected into the 
vapor at a constant velocity, Vi 0 , and 
if vapor temperature, Tv 0 , remains con-
stant throughout the mixing chamber, the 
rate of heat conduction and convection 
into the interior of the liquid is 

µ=oo 
I -# {1 - s~ 

µ=1 µ µ 

(4.52) 

In this expression the temperature of 
the liquid at the exit, Tie, is re-
lated to initial conditions of the jet 
and vapor (T 0 , T , V0 , r 0 ); to the 

;r,,o Vo ;r,,o ;r,, 
properties at the flow (a and at); and 
to the distance traversed by the jet 
(Le). 

Analysis of the variable-area jet 
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Fig. 4.19 - Idealized temperature profiles in a jet condenser with constant 
vapor temperature at wall [25]. 

condenser in Fig. 4.18 (c) resulted in 
the following expression £or total 
pressure rise (recovery) across the con-
denser in terms of (1) geometry and in-
let flow parameters and (2) the shear 
stress of the vapor on the wall and 
internal pressure distribution at the 
wall [25]: 

P2 - Po 

T A cos a 
u) u1 

Figure 4.20, illustrating predicted 
performance of variable-area jet con-
densers, shows the calculated throat-
and diffuser-pressure rise in refer-
ence to injected-liquid dynamic press-
ure vs. mass-flow ratio of liquid to 
vapor at given liquid-to-vapor-density 
and injector-to-tube-inlet-area ratios. 
Figure 4.21 shows the relations in 
reference to the inlet-vapor dynamic 

pressure. Figure 4.22, which shows 
the effect of density ratio, indicates 
that the jet condenser becomes a more 
effective pressure-recovery device at 
lower vapor pressures. 

The effect of the ratio of injector 
to tube area is illustrated in Fig. 
4.23 for given density and injector-to-

[4.53] 

throat-area ratios. Increasing values 
0 

of A2 result in increases in the non-
dimensional pressure rise referred to 
injected-liquid dynamic pressure or an 
increase in the effectiveness of the 
jet condenser as a pumping device. 
However, the absolute magnitude of 
pressure rise is increased as lower in-
jector-to-tube-area ratios are used. 

Figure 4.24 indicates the corre-



RADIA'T'ORS, CONDE~SERS, AND BOILERS 

10 
9 
8 
7 0 

P = 2620 
6 0 

..c""I A2 = 0.075 
oa.. ..... 5 
<J 0 

4 6 P_e --
oa..""'i 

<] 0 

Q 3 6 Pth 

3 
Q 
_J 

0 2 
I-
a 
w 
c:::: 
c:::: 
w 
LL 
w 
es 1.0 w 
Cf) 0.9 
c:::: 0.8 
w 
c:::: 0.7 
::) 
Cf) 0.6 Cf) 
w 
c:::: 
a.. 0.5 
_J 
<! 0.4 z 
0 
(/) 
z 0.3 w 
2 
0 
z 
0 0.2 z 

0.1-------------------
10 20 30 40 50 60 80 100 

MASS-FLOW RATIO OF INJECTED LIQUID TO VAPOR , ~R 

Fig. 4.20 - Calculated pressure rise 
(referred to liquid) for variable-area 
jet condenser, showing effect of injec-
tor-to-throat-area ratio [25]. 

lation of test data to predicted data 
achieved in an experimental program 
utilizing two-phase mercury flow. The 
experimental values of pressure rise 
for larger geometries agree to within 
about 30 and -25% with values predicted 
by the analysis. The recommended equa-
tion for predicted pressure rise is 

0 

t;P = i 

( 4. 54) 
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Fig. 4.21 - Calculated pressure rise 
(referred to vapor) for variable-area 
jet condenser, showing effect of injec-
tor-to-throat-area ratio [25]. 

4-3.2 Convective Condensers 

The heat-exchanger (convective) con-
denser causes condensation by trans-
ferring the heat to another working 
fluid. Since most condensers employing 
sodium and NaK as working fluids are of 
the heat-exchanger variety, the dis-
cussion in the following paragraphs is 
restricted to this type. A typical 
heat-exchanger condenser using NaK as 
the coolant is shown in Fig. 4.25. 
This condenser was designed for use in 
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Fig. 4.22 - Calculated pressure rise 
(referred to liquid) for variable-area 
jet condenser showing effect of liquid-
vapor-density ratio [25]. 

the SNAP-8 mercury Rankine space power 
plant. 

Do 

(a) Nomenclature for Sec. 4-3.2 

Surface area 
Mean wall surface area 
Specific heat of coolant 
Specific heat of condensing 
fluid 
Inside diameter of condenser 
tubes 
Outside diameter of condenser 
tubes 
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Fig. 4.23 - Calculated pressure rise 
(referred to liquid) for variable-area 
jet condenser showing effect of the ratio 
of the injector area to total inlet area 
[25]. 

Heat-transfer coefficient, 
coolant to tube wall 
Heat-transfer coefficient, 
hot (condensing) fluid to 
tube wall 
Thermal conductivity 
Thermal conductivity of tube-
wall material 
Mass flow rate of coolant 
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Fig. 4.24 - Comparison of calculated 
values with measured pressure rise in 
large-diameter jet condensers for all 
test runs with interface in throat and 
with steady-state conditions [25]. 

fncond Mass flow rate of condensing 
fluid 
Overall heat transferred 
Temperature of coolar 1~ 

Temperature of hot (condensing) 
fluid 

Tai Temperature of coolant at 
liquid-vapor interface 

Tain Temperature of coolant at in-
let to condenser 

Tcond in Temperature of condensing 
fluid at inlet to condenser 

Tcond out Temperature of condensing 

t 
l::,T f.m 

u 

fluid at exit from condenser 
Tube wall thickness 
Log-mean-temperature dif-
ference 
Temperature driving poten-
tials at the terminals of 
heat exchanger 
Overall heat-transfer coef-
ficient 
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NaK INLET 

Fig. 4.25 - SNAP-8 condenser. 

Overall heat-transfer coef-
ficient at terminals of heat 
exchanger 

(b) TheI'l71al Considerations 

Various techniques are available for 
the determination of the required tube 
length for any particular cross-sec-
tional geometry for a given set of flow 
rates and terminal temperatures. Each 
of these is derived by considering the 
heat transfer across a differential 
element. These techniques differ be-
cause of the assumption made in the 
integration process. 

The heat transferred per unit time 
across a differential element of a heat 
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exchanger at steady state is 

(4.55) 

If the elemental heat-transfer surface 
area, d.A, refers to the surface adja-
cent to the cold fluid, the local over-
all heat-transfer coefficient, U, is 
given by 

1 u = ------ -----
1 d.Ac t dAc 1 - - -+---+-hh dAh k dAmw he 

(4.56) 

For a tube with circular cross section, 
U can be calculated from 

1 u = ------------
+ Doln(Do/Di) + _!_ 

Dihh 2ktw he 

(4.57) 

As is apparent from Eq. 4.57, the 
heat-transfer coefficients of both 
fluids must be known to determine U, 
especially if hh and he are of the same 
order of magnitude, as in liquid- metal 
condensers. 

When the specific heats of both 
fluids, U, and cross-sectional dimen-
sions are assumed constant with length, 
Eq. 4.55 can be integrated to yield the 
following equation for parallel and 
counterflow heat exchangers: 

Q 
A = U !1T9.rn (4.58) 

where 
!1T2 - !1TI 
ln (11Td 11T 1) 

(4.59) 

Equation 4.55 can also be integrated 
for a variable U. When U is assumed to 
vary linearly with the temperature dif-
ference between the two fluids and 
other conditions are the same as those 
assumed for Eq. 4.58 the following 
equation (27] results: 

Q ln ru 1 f1T2] 
A = _U2 !1T1_ (4.60) 

U 1 11T 2 - U 2 11T 1 
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Hess et al. [28] derived additional 
equations to account for variations of 
both U and cross-sectional dimensions 
with length. 

If only approximate answers are 
needed in the design of a liquid- metal 
condenser, the equations given are use-
ful despite the fact that the assump-
tions may not be completely satisfied. 
The usual procedure is to divide the 
condenser into two distinct sections, 
the condensing region and the subcooler 
region. The log-mean-temperature ap-
proach (Eq. 4.58) is then applied separ-
ately to each section of the condense~. 
In this procedure the coolant tempera-
ture at the vapor-liquid interface in 
the condenser, Tei, must be calculated. 
If it can be assumed that the tempera-
ture of the condensing fluid is con-
stant in the condensing region, the 
coolant interface temperature can be 
calculated by 

Tei =-

mcond Cp cond 
• C (Tcond in - Tcond out) + me pc 

Tc in (4.61) 

where m refers to flow rate and Cp to 
specific heat. This procedure is use-
ful when the uncertainties in predicting 
local variations of the heat-transfer 
coefficient on the static pressure 
(and consequently the temperature of 
the condensing fluid) outweigh the 
error introduced by the assumptions. 
In general, however, greater accuracy 
is probably required in designing a 
liquid-metal condenser than that pro-
vided by the procedure described above. 
Methods accounting for the local vari-
ations of the condensing heat-transfer 
coefficient would be preferred since 
heat-transfer coefficients for con-
densing liquid-metal flows vary consider-
ably with vapor quality and thus with 
length. Also, the temperature vari-
ation of the condensing fluid depends 
on the pressure drop along the con-
densing tube since local saturation 



RADIATORS, CONDENSERS, AND BOILERS 

temperature depends on local static 
pressure. 

A method of accounting for the ef-
fects of local variations of the heat-
transfer coefficients and the static 
pressure of the condensing fluid is to 
divide the condenser into a number of 
smaller increments and employ a step·-
wise method of solution. In such a 
procedure changes across one increment 
are evaluated to determine the input 
values for the calculations on the 
next increment. The increments can be 
chosen so that they have the same heat 
load, the same coolant-temperature 
rise, or the same change in the quality 
of the condensing fluid. The calcu-
lation begins at the condensing-fluid-
inlet end of the condenser where the 
temperatures and pressures of both 
fluids are known. The length of the 
first increment is calculated using 
the appropriate relations. The changes 
of the quality, static pressure, and 
temperature of the condensing fluid 
across this increment provide the 
additional information needed to solve 
for the length of the second increment. 
This procedure is then repeated until 
the desired condition of the con-
densing fluid at the end of the con-
denser is reached. Thus the condenser 
length is obtained by considering it 
to be composed of many smaller con-
densers operating in series. 

The accuracy of this numerical-
integration technique increases as the 
condenser is subdivided into smaller 
increments. For a given number of 
increments, using an integrated form 
of Eq. 4.55 inside each increment in-
stead of using average values for U 
and the temperature difference may 
give an increase in accuracy. 

The length of the individual in-
crements can be calculated by the log-
mean-temperature-difference approach: 
Assume that the temperature of the con-
densing fluid remains constant at its 
inlet value and evaluate the condensing 
heat-transfer coefficient by using the 
average quality of the condensing fluid 
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in the increment. In reality, however, 
the overall heat-transfer coefficient, 
U, varies across an increment of the 
condenser, and methods that account for 
a variation of U are more desirable. 

Equation 4.60 can be used to evalu-
ate the increment lengths in counter-
flow condensers with cross-sectional 
dimensions that are constant with 
length. Hess et al. [28] derived equa-
tions to evaluate increment lengths in 
tapered condensers with cross-sectional 
dimensions that vary with length. These 
equations are complex and for this 
reason are not included here. 

The stepwise design method described 
is particularly suited for solution by 
digital computers. A computer program 
using this procedure has been developed 
for shell and tube condensers [28]. 

As indicated previously, the heat-
transfer coefficients of both fluids 
must be known to calculate the overall 
heat-transfer coefficient. The single-
phase heat-transfer coefficients for 
sodium and NaK can be predicted from 
the correlations given in Vol. II, 
Chap. 2. The few existing experimental 
data on condensing heat-transfer co-
efficients for liquid metals indicate 
he to be substantially lower than pre-
dicted by theory although excellent 
correlations with theory were attained 
in experiments with condensing fluids 
other than liquid metals [29, 30]. 
Therefore one practical way to use the 
technique is to assume a constant con-
densing heat-transfer coefficient based 
on appropriate experimental data and to 
account for variations in liquid-
coolant heat-transfer coefficient. 

(c) Condenser Configuration 
The selection of the configuration 

for a liquid-metal condenser for a 
particular application is influenced by 
several factors, including weight, 
volume, reliability, ease of mani-
folding, ease of fabrication, accommo-
dation of thermal expansion, flow 
stability, and thermal performance. A 
number of different configurations 
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investigated for use with liquid 
metals are: 

1. Shell-and-tube condensers: 
a. Constant diameter. 
b. Tapered diameter. 
c. Hockey stick. 

2. Concentric tube with the con-
densing flow inside the annuli between 
the concentric tubes. A brief descrip-
tion of the design features for each of 
these condenser configurations follows. 

(1) Shell-and-Tube Condensers. The 
shell-and-tube condenser is particularly 
attractive for use in space power 
plants with liquid-metal working fluids. 
The shell serves as a good pressure 
vessel, and the basic construction pro-
vides for a minimum number of metal-to-
metal joints, thereby improving re-
liability. Shell-and-tµbe condensers 
for liquid-metal service generally use 
a counterflow arrangement, the con-
densing fluid flowing through the tubes 
and the coolant flowing axially through 
the shell. The counterflow arrangement 
is required to meet the temperature de-
sign conditions since the coolant exit 
temperature may be considerably higher 
than the condensate exit temperature. 
Condensation inside the tubes is 
normally used in preference to the mor~ 
conventional method of condensing out-
side the tubes because the condenser 
must operate in a zero-g environment 
in space applications. With the con-
densing flow inside the tubes, fluid 
pressure and shear effects instead of 
gravity can be used to drive the con-
densate from the condenser. 

A constant-diameter shell-and-tube 
condenser designed by Pratt and Whitney 
Aircraft (28] for a Rankine-cycle space 
power plant is illustrated in Fig. 4.26. 
The condenser consists of a bundle of 
circular tubes attached to tube sheets 
at either end. The tube bundle is 
arranged in a hexagonal pattern using 
an equilateral triangular pitch. The 
tube bundle is enclosed in a cylindrical 
shell that employs a hexagonal line~ to 
direct flow through the tube bundle. 
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The shell is joined to the tube sheets 
at both ends through toroidal-type 
manifolds. The manifolds are designed 
with sufficient flexibility to accom-
modate the differential thermal expan-
sion between the shell and tube. 
Orifice plates at both ends of the 
shell maintain a uniform distribution 
of coolant across the shell. Orifices 
are 'also placed at the exit of each 
tube. To insure a uniform distribu-
tion of flow to all tubes, these ori-
fices are sized so that the static 
pressure drop across them is greater 
than the static pressure rise of the 
condensing flow through the tubes. 

A tapered, shell-and-tube-condenser 
configuration is illustrated in Fig. 
4.27. The construction is similar to 
the constant-diameter configuration 
except that the cross-sectional dimen-
sions decrease with length in the di-
rection of the condensing fluid flow. 
The tapered configuration may offer 
some advantages over the constant-
diameter configuration. Since the 
cross-sectional area of the tubes de-
creases with length, the tapered tubes 
maintain a higher average vapor vel-
ocity; this results in a higher average 
heat-transfer coefficient for the con-
densing flow. In addition, there is 
some evidence that condensing flow is 
more stable inside tapered tubes, as 
observed for mercury [31]. However, 
later experiments showed no apparent 
increase in stability for condensing 
flow inside tapered tubes [32]. There 
may be some advantages to tapered de-
signs, but they are more difficult to 
manufacture. 

Many shell-and-tube heat exchangers 
are designed so that each tube can flex 
independently to relieve the stresses 
that develop from differentials in the 
thermal expansion of individual tubes. 
This flexibility was accomplished in a 
number of ways. For example, some heat 
exchangers have long thin tubes that 
bow under the action of thermal 
stresses. Others have tubes bent into 
a U-shape which are free to grow in the 
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Fig. 4.26 - Constant-diameter NaK- cooled liquid-metal condenser for 1 Mw(e) 
nuclear space power plant. 

axial direction. For liquid-metal heat 
exchangers, many designers have found 
it expedient to bend the tubes about 
45° instead of into a complete U, a de-
sign illustrated by the hockey- stick 
condenser shown in Fig. 4.28. 

(2) Concentric- Tube Condenser. A 
concentric- tube condenser (Fig. 4.29) 
consists of a bundle of concentric 
tubes with manifold'ing arrangements to 
direct the coolant fluid through the 
central tube and the condensing fluid 

DRAIN HOLE - 6 PLACES 
THIS END 

SHELL-FLUID 
ORIFICE PLATES 

TUBE SHEET 

COOLANT 
IN 

Fig. 4.27 - Tapered liquid-metal condenser for nuclear space power plant. 
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Fig. 4.28 -- Hockey-stick condenser. 

through the annular passages between 
the outer and the central tubes. Swirl 
devices in the annular passage remove 
condensate from the heat-transfer sur-
face, thereby increasing the condensing 
heat-transfer coefficient. Separate 
tube sheets are required at each end 
for the outer tubes and the central 
tubes. The tube sheets at each end are 
separated to permit the condensing 
fluid to flow between them. 

Compared with the shell-and-tube 
condenser, the concentric-tube con~ 
denser is heavier, less reliable, and 
more difficult to fabricate. 

VAPOR FLOW 

COOLANT 
OUT 

CONDENSATE 
OUT 

FLOW 
DIVIDER 

COOLANT 
FLOW 

Fig. 4.29 - Concentric-tube con-
denser. 
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4-3.3 Fluid Flow 

(a) Pressure Drop 
Since the techniques for computing 

pressure drops for both single-phase 
and condensing flow are discussed in 
Vol. II, Chap. 1, only an enumeration 
of the various pressure losses to be 
considered in condenser design is 
given here. The overall change in 
static pressure across the condenser 
can be subdivided into the following 
components: 

1. Coolant pressure losses. 
a. Entrance losses. 
b. Orifice losses (if orifices 

are used). 
c. Frictional loss through 

shell. 
d. Exit losses. 

2. Condensing-fluid pressure 
losses. 

a. Inlet manifold drop. 
b. Tube entrance losses. 
c. Tube pressure changes, in-

cluding two-phase condensing pressure 
drop, pressure rise due to momentum re-
covery, and frictional loss in sub-
cooling region. 

d. Orifice losses. 
e. Exit losses. 

(b) Flow Stability 
Flow stability is discussed at length 

in Sec. 4-2.2(c) for radiative con-
densers. In general, the same sta-
bility considerations apply to heat-
exchanger condensers. 

(c) Flow Distribution 
In a typical shell-and-tube con-

denser (Fig. 4.30), the coolant enters 
from the inlet pipe and is distributed 
circumferentially by the coolant inlet 
manifold. The coolant then flows 
radially inward through the circumfer-
ential gap between the shell and the 
tube sheet and enters the passage be-
tween the tube sheet and the adjacent 
orifice plate. The coolant flows 
radially inward through this passage 



RADIATORS, CONDENSERS, AND BOILERS 

EXI T 
MANIFOU.J 

---+ CONDENSING FL UI D FLOW 

--+ COOLANT FLOW 

Fig. 4.30 - Typical flow pattern 
for constant-diameter shell-and-tube 
condenser. 

and is dispersed thro~gh the holes in 
the inlet orifice plate into the main 
shell section. The coolant flows 
axially through the main shell section 
and then through the holes in the ori-
fice plate at the exit end of the shell. 
The coolant is collected in the pas-
sage between this orifice plate and the 
adjacent tube sheet, where it flows 
radially outward. The flow continues 
radially outward through the circum-
ferential gap between the tube sheet 
and the shell and is collected by the 
coolant exit manifold. 

The coolant flow must be distributed 
uniformly in the radial direction as it 
flows through the main shell section of 
the condenser (Fig. 4.30) to obtain 
high thermal performance. The coolant 
distribution is strongly influenced by 
the relative pressure drop across 
various portions of the flow path. As 
the pressure drop across an orifice 
plate increases relative to the radial 
pressure loss for the flow between the 
orifice plate and the adjacent tube 
sheet, the coolant distribution be-
comes more uniform across the shell. 
The pressure drop across the orifice 
plate should be several times as large 
as the radial drop to obtain an ac-
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ceptably uniform coolant distribution 
in the main shell. 

A uniform distribution of the 
coolant flow in the main shell section 
of the condenser is also promoted by a 
uniform distribution of the flow 
through the circumferential gaps be-
tween the shell and the tube sheets 
(Fig. 4.30). As the pressure drop 
across each gap increases relative to 
the other pressure drops in the flow 
path, the flow through gaps becomes 
more uniforrr. in the circumferential di-
rection. 

It is desirable to design shell-
and-tube condensers to distribute the 
fluid to each tube as uniformly as 
possible. The use of an orifice on 
each tube to provide a static-pressure 
drop greater than the static-pressure 
rise of the condensing flow promotes 
a uniform flow to each tube. Since the 
flow rate in each tube depends strongly 
on the heat-transfer rate along the 
tube, it is desirable to keep the heat-
transfer rates from each tube as uni-
form as possible at any axial position. 
Since the radial cross flow between the 
tube sheets and their adjacent orifice 
plates represents an area of nonuni-
form heat-transfer rates, the length of 
the tube exposed to this radial cross· 
flow should be kept to a minimum. 

4-3.4 Mechanical Design 

The two primary areas of concern in 
che mechanical design of a liquid-metal 
condenser are materials compatibility 
with the working fluids, NaK and sodium, 
and the configuration of the tube-to-
header joints. The capability for a 
long operational life requires materials 
that will not corrode or erode in 
either liquid-metal ~nvironment. The 
materials-compatibility problem with 
sodium and NaK is treated in Chap. 2. 

Since numerous tube joints are re-
quired, the tube-header configuration 
is the main design problem. Two ap-
proaches that have been used with suc-
cess are a welded and back-brazed 
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joint and a rolled-and-welded joint. 
The welded and back-brazed joint, 

shown schematically in Fig. 4.31, is 
formed by using a trepanned header, 
automatic tungsten electrode, inert-gas 
(TIG) weld, and a subsequent back braze 
at 1800°F in a hydrogen atmosphere. 
Condensers fabricated by this method 
have accumulated over 2000 hr of ser-
vice without failure [33]. The rolled-
and-welded joint, shown schematically 
in Fig. 4.32, eliminates the costly 
and time-consuming back braze, re-
placing it with a grooved header into 
which the tube was rolled prior to 
welding. Both joints have passed non-
destructive tests including helium leak 
checks and proof tests [26]. 

BACK BRAZE 

BEFORE WELDING AND 
BACK BRAZING ---+----

Fig. 4.31 - Welded and back-brazed 
joint schematic. 

Once the materials are selected and 
the fabrication process for the tube 
headers developed, the remainder of the 
mechanical design of a liquid-metal 
condenser is considered straightforward 
heat-exchanger fabrication. 

4-4 BOILERS 

This section outlines the techniques 
used in designing a liquid-metal boiler 
for space power plant applications. 
Normally the application defines such 
parameters as terminal temperatures, 
exit quality, heat load, flow rates, 
al l owable pressure drops, and any geo-
metric limitations. The general design 
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T UBE SHEET 

TUBE 

Fig. 4.32 - Rolled-and-welded joint 
schematic. 
problem is to determine the combination 
of materials and geometry which pro-
vides the required thermal capability 
with minimum weight, volume, and, if 
possible, cost. 

4-4.1 Types of Boilers 

Like condensers, liquid-metal boilers 
for use in a space environment present 
design problems considerably different 
from their earthbound counterparts. 
For instance, since buoyancy forces are 
absent in a zero-g environment, a 
boiler that will operate satisfactorily 
in space must be of the forced-circu-
lation variety. Two boiler concepts 
are usually considered, the recircu-
lating type and the once-through type. 
Systems utilizing these two boiler con-
cepts are shown schematically in Fig. 
4.33. In the once-through boiler, the 
working fluid is heated from a subcooled 
liquid to superheated vapor. The vapor 
is then expanded in the turbine, con-
densed, and returned to the boiler by 
the condensate pump. The recirculating 
system requires the addition of sepa-
ration equipment, a subcooler, and an 
additional pump to raise the pressure 
of the recirculated liquid to the 
boiler-inlet pressure. The recircu-
lating boiler does not heat the thermo-
dynamic working fluid to dry vapor. 
The moisture in the outlet fluid from 
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(VAPOR) TURBINE 

CONDENSER 

(a) ONCE-THROUGH SYSTEM 

BOILER 

SUBCOOLER 

RECIRCULATING 
PUMP CONDENSATE PUMP 

(b) RECIRCULATING SYSTEM 

Fig. 4.33 - Boiler concepts. 

the boiler is extracted by the separa-
tion equipment, and the dry vapor is 
supplied to the turbine. Following 
expansion in the turbine, the vapor is 
condensed and returned to the boiler 
by the condens·ate pump and boiler 
circulation. The liquid extracted in 
the separator is subcooled by the con-
densate in a subcooler and supplied to 
the suction of the boiler recircu-
lating pump with sufficient subcooling 
to avoid cavitation. 

The once-through boiler has been 
studied most intensively because the 
primary application of liquid-metal 
boilers has been in space power plants 
of relatively small power output, and 
the addition of liquid-vapor separa-
tors to such small systems increases 
their complexity and size an unwarranted 
amount. However, the once-through 
boiler has some inherent disadvantages 
that tend to counterbalance the advan-
tages of simplicity and compactness. 
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The penalty frequently paid for using 
once-through boilers is low average 
heat-transfer coefficients. Super-
heaters characteristically have low 
heat-transfer coefficients, but since 
the percent of total heat added in the 
superheater is quite small, the low 
heat-transfer coefficient does not 
cause a significant increase in total 
boiler size. When the low heat-transfer 
coefficient occurs in the evaporation 
section, however, boiler size may be 
seriously affected. 

Most of the heat added to a working 
fluid is used in the evaporation pro-
cess. The effectiveness of the heat-
transfer surface depends strongly on 
keeping the liquid phase in close 
proximity with the surface. In re-
circulation boilers this is not par-
ticularly difficult, because of the 
large ratio of liquid-to-vapor flow. 
In once-through boilers, however, the 
heat-transfer surface rapidly becomes 
blanketed with vapor, reducing heat 
transfer. Boilers that have been con-
structed include features to offset 
the blanketing effect of the vapor. 
The most effective device is a swirl 
promoter located within the boiler 
tube which produces an artificial 
gravity field that tends to separate 
the liquid to the wall and the vapor 
to the tube center. The effectiveness 
of the heat-transfer surface can be 
increased approximately threefold by 
this method. Pressure drop is also 
increased significantly when swirl de-
vices are added. 

4-4.2 Nomenclature for Sec. 4-4.3 

A Heat-transfer area 
C An empirical constant 
CpN Specific heat of NaK 
D Tube diameter 
G Flow-mass velocity 
Go Total flow-mass velocity 
h Heat-transfer coefficient 
hB Heat-transfer coefficient of boiling 

fluid 
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KG 

kz 
kv 
L 
Le 
~Hg 
mN 
N 
Nu 
Nu 0 
Q 
Reo 
s 

X 

Xe 

Heat-transfer coefficient of 
heating (primary) fluid 
Heat-transfer coefficient of 
boiling fluid in subcooled-liquid 
region 
Heat-transfer coefficient of 
superheated vapor 
Latent heat of vaporization 
Heat-transfer coefficient in 
diffusion-limited heat-transfer 
region 
Dimensionless mass-transfer coef-
ficient 
Thermal conductivity of liquid 
(boiling fluid) 
Thermal conductivity of vapor 
Length of boiler 
Boiler length of .critical quality 
Mass flow rate of mercury 
Mass flow rate of NaK 
Number of tubes 
Nusselt number= hD/kv 
Drop Nusselt number 
Heat-transfer rate 
Total flow-rate Reynolds number 
Slip; ratio of vapor-to-liquid 
velocity 
Local temperature of boiling fluid 
Local temperature of heating fluid 
Mercury temperature 
NaK temperature 
NaK temperature at point of 
critical quality 
NaK inlet temperature 
NaK outlet temperature 
Saturation temperature 
Wall temperature 
Mean NaK-to-boiling-mercury tem-
perature difference 
Overall heat-transfer coefficient 
Heat-transfer coefficient of NaK 
and tube 
Vapor quality 
Critical vapor quality (dry-wall 
condition) 
Swirl-wire pitch angle 
An empirical constant 
Swirl-wire diameter 
Liquid density 
Vapor density 
Vapor viscosity 
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4-4.3 ThePmal Considerations 

The general heat-exchanger-design 
relations discussed in Sec. 4-3.2(b) 
for condensers can also be applied to 
the design of a liquid-metal boiler 
for a given set of flow r~tes, terminal 
temperatures, and geometry. As with 
condensers, however, the required sur-
face area must be calculated in a step-
wise manner to account for the variation 
in heat-transfer and fluid-flow reg.imes 
along the boiler length. 

The heat transferred per unit time 
across a differential element of a 
boiler at steady state is 

dQ = U (Th - Ts) dA (4.62) 

If the elemental heat-transfer sur-
face area, dAh~ refers to the surface 
adjacent to the heating fluid, then 
the local overall heat-transfer coef-
ficient is given by 

1 u = ------------- (4.63) 

where the coefficient hint represents 
conduction through the interface (com-
monly a tube wall) between the two 
fluids, Ah is area at heating surface, 
AB is area at boiling surface, and Aint 
is the mean area of the tube wall. 

When only approximate calculations 
are required, the log-mean-temperature 
approach (Eq. 4.58) can be applied by 
dividing the boiler into regions and 
using average heat-transfer coef-
ficients for each region. The usual 
procedure is to divide the boiler into 
three parts: (1) the preheating sec-
tion, (2) the wet-wall boiling section, 
and (3) the dry-wall boiling and super-
heating section. The heat-transfer 
rate for each section is then calcu-
lated on the basis of average heat-
transfer coefficients and the log-mean-
temperature difference. In the pre-
heating section the inlet fluid is 
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heated to its saturation temperature. 
In the wet-wall boiling section, the 
quality is increased from Oto approxi-
mately 80 to 90%, the range in which 
wet-wall boiling, and therefore a 
relatively high boiling heat-transfer 
coefficient, can be expected. In the 
dry-wall boiling and superheating sec-
tion, the boiling fluid is heated from 
about 80% quality to the desired super-
heat. In this section the boiling-
fluid heat-transfer coefficient can be 
expected to be low. 

If greater accuracy is required in 
the boiler design, methods accounting 
for the local variation of the boiling 
heat-transfer coefficient are neces-
sary since heat-transfer coefficients 
for boiling liquid-metal flows vary 
considerably with vapor quality. Also, 
the temperature variation of the 
boiling fluid depends on the pressure 
drop along the boiler tube since local 
saturation temperature depends on local 
static pressure. 

The most practical method of ac-
counting for the effects of local vari-
ations of the heat-transfer coefficients 
is to divide the boiler into a number 
of smaller increments and employ a 
stepwise method of solution. Using 
such a proced~re, we evaluate changes 
across one increment to determine 
the input values for the calculations 
on the next increment. 

Determination of the heat-transfer 
coefficients for liquid-metal boilers 
is complicated by the differences in 
flow patterns occurring as the volume 
fraction of the vapor increases along 
the boiler tube. A separate heat-trans-
fer correlation is required for each 
flow pattern. For alkali~metal boilers 
the variations in flow regimes as the 
boiling fluid passes through the boiler 
[34] are shown in Figs. 4.34 and 4.35. 
The two-phase flow patterns shown are: 

1. Bubbly flow: This pattern 
occurs at very low quality and consists 
of individual bubbles of vapor entrained 
in the liquid flow. The bubbles are 
formed at nucleation sites on the wall. 
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BUBBLE PLUG (SLUG) 

ANNULAR MIST 

Fig. 4.34 - Two-phase flow patterns 
in boiler tubes (34]. 

2. Plug, or slug, flow: As the 
quality of length-to-diameter ratio 
increases, the individual bubbles ag-
glomerate and grow to form plugs, or 
slugs, of vapor which periodically pass 
a given point on the wall. 

3. Annular flow: At higher quality, 
the vapor flows in a high-velocity core 
in the center of the pipe, and a thin 
film of liquid covers the pipe wall. 
Liquid droplets are generally disp~rsed 
in the vapor core. 

4. Mist flow: At high quality, the 
liquid film on the wall disappears and 
all the liquid is dispersed throughout 
the vapor as droplets. 

In the subcooled (preheater) and the 
superheater regions single-phase flow 
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Fig. 4.35 - Characteristic forced-
convection vaporization heat-transfer 
coefficient [34]. 
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exists, and conventional forced-con-
vection correlations can be used to 
predict the heat-transfer coefficients 
hL and hv. 

Figure 4.35 illustrates the vari-
ation of the heat-transfer coefficient 
for a fixed geometry and flow rate with 
vapor quality. It can be seen that the 
heat-transfer coefficient increases 
with increasing quality. At a critical 
quality, Xe, which varies considerably 
with fluid, geometry, and heat flux, 
there is a rapid decrease in the heat-
transfer coefficient toward the value 
characteristic of vapor flow. When the 
quality reaches 100%, the coefficient 
equals the vapor heat-transfer coef-
ficient, hv. 

In the bubbly-flow regime, the 
volume fraction of the vapor is very 
small and thus has little effect on the 
liquid velocity. Bubbles grow and de-
part from nucleation sites on the wall 
much as they do in nucleate pool 
boiling. Depending on the wall tempera-
ture, fluid properties, and the nucle-
ation characteristics of the wall, the 
nucleate-pool-boiling heat-transfer 
mechanism may or may not dominate the 
forced-convection heat transfer to the 
liquid occurring between the bubble 
nucleation sites. In the very narrow 
quality range over which bubbly flow 
exists, the heat-transfer rate can be 
predicted by superimposing liquid 
forced convection and nucleate pool 
boiling [35], if the superheat tempera-
ture difference (Tw - Tsat) is not 
great enough to produce film boiling. 

As the vapor volume fraction and the 
tube length-to-diameter ratio increases, 
the individual bubbles grow and ag-
glomerate to form plugs or slugs of 
vapor, which occur periodically along 
the tube. Even though the vapor 
volume fraction has increased, the 
corresponding quality is still very 
low. However, the presence of the 
larger volume fraction of vapor begins 
to cause a significant increase in the 
liquid velocity in the plug-flow regime. 
The heat-transfer mechanism is probably 
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the same as in the bubbly-flow regime: 
A superposition of forced convection to 
a liquid and nucleate pool boiling; it 
can be conservatively estimated by ig-
noring the increase in velocity. 

In a typical boiler the bubbly- and 
plug- (slug-) flow regimes exist over a 
very small fraction of the total boiler 
length. In addition, superimposing the 
nucleate-boiling heat flux and the 
forced-convection heat flux has a rela-
tively small effect since the forced-
convection heat-transfer coefficient is 
generally greater than 1000 Btu/(hr)-
(sq ft)-(°F) with liquid metals. Con-
sequently the increased heat transfer 
provided by boiling in these flow pat-
terns can be ignored. This yields a 
slightly conservative result and elim-
inates the need to predict liquid-metal 
nucleate-pool-boiling heat-transfer 
characteristics. It must, of course, 
be demonstrated that film boiling 
cannot occur. 

In annular flow the vapor is gen-
erated primarily by vaporization from 
the liquid-vapor core interface inside 
the tube, and not by the formation of 
bubbles at the wall. The heat-transfer 
mechanism is similar to that for film 
condensation inside a tube; heat is 
transferred through the liquid film to 
the interface with the vapor core. The 
heat-transfer coefficient for this 
process is much higher than that for 
nucleate boiling, especially with 
liquid metals. In the annular flow 
region, the boiling heat-transfer co-
efficient is substantially greater than 
the heating-fluid coefficient. There-
fore the heating-fluid coefficient, 
combined with the wall resistance, is 
controlling with respect to the re-
quired heat-transfer area, and knowl-
edge of the exact value of the annu-
lar-flow boiling coefficient is of 
minor importance for design purposes. 

The quality corresponding to the 
abrupt decrease in heat-transfer coef-
ficient shown in Fig. 4.35 marks the 
start of the wall-drying process, 
which eventually produces a completely 
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dry wall and mist flow. The heat-trans-
fer coefficient undergoes a rapid de-
crease beyond this point since heat is 
transferred directly to the low- thermal-
conductivity vapor in the dry spots. 
After the heat is transferred to the 
vapor, it is transferred to the liquid 
droplets; the mist-flow vaporization 
process actually takes place in the 
interior of the pipe rather than at the 
wall. For this reason, the temperature 
of the vapor in the mist- flow regime 
is always greater than the saturation 
temperature. When the wall is com-
pletely dry, the mechanism of heat 
transfer is forced convection to a gas, 
and the heat- transfer coefficient can 
be predicted from conventional forced-
convection correlations for gases. 

It is important to delay the onset 
of wall drying in the boiler because the 
low heat-transfer coefficients associ-
ated with mist flow would require a 
prohibitively heavy boiler to provide 
complete vaporization of the fluid. 

The high- quality dry wall is caused 
simply by vaporization of the liquid 
film on the wall, as a result of con-
duction heat transfer through the 
liquid, while the vapor core still 
contains a dispersion of liquid drop-
lets formed upstream at lower· quality 
and carried along by the vapor [36J. 
The volume fraction of these liquid 
droplets is very small, but they ac-
count for a substantial mass fraction 
because of the high liquid-to-vapor 
density ratio; the quality at the point 
where dry wall is attained is due en-
tirely to the mass of liquid in the 
droplets. Thus the dry wall condition 
can be overcome if a method can be 
found to reattach the liquid droplets 
to the wall. 

The use of twisted- tape or swirl-
wire inserts in the boiler tubes to 
centrifuge the liquid droplets to the 
wall appears to be a promising method 
of postponing the occurrence of dry 
spots to higher quality and maintaining 
a high-transfer coefficient to high 
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quality since the wall will be main-
tained partially wet as long as liquid 
exists in the tube. Because of the 
complexity of the two-phase annular-
flow process, analysis is extremely 
difficult and uncertain. 

A number of rather complicated cor-
relations have been suggested to pre-
dict heat-transfer coefficients for 
tubes with twisted-tape inserts, but 
they do not provide much more accuracy 
than is obtained by simply inserting 
the equivalent diameter and resultant 
velocity in conventional correlations. 

The boiling and single-phase heat-
transfer coefficients for sodium and 
NaK can be predicted from the corre-
lations given in Vol. II, Chap. 2. 

For NaK-to-mercury boilers a de-
tailed boiling- research experimental 
program was conducted [37] to obtain 
local heat-transfer data that would 
allow stepwise design of boilers as a 
function of quality and temperature 
difference along the tube length. 
These data were successfully corre-
lated through the definition of three 
boiling regimes. These were the con-
tact region, where nonwetting- liquid 
drops are in constant contact with the 
tube wall and the heat is transferred 
by conduction to the drop; the inter-
mittent-contact region, where the drops 
intermittently contact the wall; and 
the film region, where the drops never 
contact the wall. This correlation re-
sulted in the following three design 
equations [37]: 

1. Contact-boiling region (non-
wetted): 

l 

l 2 [k Z l 2 [ D F Nu = 32Nuo kv ~ j (1 - x)1 Pv (4.64) 
x Pz 

where 

Nu0 = 0.80 (for O < x < 100%). 

2. Intermittent-contact boiling 
region: 
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Nu 234C4 [kvJ 4 - (1 kz 

(4.65) 

where 

C = 2.3 (for O < x < 40%) and 

C 3.0 (for 40% < x < 100%). 

3. Film-boiling region: 

1 
63 !t (1 Nu= 4 S3 

where 

2 
x)3 D 

xi 60 

(4.66) 

s 
s 

0.43 (for O < x < 40%) and 

1.0 (for 40% < x < 100%) 

The SNAP-2 model SC (Fig. 4.36) 
boiler was designed by using these 
equations, and the predicted perfor-
mance [38] is shown in Fig. 4.37, 
along with actual data. The design 
equations, based on dry-wall, conduc-
tion boiling, are very conservative 
with respect to conditioned (wet-wall, 
nucleate boiling) performance. 

It was recently shown [39] that 
conditioned boiler performance data 
can be closely matched if the mercury-
side (nucleate-boiling) film resistance 
is completely neglected over the 
wetted fluid-film region of the boiler 
and a drop mass-transfer model is used 
for the region where the drops are 
being carried along in the vapor stream 
(spray-annular flow pattern as illus-
trated in Fig. 4.38). In this latter 
region the drops strike the wall by the 
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turbulent motion (eddy diffusion) of 
the vapor, and it is assumed that any 
drop reaching the wall is vaporized. 
The heat flux in this region is given 
by [40] 

Q/A = KaS (1 - x) aohfg (4.67) 

or in terms of heat-transfer coef-
ficient, 

xa3(1 - x)aohfq 
ha = T - T 

W Hg 
(4.68) 

The dimensionless mass-transfer coef-
ficient, Ka, based on the analogy be-
tween mass and momentum transfer, is 
given by 

0.023 (for S 1) (4.69) 

The critical quality Xe at which the 
wetted-film heat-transfer rate exceeds 
the calculated diffusion-limited rate 
represents the point at which the fluid 
film disappears and the mass-transport 
mechanism takes over. The critical 
quality can be computed [32] by 

UN-w<TNC - THg) = KaS(l - Xc)ahfg 

(4.70) 

where UN-Wis the combined heat-transfer 
coefficient for the heating fluid (NaK) 
and the tube wall. The resistance of 
the evaporating liquid film has been 
neglected. TNc is a function of Xe and 
can be determined from a heat balance 
(Fig . 4. 38) : 

(4.71) 

A combination of Eqs.4.70 and 4.71 yields 
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H9 VAPOR OUTLET 

' 
NaKINLET 

Fig. 4.36 - SNAP-2 model SC boiler. Overall dimensions: 6.5 ft long x 4.0 in. 
OD. Hg tubes: 4 tubes, 29 ft long, 3/8 in. OD x 0.020 in. wall. Swirl wire: 
0.040 in. diameter x 1.0 in. pitch. Insert tube: 54 in. long x 1/4 in. OD. Dry 
weight: 30 lb. 
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Fig. 4.37 - Predicted model SC 
boiler profiles and comparison to data. 
o, model SC boiler data. 

(4.72) 

from which Xe can be determined. 
The heating length, Le, up to the 

point where dry-wall boiling occurs, as 
defined by Eq. 4.70 in terms of Xe, can 
be computed as illustrated in the sub-
sequent analysis [39]. The overall 
heat-transfer coefficient U over the 
length Le is primarily determined by 
the tube-wall and NaK resistance. 
Therefore 

(4. 73) 
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Fig. 4.38 
Spray-annular boiling. 
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Rearranging Eq. 4.73 to solve for dL 
and integrating yields 

I
L mNC N ITNc 

L c = TrDNU~-W ln (TN - THg) T 
o N0 

fnNCpN TNc - TH 
L = ln T g (4.74) C rrDNUN-W - THg No 

or, if the temperature profile is to be 
computed, 

mNCpN TN - T 
L = ln Hg (4.75) 

rrDNUN-W TNO - THg 
To compute the NaK temperature pro-

file and boiling length for L > Le, we 
proceed as follows: 

1 1 +_l_ 
Ti = UN-W ha 

Thus, 

(4. 76) 

(
_1 _ + l]- i = __ m_N_c ...... P_N_d_T_N __ 
UN-W ha rrDN (TN - THg) dL 

(4.77) 

dL 

If we substitute the heat balance, 
inNCpN 

1 - x - -------- (TN . - T) 
- mHghfg 1, 

4mH 
a = _E_g_ o rrD 2 N 

we obtain 

dL mNCpN dTN + 
rrDNUN-W TN - THg 

_D_ TW - THg dTN 
Kcf4 TN - THg TNi ·- TN 

(4.78) 

To be conservative, let Tw = TN; then 
Eq. 4.79 becomes 

dL = mNCpN dTN + _D_ dTN 
rrDNUN-W TN - THg Krf4 TNi - TN 

Integrating, Eq. 4.79 yields 
(4.79) 
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I
TN 

ln (TN. - TN) 
-i T 

Ne 

mNCe_N TN - T 
L - Le ln Hg + 

rrDNUN-W TNe - THg 

D TN. - TN 
ln -i e (4.80) Kcf4 TN. - TN -i 

The boiler profile predicted by this 
analysis for the SNAP-2 model SC boiler 
is also shown in Fig. 4.37. Because of 
the higher pressure drop resulting from 
the large excess superheat length in 
the model SC boiler, the boiler operates 
with about a 5°F pinch point. This 
method of analysis represents the data 
quite well, and only a small portion of 
the boiling region exhibits the dif-
fusion-limited heat-transfer character-
istic (81% < x < 100%). 

Operating experience [38] showed 
that the performance of NaK-to-mercury 
boilers is not always predictable; 
heat-transfer rates in a given boiler 
may vary as much as an order of magni-
tude at different times under the same 
parametric conditions. For example, a 
boiler operating favorably with high 
boiling heat-transfer coefficients and 
producing relatively high boiler-outlet 
'quality and high vapor superheat is 
said to be conditioned. In decon-
ditioned boiler operation low heat 
transfer occurs, and low mercury-outlet 
quality and low superheat result. 
Figures 4.39 and 4.40 represent typi-
cal conditioned and deconditioned per-
formance of the SNAP-2 NaK-to-mercury 
boiler. 

An evaluation of boiler-test experi-
ence, coupled with a review of related 
experimental data and applicable litera-
ture, led to the formulation of several 
possible mechanisms for the decon-
ditioning process. The only two that 
seemed reasonable after detailed 
scrutiny were: 

1. Deconditioning was strictly the 
result of loss of surface wetting and 
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was caused by the presence of contami-
nants such as air, water, or oil. 

2. Deconditioning resulted from the 
washing out of nucleation sites, which 
gave rise to superheated liquid. This 
liquid would intermittently flash, 
setting up a slug-flow pattern which 
then caused the poor heat-transfer 
characteristics. 

Two basic experimental programs were 
proposed to evaluate these hypotheses 
[41]. One was a pool-boiling test to 
evaluate the effect of wetting on nu-
cleate-boiling heat transfer and to 
evaluate the effects of air, water, 
and oil contamination on the wetting 
characteristics of the boiler surface. 
The other test was a single-tube forced-
convection test to evaluate the use of 
artificial nucleation sites as a means 
of preventing slug flow and thus poor 
heat transfer. A third test program 
[38] to evaluate tube-to-tube con-
ditioning and stability effects was 
also proposed. The conclusions drawn 
indicate that the primary cause of 
boiler deconditioning is loss of sur-
face wetting. Although other phenom-
ena such as slug flow may accompany 
deconditioned boiler operation, they 
are the results of, rather than the 
causes of, boiler deconditioning. The 
establishment of vortex flow does not 
produce conditioned boiler performance 
unless wetting also occurs. No attempt 
to obtain larger liquid superheats with 
mercury (lack of nucleation sites) has 
been successful to date. 

The primary cause of prolonged 
boiler deconditioning problems has 
most probably been the presence of 
organics in the boiling loop. Air and 
water can temporarily decondition a 
boiler, but deconditioning as a result 
of oil contamination is much more per-
manent in nature. 

The low heat-transfer coefficient of 
a deconditioned boiler requires a large 
tube wall-to-mercury temperature dif-
ference or a large heat-transfer area 
to transfer the required thermal energy. 
For spac·e application, where the 
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minimization of size and weight are ex-
tremely important, boiling heat-transfer 
area and boiler size are very limited. 
A boiler designed to ensure adequate 
performance under deconditioned oper-
ation suffers severe weight and boiling-
heat- transfer-area penalties relative 
to a design for conditioned operation. 
Also, a design for deconditioned oper-
ation requires that additional mercury 
inventory be available for the sup-
press ed-boiling section that forms if 
the boiler conditions (a highly prob-
able event). These considerations in-
dicate that boiler design for decon-
ditioned operation is not practical, 
and conditioned boiler operation should 
be ensured through proper process de-
sign control. 

4-4.4 Boiler Configuration 

The selection of a configuration for 
a liquid- metal boiler for a particular 
application is influenced by several 
factors including weight, volume, re-
liability, ease of fabrication, accom-
modation of thermal expansion, flow 
s.tability, and thermal performance. 
The preceding discussion of study re-
sults for NaK- mercury boilers is gen-
erally applicable to all once-through 
boilers. 

Several flow schemes can be con-
sidered for a liquid-metal boiler de-
sign: 

1. 
2. 
3. 

Counterflow (throughout). 
Counter-counterflow. 
Parallel-counterflow. 

Each of these flow arrangements has 
been considered [42] for NaK-to-mer-
cury boilers, and the NaK-mercury tem-
perature profiles for these designs are 
shown in Fig. 4.41. Parallel flow in 
the superheat section of the boiler is 
not practical if a significant degree 
of superheat is required. 

Most designs have used the counter-
flow arrangement (see Fig. 4.42). The 
boilers shown in the figure were devel-
oped for the SNAP-2 mercury Rankine 
system. However, higher exit-vapor 
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qualities can be obtained by using the 
counter-counterflow or parallel-counter-
flow designs [42]. 

A comprehensive conceptual boiler-
design study [42] was conducted to 
evaluate how best to meet the boiler 
requirements for advanced mercury 
Rankine applications. Its primary ob-
jectives were to improve the NaK-to-
mercury interface reliability and to 
decrease the overall boiler size. 
Figure 4.43 shows some of the boiler 
concepts considered. Of those studied, 
concepts b, c, and d were considered 
the most promising approaches for ad-
vanced applications. 

4-4.5 Fluid Flow 

A knowledge of both single-phase 
and boiling fluid mechanics is impor-
tant in the design of a liquid-metal 
boiler. The major factors related to 
fluid mechanics which must be con-
sidered are: 

1. Fluid pressure losses and flow 
regimes. 

2. Flow distribution and stability. 

(a) Fluid Pressure Losses and Flow 
Regimes 

The techniques for computing pres-
sure drops for both single- phase and 
two-phase (boiling) flow are treated in 
Vol. II, Chap. 1. The discussion here 
is limited to an enumeration of the 
various pressure drops to be considered 
in boiler design. The overall change 
in static pressure across the boiler 
can be subdivided as follows: 

1. Heating-fluid pressure losses. 
a. Entrance losses. 
b. Orifice losses (if orifices 

are used). 
c. Frictional loss through 

shell. 
d. Exit losses. 

2. Boiling-fluid pressure losses. 
a. Inlet-manifold drop. 
b. Tube-entrance losses. 
c. Tube pressure changes includ-

ing preheater frictional loss, two-
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(a) 27-ft HELICAL BOILER 

! 
NaK OUT 

t 

• 4 in. t 
NaK IN 

(b) 8-ft STRAIGHT-SHELL BOILER 

Fig. 4.42 - Counterflow 

phase (boiling) pressure drop, and 
pressure drop in superheater region 
(effects of turbulators and inserts 
must be considered). 

d. Orifice losses. 
e. Exit losses. 

To accurately compute the pressure 
drop in a boiler requires a step-by-
step procedure with application of 
local pressure data appropriate to the 
local flow pattern. Various flow 
patterns that may be encountered in a 
liquid-metal boiler are described in 
Sec. 4-4. 3. 

(b) Flow Distribution and Stability 
A primary area of concern is stable 

operation of a system including two-
phase flow in some of the components 
and, in particular, in the boiler. A 
system is stable if, when it is dis-
tributed from its operating point, it 
inherently returns to the same point. 
The stability of the system depends not 
only on the stability of each of the 

boiler configurations. 

components but also on the manner in 
which the components interact. Although 
two-phase components may be stable by 
themselves, component interactions can 
cause the system to become unstable. 
Stable operation of two-phase com-
ponents is therefore as much a system 
problem as it is a component- design 
problem. 

Boiler-stability problems are numer-
ous and complex. Two primary areas are 
described: The flow patterns that may 
exist in a boiler tube and the negative-
resistance characteristic of a boiler. 

The complicated flow patterns that 
result from forced-convection boiling 
within a hollow-tube boiler are shown in 
Fig. 4.44. The boiling fluid flows 
within a tube and is heated by a second 
fluid that moves in a surrounding shell. 
At the beginning of the boiler tube, the 
fluid is all-liquid and at a tempera-
ture below the boiling point (the satu-
ration temperature). The graph in the 
lower part of the figure illue~rates 
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Fig. 4.44 - Two-phase (boiling) flow 
regimes. 

the heat flux into the boiler tube. In 
the all-liquid region, the heat trans-
fer is generally relatively low since 
it occurs by ordinary forced convection, 
although subcooled nucleate boiling can 
markedly increase the heat flux. As 
the liquid is heated, the portion near 
the wall reaches the boiling point. 
Bubbles are then formed near the wall; 
the core of the fluid remains liquid. 
Here the heat transfer begins to in-
crease because of the boiling action. 
The bubbly-flow regime is reached when 
the core of the liquid approaches the 
boiling point and bubbles extend over 
the entire tube cross section. These 
bubbles then coalesce, forming large 
vapor masses. The result is the slug-
flow regime, with the flow rapidly al-
ternating between liquid and vapor. 
Liquid is still flowing along the wall, 
and the heat transfer is very high. 
The vapor slugs then merge and annular 
flow, in which an annulus of liquid 
flows along the wall and vapor flows 
at high velocity down the center of the 
tube,results. The last regime is mist 
flow, in which the wall is essentially 
dry and vapor is carrying entrained 
liquid droplets. Somewhere prior to 
the region of a dry wall, the heat trans-
fer experiences a transition and very 
abruptly decreases to a low heat-flux 
rate. This transition point may fluc-
tuate up and down the tube in a rapid, 
uncontrolled manner. 
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A number of inherent boiler-stability 
problems are tied to these flow regimes. 
The slug-flow regime is inherently very 
unstable and causes violent surges in 
pressure and flow. These surges are 
believed to be largely responsible for 
the fluctuations in the heat-transfer 
transition point occurring further 
downstream in the tube. 

Another instability occurs at the 
very start of the boiling process. The 
initiation of boiling in liquid metals 
is erratic because of a bubble-nu-
cleation problem. Most liquids begin 
to boil when heated only a few degrees 
above their normal boiling temperatures, 
but liquid metals can be heated to 
several hundred degrees above their 
normal boiling temperatures and still 
remain entirely liquid. Then at some 
point the liquid in the boiler sud-
denly breaks to form an interface and 
to flash into vapor. Flash vaporization 
results in a sudden release of energy 
that causes violent bumping, geysering, 
and water hammer in the fluid. The 
outrush of vapor may send a surge of 
flow and pressure around the power-con-
version loop, thereby forcing cooler 
liquid back into the boiler tube, re-
filling the tube with liquid, and setting 
up another superheating and geysering 
cycle. 

The highly superheated liquid state 
that can be obtained with alkali metals 
is caused by conditions unfavorable for 
bubble formation. Studies have shown 
that bubbles originate at gas - or 
vapor-filled cavities or nucleation 
sites such as pits and scratches in the 
boiler-tube surface. Under such con-
ditions boiling can be initiated and 
maintained with only a few degrees of 
superheat. With alkali metals, how-
ever, the systems are highly degassed 
to help reduce corrosion and oxidation; 
thus the gas available at the nucleation 
sites is depleted. Also, these fluids 
wet the surface exceedingly well, 
thereby tending to fill m~ny of the 
larger cavities and render them inac-
tive. These combined effects are the 
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primary cause of the bubble-nucleation 
problem with liquid metals. 

In addition to these flow-pattern 
instabilities, a forced-flow boiler 
has, in general, a negative-resistance 
characteristic in its operating range. 
Some data that illustrate this charac-
teristic are shown in Fig. 4.38. Here 
the pressure drop for a hollow boiler 
tube is plotted as a function of the 
weight flow of the fluid. The data 
shown are for sodium, but similar data 
are obtained with other fluids. The 
solid lines show the pressure drops for 
all-vapor and all-liquid flows, and the 
broken parallel lines between these 
limits represent nominal exit-vapor 
quality values. A negative resistance 
is characterized by a decrease in 
pressure drop with increasing flow, 
i.e., a negative slope of the curve. 
The slope of the curve can become nega-
tive because an increase in total flow 
results in a decrease in exit quality 
and hence a decrease in vapor velocity 
and pressure drop. 

On the negative-slope portion of the 
curve, any flow disturbance tending to 
increase the flow leads to a reduction 
in pressure drop, which, in turn, 
causes a further increase in flow rate. 
An increased flow rate creates an un-
stable region of boiler operation that 
leads in many cases to severe boiler 
and system instabilities. The magni-
tude and location of this negative 
slope are a function of many variables 
including liquid subcooling, heat in-
put, fluid pressure level, boiler in-
ternal configuration, etc. Thus a 
whole family of such curves can be gen-
erated to cover the operating range of 
a particular boiler tube. 

Note that the region of negative 
slope does not necessarily indicate 
that the boiler is unstable in this 
operating range, but it does indi-
cate that, when the boiler is coupled 
with an unsuitable feed-system resis-
tance, an energy source exists which 
could become a driving force for a sys-
tem instability. 
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The negative slope of the boiler 
operating curve (Fig. 4.45) can be 
eliminated by adding a high-resistance 
device at the inlet of each boiler tube. 
An orifice (Fig. 4.46) whose pressure 
drop increases with the square of the 

. weight flow has frequently been used 
for this purpose. The overall boiler 
pressure drop is then made up of the 
sum of the boiler-tube and orifice 
pressure drops. This combined pressure 
drop of the sodium boiler tube and an 
orifice is shown in Fig. 4.47 as a 
function of weight flow. The combined 
pressure-drop curve obviously has only 
a positive slope; thus the negative-
resistance characteristic of the boiler 
tube has been eliminated as an insta-
bility source. An orifice, being a 
high-resistance element, also tends to 
decouple the boiler from disturbances 
originating upstream in other com-
ponents. By itself, however, an ori-
fice at the boiler inlet does not solve 
the slug-flow and the bubble-initiation 
problems. · 

Of the various inlet devices pres-
ently being used for space boiler ap-
plications, the central plug and heli-
cal spring shown in Fig. 4.48 merit 
discussion. In this configuration the 
plug, by reducing the flow area, in-
creases the liquid velocity and thus 
enhances the heat transfer, while the 
spiral-flow path moderates the slug 
flow by centrifuging the heavier liquid 
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to the wall of the tube. With this 
device, however, the point of initiation 
of boiling is uncertain, and, depending 
on the operating conditions, slug flow 
may or may not occur. The device alone 
does not solve the bubble-initiation 
problem; however, artificial nucleation 
sites in the form of reentrant cavities 
could circumvent its shortcoming. 

An advanced technique that attempts 
to solve all the previously discussed 
instability problems is shown in Fig. 
4.49. A schematic drawing of the pro-
posed boiler-tube inserts is shown. 
The inserts consist of a small center-
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Fig. 4.48 - Center plug and spring 
boiler-inlet insert. 

tube device at the boiler inlet fol-
lowed by a helical spring. Upstream 
of the small center tube, the flow is 
all liquid. The center tube creates a 
significant pressure drop near the tube 
outlet where the incoming liquid ap-
proaches its saturation or boiling tem-
perature and then provides a spray-
type, flashing discharge. The vapor-
ization of a small portion of the flow 
by flashing provides the vapor required 
to initiate boiling, and thereby elim-
inates the bubble-nucleation problem. 
Furthermore, since the flashing lo-
cation is fixed by the center-tube out-
let, initiation of boiling is fixed 
and known. Downstream of the spray, an 
annular flow pattern is quickly es-
tablished, the liquid spiraling along 
the tube wall and the vapor flowing 
down the center of the tube. The 
liquid-vapor interface is wavy but ap-
parently unbroken. 

A center-tube insert should entirely 
eliminate the bubbly- and slug-flow 
regimes, decouple the upstream feed 
components, provide positive resistance, 
and forcibly initiate boiling at a 
fixed location with a prescribed flow 
regime. Cavitation damage to the inlet-
restriction can, however, decrease the 
operating life of the boiler. 

LIQUI D SPRAY ANNULAR FLOW 

Fig. 4.49 - Center tube and spring 
boiler-tube-inlet insert. 
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5-1 INTRODUCTION 

Liquid metals are used over a wide 
range of applications in modern industry 
and science because of their unique prop-
erties of 

1. High heat capacity. 
2. High thermal conductivity in a 

wide temperature range. 
3. Relatively low melting point. 
4. High boiling temperature and low 

vapor pressures at high temperatures. 
5. Relatively low density. 
6. Relatively low electrical resis-

tivity. 
7. Abundant availability in nature. 
8. Relatively inexpensive process 

for mass production. 
9. Rapid reactions with water. 

10. Strong absorption of oxygen. 

Preceding chapters described appli-
cations of sodium and NaK alloy pri-
marily as heat-transport media. This 
chapter is concerned mainly with appli-
cations other than heat transport, 
although some duplication in this field 
may occur to present a more complete 
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discussion. The general areas of dis-
cussion presented here are: 

1. Temperature equalization. 
2. Heat pipes. 
3. Bearing lubricants. 
4. Gas generation. 
5. Controls. 
6. Electrical applications. 
7. Magnetohydrodynamics (MHD). 
8. Optical applications. 
9. Chemical applications. 

10. Scientific applications. 

5-2 APPLICATIONS FOR TEMPERATURE 
EQUALIZATION 

This section discusses the use of 
alkali metals for temperature equaliza-
tion in metal components. Figure 5.1 
gives the melting and boiling points of 
the liquid metals for comparison of 
their applicability [l]. Typical appli-
cations are as follows: 

1. Exhaust valves of large (200 hp 
and above) internal-combustion engines 
can be filled with NaK (60% of their 
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Fig. 5.1 - Liquid range of selected 
fluids [l]. 

void volume) to reduce the valve-seat 
temperatures as shown in Fig. 5.2. The 
valve material is an alloy of 14 Cr, 
14 Ni, 0.55 Si, 0.5 Mo, 0.45 C and 
2.5 W. During operation the splashing 
NaK transfers heat from the valve head 
to the stem and to other connected 
metal parts [1,2]. 

2. The cooling water in die-casting 
plants can be replaced with NaK. This 
was proposed during World War II based 
on the experience with exhaust valves. 
The Daehler-Jarvis Division, National 
Lead Co., in their Toledo, Ohio, plant, 
filled the magnesium cast cores with so-
dium in the vertical position and then 
turned them to the horizontal position. 
This cooling technique made the cast 
parts more uniform, prolonged the core 
life, and increased production. Since 
this World War II experience, many die-
casting machines use liquid-metal-cooled 
casting heads and can operate faster 
[ 2] . 

Similarly, sodium or NaK cooling in-
creases the productivity of glass-bottle 
casting machines due to improved tem-
perature control. 

3. Because they are easily 
close temperature controlled, the alkali 
metals can be used as heat-treating 
media. More-uniform products reduce 
both rejects and production costs [2]. 
Figures 5.3 and 5.4 depict basic heat-
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900-600°F 

Fig. 5.2 - Cross section of auto-
motive valve with 60% NaK filling. 

treatment methods. 

5-3 HEAT-PIPE APPLICATIONS 

It is a well-known phenomenon that 
heat applied to a fluid near its boil-
ing point evaporates the fluid. This 
process absorbs a large quantity of 
heat at almost no temperature change 
and at a very small pressure increment. 
If we use the arrangement shown in Fig. 
5.5, the slight pressure increment in 
the evaporation section is enough to 
drive the vapor down to the condensa-
tion section through the vapor channel, 
which has a very low resistance at 
laminar flow conditions. Mechanical 
pumping is one method used to return 
the condensate to the evaporative sec-
tion. Since laminar flow needs very 
little pumping power at this normally 
short distance, the capillary effect 
can produce sufficient power to ac-
complish this fluid transport, even 
against the small pressure head dif-
ferences. This eliminates any moving 
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Fig. 5.4 - Electrically heated high-
temperature reaction kettle. 

mechanical component from the system 
and makes it operable and particularly 
attractive in zero-gravity-field appli-
cations. If we apply these principles 
to an actual loop, we have the so-called 
heat pipe, first proposed by Grover [3] 
in 1963. 

Compared with conventional heat ex-
changers, the heat pipe has several ad-
vantages: (1) heat transfer at minimum 
temperature difference, (2) minimum 
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Fig. 5.5 - Operational schematic of 

a heat pipe. 

weight of the heat exchanger, (3) no 
moving parts necessary for operation of 
the loop, and (4) large heat transfer 
at high efficiency. 

However, there are three problems 
to solve: (1) to establish actual de-
sign criteria and data, (2) to find the 
best-fit heat-transfer media, and (3) 
to find the compatible materials to 
realize the design conditions. 

5-3.l Heat-Pipe Design Criteria [4] 
Heat applied to a fluid at its boil-

ing point changes the media from liquid 
to vapor phase; i.e., it changes the co-
hesive forces between the fluid mole-
cules. Kelvin's equation expresses 
this phenomenon mathematically: 

Pgas - Pliq = rrry (5 .1) 

where Pgas = vapor pressure 
Pliq = liquid pressure 
m = surface curvature 
y = surface tension 

The value of y can be interpreted as 
the energy necessary to increase the 
surface area of the unit fluid surface. 
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Capillary action is effective in fluid 
transport if the fluid wets the capil-
lary tube material, in which case m > 0. 

The highest value of m can be 
achieved if mmax = 4/d where dis the 
hydraulic diameter of the capillary 
tube. Since both vapor and liquid are 
in thermal balance, 

ln Pgas = _ Pgas "!!!1_ 
Po Pliq Po 

(5.2) 

where p 0 is vapor pressure on the liquid 
surface, Pgas is vapor density, and 
pliq is liquid density (the concave 
fluid surface reduces the surface pres-
sure). If p 1 = m

1
y, the pressure at 

the vapor stage, and p 2 = m2 y, the pres-
sure at the liquid stage, then the pres-
sure difference 

32Vgas 
p - p = 2 1 2 Fgasdgas 

Wl (5.3) 

where Fgas is the cross section of 
vapor flow area, Wis mass flow, vis 
kinematic viscosity, and 

Wl 
(5.4) 

where Fliq is the cross section of 
liquid flow area. If we assume linear 
function, 

(5.5) 

The heat load in unit time can be ex-
pressed as Q = hW, where his the heat 
of evaporation. If we substitute the 
Clausius-Clapeyron equation, 

(5. 6) 

and rearrange, the heat load is 

BONYHADY ET AL. 

If we replace 

vliq F gasd~as 
vgas FliqdI iq 

then 

= a 

b.T 
T 

(5. 7) 

(5.8) 

If the capillary column base is always 
covered with liquid, m2 = 0, and the 
required maximum value of m1 is ~alcu-
lable from the hydraulic and capillary 
data. 

If the pressure drop in the vapor 
channel is 4y/[(1 + a)dliq1, 

M = 4Ty [ 1 + Pgas] 
dliqhPgas 1 + a Pliq 

(5.9) 

and the maximum heat flow is determined 
by 

h Q=----------------~ Vgas Vliq 
Bldliq 2 + 2 

Fgasdgas Fliqdliq 

( 5 .10) 

where Z is the length of the capillary 
duct section (see Fig. 5.5). For ex-
ample, assume that T = 900°K, Fgas = 
d~as n/4, and dgas = 2 cm and that the 
fluid is sodium, the evaporation heat, 
h, is 4.331 x 10 6 watt sec/kg; the sur-
face tension, y, is 0.1395 watt sec/m2 ; 

the dynamic viscosit! of the fluid, 
Vliq, is 2.025 x 10- kg/m sec; the 
fluid density, Pliq, is 0.794 x 10 3 

kg/m3 ; the kinematic viscosity of the 
saturated vapor, Vgas, is 1.973 x 10- 5 

kg/m sec; and its density, Pgas, is 
1.55 x 10-2 kg/m 3 ; then the optimal 
geometry is achieved if a= 1 and 
d1iq = d 2 Fgas vliq (5 .11) 

gas Fliq Vgas 
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Fig. 5.6 - Maximum heat transfer vs. 
hydraulic diameter of a capillary. 

If 6p in the vapor channel is only half 
of the available osmosis pressure, the 
maximum achievable heat load is 

(5.12) 

and the necessary temperature difference 
is 

(5 .13) 

The maximum heat-flow value is valid if 
the flow is laminar, i.e., 
(Q) 0 pt(dgas/Fgas) < VgasPgash Re criti-
cal, which leads to the value 

(Q)opt 
d < 1.54 kw/cm gas 

for these data. 
Figures 5.6 and 5.7 give some design 

support, showing the maximum heat-trans-
fer values and heat-pipe geometrical di-
mensions as a function ot the hydraulic 
diameters of the capillary tubes at 
900°K sodium temperature. 

References 3 and 4 report on actual 
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Fig. 5.7 - Diagram for determining 
optimum geometrical dimensions of a 
heat pipe at 900°K sodium. 

tests. A 1.9-cm-OD 1.6-cm-ID 30-cm-
long · 347-stainless-steel tube contained 
a wick made of 5-layer 100-mesh 0.13-mm-
diameter 304-stainless-steel screen. 
The filling was 15 g of solid sodium. 
After evacuation, outgassing, filling, 
and seal welding, this heat pipe was 
tested with another heat pipe 90 cm 
long and filled with 40 g of sodium. A 
1-kw electrical heat input operated the 
tube. Results are shown in Fig. 5.8. 
Chromel-Alumel thermocouples measured 
the temperatures along the tube. In 
the evaporation zone the temperatures 
were constant but decreased suddenly 
at the cool end of the tube. This de-
crease was more rapid than that calcu-
lated. This heat pipe was built for a 
thermionic electrical energy converter 
for space applications where the heat-
rejection end will serve as a space 
radiator. Maximum heat-transport capac-
ity was measured as 30 watts/cm2

• Ad-
ditional heat-pipe design information 
is given by Cotter [5] .and Kemme [6]. 
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Fig. 5.8 - Heat-pipe-wall tempera-
tures along the tubes at varying heat 
inputs. 

5-3.2 Heat-Pipe Construction and Ex-
periments 

The most critical part of a heat 
pipe is the capillary. The operation 
of a capillary built as axial grooves 
on the inside of the cylindrical heat-
pipe wall is predictable [7]. Less ex-
pensive wicks can be built from one to 
three layers of wire mesh (10 to 100/ 
sq in.) tightly installed against the 
inside pipe wall, but their performance 
is hardly predictable unless prelimi-
nary tests conforming accurately to the 
geometry of the layers are conducted 
[5,8,9]. For the present a combination 
of these two capillaries produces the 
highest heat and weight efficiencies 
[6]. Many other types of capillaries 
have been tried (e.g., porous materials 
with fair heat conductivity, sintered 
metal powders, and even felts), but all 
exhibited undesirable features of one 
kind or another, e.g., low temperature 
limits and high manufacturing costs. 
In addition, performances could not be 
predicted with acceptable design accu-
racy [10]. 

A pre·requisite of any wick is that 
it provide good heat conductivity to 
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Fig. 5.9 - Fast cylindrical reactor 
cooled by heat pipes for out-core therm-
ionic converters. 

the outside pipe wall but poor heat con-
ductivity to the vapor channel [11]. 

A description of a heat-pipe system 
(Fig. 5.9) for thermionic spacecraft 
reactors is given in Refs. 12 and 13. 
Sodium heat pipes conduct the reactor 
heat to the thermionic converters and 
then further to the radiator surfaces. 

Sodium was successfully used for 
heat pipes in a temperature range of 
500 to 1900°C (Ref. 14). Nickel pipe 
was usable between 500 and 900°C, and 
347-stainless-steel pipe was usable, 
between 400 and 800°C, but tungsten 
pipe showed the lowest mass transfer at 
temperatures up to 1900°C. Entrapped 
gas released from the tungsten pipe con-
siderably reduced the effectiveness of 
the heat pipe when a gas pocket devel-
oped in the condenser section after 420 
hr of operation at the maximum tempera-
ture. Therefore the heat pipe above the 
maximum operating temperature must be 
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completely outgassed before the pipe is 
filled with fluid {14]. 

It is very important for start-up 
and for proper operation that the whole 
wick be completely wetted with the 
liquid at the highest expected heat 
load. A small excess of the liquid has 
an insignificant deteriorating effect 
on the heat transfer [10]. 

Besides material compatibility, the 
necessary start-up, wick-configuration, 
wick- installation, and pipe-length ef-
fects were compared with calculated de-
sign values in a test loop. Only in 
the low-temperature range was there con-
siderable deviation from the previously 
reported good agreement between theory 
and test data. This condition resulted 
from a momentum interaction between 
vapor and returning liquid [6,15]. A 
good sunnnary of the status of present 
heat-pipe developments is given in 
Ref. 10. 

5-4 BEARING-LUBRICANT APPLICATIONS 

In closed-cycle power-generating sys-
tems for space applications, liquid 
metals are used as working fluids and 
as heat-transfer media. Because of 
high-operating-temperature requirements 
and limitations as to weight and size 
of the components, these working fluids 
find additional application as bearing 
lubricants for rotating devices. Bear-
ing temperatures of the order of 400 to 
1500°F are anticipated [16]. These tem-
peratures, plus the effects of high 
vacuum in space, prevent the use of con-
ventional lubricants. 

Although some properties of the 
liquid metals limit their use as lubri-
cants, successful applications have 
been made by giving proper consider-
ation to the limitations. The action 
of liquid metals in reducing most of 
the metal oxides, ~heir low viscosity, 
and the tendency toward self-welding of 
containing parts in the presence of the 
liquid metal are properties limiting 
their use as lubricants. 

Rolling-element bearings, self-
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pressurizing hydrodynamic bearings, and 
externally pressurized hydrostatic bear-
ings are the major liquid-metal bearing 
applications evaluated to date [16]. 
Of these, the rolling-element bearings 
appear to be the least promising [17]. 
The hydrostatic-type bearing showed good 
results in specific applications [18]. 

5-5 APPLICATION FOR GAS GENERATION 

A unique application of sodium in 
connection with hydraulics is a gas-gen-
erating system based on a properly con-
trolled sodium-water reaction. It is 
proposed that the buoyancy of the hydro-
gen gas produced by this reaction could 
be used to recover objects (such as 
wrecked ships) submerged in deep waters. 
No divers are required if the steel con-
tainers within which the reaction takes 
place at salvage depth are provided with 
remotely controlled underwater Thermit 
welding units [19]. 

The following facts support this pro-
posal: (1) generation of hydrogen from 
water and sodium is more economical 
under the circumstances considered here 
than any other mothod; (2) solubility 
of hydrogen in water is low; (3) NaOH, 
a byproduct of the reaction, is soluble 
in water; and (4) hydrogen closely fol-
lows the perfect gas law and provides 
maximum buoyant force. 

According to the chemical reaction 

(5.14) 

23 lb of sodium generates 1 lb of hydro-
gen gas, and the net heat absorbed is 
469 kilojoules/gram mole NaOH -
286 kilojoules/gram mole H20 = 
183 kilojoules/gram mole heat, which is 
equivalent to 

183 X 0.948 X 454 
23 = 3440 Btu/lb Na 

(5.15) 

Each of these values is valid at stan-
dard environmental conditions, and, 
using the perfect gas law, we can use 
the following three equations to cover 
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any other phase: 

nvm Weight of gas=~ RT 

= [~:) (k-1) /k 

where p pressure (psia) 
V volume (cu ft) 
m = molecular weight 
T absolute temperature 
k = ratio of specific heat 

(5.16) 

(5.17) 

(5.18) 

R gas constant= 10.72 for 
these units 

A system should be provided to con-
trol the speed of ascent and to main-
tain the proper gas pressure in accor-
dance with the hydrostatic depths and 
the structural strength of the con-
tainers. Preliminary heat-transfer 
calculations indicate a hydrogen tem-
perature of approximately -100°F at the 
time of surfacing from a depth of 8500 
ft. This temperature should cause sig-
nificant icing. 

The solubility of hydrogen gas with 
water is estimated by using Henry's law, 
N = PIH (N is mole fraction of gas in 
solution; Pis partial pressure of the 
gas in question, mm Hg; and H = Henry's 
constant, 45.5 x 10 6 for these units). 
At a pressure of 250 atm, nominally 
0.42% of the gas would be absorbed by 
water. 

Based on Eqs. 5.16 to 5.18 and on 
the selection of proper tank, attach-
ment grid, and controls, equipment 
weighing 5400 lb would produce an 18.75-
ton buoyant force. Figure 5.10 shows 
the buoyant force of the hydrogen gen-
erated from 1 lb of sodium as a func-
tion of seawater depth. 

5-6 CONTROLS APPLICATIONS 

At velocities below Mach 1 most air-
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Fig. 5.10 - Net buoyant force pro-
vided by the hydrogen gas produced from 
reaction of 1.0 lb of sodium vs. depth 
of seawater (gas cooled to 40°F). 

craft utilize hydraulically actuated 
control systems using oils and oil-base 
silicon mixtures as the actuating me-
dium. To achieve sustained flight at 
velocities in excess of Mach 1 the con-
trol systems may be subjected totem-
peratures beyond the capabilities of 
the conventional oils, and significant 
changes in system components and actu-
ating media become necessary. At the 
higher Mach-number velocities associated 
with advanced aircraft, these changes 
become increasingly sophisticated. 

Such hydraulic controls require (1) 
ability to operate at temperatures as 
high as 800 to 1000°F, since many parts 
of the airplane-control surfaces may 
reach these temperatures; (2) high pres-
sures to 3000 psig or over to produce 
the large controlling forces at a mini-
mum possible weight; (3) low viscosity, 
which may reduce the pipe sizes and 
pump dimensions; (4) good thermal con-
ductivity for small cooling heat ex-
changers; (5) low electrical resistivity 
that allows the use of electromagnetic 
pumps having high reliability and no 
moving parts; (6) long-term operation 
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Fig. 5.11 - Hydraulic servotesting with liquid NaK. 

without corrosion; (7) abundant avail-
ability of the hydraulic fluid at low 
costs; and (8) liquid-phase hydraulic 
fluid at ambient temperatures. 

At the present time NaK comes 
closest to satisfying these requirements. 
A special test loop (Fig. 5.11) was 
built and operationally tested for this 
purpose [20-23]. Preliminary test re-
ports show that components already in 
operational conditions in individual 
test loops [24,25] satisfy most require-
ments for control systems. A centrifu-
gal-type pump generates 3000 psig at 
1200°F NaK temperature with 7-gpm flow 
at 35,000 rpm (over 30 hr operation was 
logged). The control valve was made of 
molybdenum with carbides at its moving 
surfaces. The linear-actuator housing 

was 442 stainless steel with titanium 
carbide liner at its moving sections. 
Shafts are sealed with inert-gas bel-
lows. A linear variable-inductance-
type transducer is also a part of the 
test loop [23,25]. 

Figures 5.12 and 5.13 show how NaK 
is used for controlling the radiation 
surface of the heat sink. The hydraulic 
pressure, which is a function of the 
temperature of NaK and is balanced by 
springs, can open and close shutters 
that maintain the power output during 
the decay of the isotope. Lead tellu-
ride is the junction material [26]. 

5-7 ELECTRICAL APPLICATIONS 

Although the low electrical resis-
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Fig. 5.12 - Thermoelectric generator 
(13 watts). 

tivity of sodium is well known, its ap-
plication as a conductor did not appear 
attractive until an inexpensive and 
flexible cover material capable of pro-
viding the required cover properties 
(polyurethane plastic) was developed. 
Limited applications of sodium conduc-
tor wires or busses existed as early as 
1932. Advancements in spacecraft tech-
nology led to fundamental research on 
thermoelectric generators using the 
Seebeck effect and on thermionic gener-
ators using the Edison effect. Both ap-
plications can utilize liquid metals or 
vapors as the primary energy-transfer 
media from a thermal source. 

5-7.1 Electrical Conductors 

After silver (1.59), copper (1.67), 
gold (2.19), and aluminum (2.65), sodium 
is fifth in line of electrical resis-
tivity (4.2 µohm cm), but sodium is al-
most three times lighter than aluminum. 
Where raw material and manufacturing 
costs are compared with costs of elec-
trical power losses per identical cable 
lengths, sodium shows a highly competi-
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Fig. 5.13 - NaK control mechanism. 

tive value, even if the effect of mass 
production on its price is disregarded. 

Sittig [2] reported that in 1932 the 
Dow Chemical Company used a sodium-
filled iron pipe as a cable for a 4000-
amp de load without any adverse effect. 
As soon as leakproof, long-lasting, low-
priced, plastic (polyurethane) tubing 
could be manufactured in sufficient 
lengths, Union Carbide Corporation de-
veloped a sodium cable in its Bound 
Brook, N.J., plant [27-30]. Simplex 
Wire & Cable Co., Cambridge, Mass., 
produces these cables, and Burntly Corp., 
Norwalk, Conn., manufactures the fix-
tures necessary for their application. 
Commonwealth Edison Company is using ex-
perimental lines in their rural distrib-
ution network as underground cables 
for 600 volts. Boston Edison Company 
tested one cable at 15,000 volts and 
Ohio Power Company tested another cable 
at 2000 volts; neither of them reported 
any adverse experiences during service 
of almost a year. 

Figure 5.14 shows a group of differ-
ent types of sodium cables [28] and Fig. 
5.15 presents a cable-connector concept 
used for these power cables. 

Taylor and Post [29] described the 
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Fig. 5.14 - Group of plastic-insu-
lated sodium power cables. 

fabrication and heat-transfer calcula-
tions for sodium coils used in labora-
tory thermal and mechanical stability 
tests at cryogenic temperatures. Fur-
ther developments for the cryogenic-type 
sodium coil are described in Ref. 31, 
which also gives additional data on the 
design and problems involved in a simi-
lar experiment. 

5-7.2 Thermoelectric Power Generation 

The high electrical conductivity of 
the alkali metals provides new ap-
proaches to the generation of electri-
cal power. A general survey of the 
electrical- power- operating field gives 
an overall view of the present research 
in this area. 

The three basic energy sources for 
space applications, solar, nuclear, and 
chemical, can produce electrical energy 
by thermal or mechanical means or by 
combination of the two. Figure 5.16 is 
a graphical perspective of the problem 
[32]. Usually the more direct the con-
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Fig. 5.15 - Cable connector for so-
dium power cable. 

version is, the more efficient it is. 
Conventional power-generating methods 

(discussed in Vol. II, Chap. 2) use al-
kali metals as the heat- transfer medium. 
Power-generating methods discussed in 
this section convert heat energy into 
electricity in a more direct way, e.g., 
by using the Seebeck effect in thermo-
electric cells or by applying the 
Edison effect in thermionic generators. 

One of the best-known methods of 
generating electricity is based on the 
Seebeck effect. This has been thor-
oughly investigated for the purpose of 
thermocouple temperature measurement. 
Two dissimilar metals are joined at one 
end and their opposite ends are kept at 
different temperatures. The generator 
voltage becomes greater as the tempera-
ture difference between the joint and 
the oppo~ite ends increases. Increas-
ing the contacting surface at the joint 
allows for higher current draw. Because 
the voltage of one junction is very low, 
many joints should be connected in 
series to increase the voltage output. 

Advances in solid-state physics 
opened up new fields of investigation 
that extend the application of this 
phenomenon. On the hot end of a metal 
or semiconductor, more electrons be-
come free than on its cold end. This 
starts an electron travel toward the 
cold end, giving it a greater negative 
charge. After a short duration this 
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Fig. 5.16 - Energy conversion schemes. 

electron travel is stopped because the 
cold end becomes saturated with elec-
trons. Since more free electrons are 
available on the hot end of a semicon-
ductor than on a metal, the heated semi-
conductor junctions can produce higher 
voltages than the metal thermocouples. 
Still the voltages of the individual 
junctions are low; for usable voltage 
ranges they must be cascaded. 

Before an efficient thermoelectric 
power source could be built, optimized 
thermal and electrical conductivity had 
to be achieved. If the thermal conduc-
tivity of the joint materials is high, 
the materials allow a greater amount of 
heat to flow away from the junction. 
Since the temperature must be kept con-
stant, low thermal conducting materials 
show higher thermal efficiencies. 

If the electrical conductivities are 
low (i.e., high electrical resistivi-
ties), more electrical power is lost to 
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Fig. 5.17 - Simple thermoelectric 
element. (Data from J.E. Hove and W. 
C. Riley, Ceramics for Advanced Tech-
nologies, John Wiley & Sons, Inc., New 
York, 1965.) 

ohmic resistance. 
In general, the efficiency of the 

thermoelectric generator is proportional 
to the square of the Seebeck coefficient 
of the junction materials and to the 
reciprocal of their thermal and electri-
cal conductivities. 

The original SNAP-10 generator was 
designed for lead telluride junctions 
at temperatures below 900°F. Tempera-
tures were supplied by reactor-heated 
NaK. The newer SNAP-lOA generator uses 
germanium silicide junctions good up to 
1000°F with average efficiencies above 
6%. A schematic of a single thermo-
electric generator element heated by 
NaK is shown in Fig. 5.17 [32], N means 
n-type and P means p-type semiconductor 
materials. 

Bloom and Weddell [26] described a 
13-watt generator powered by a 242 cm 
isotope for a 6-month operational life. 
It weighs 16.6 lb and occupies 230 cu 
in. A variation of this generator was 
designed to operate on the moon's sur-
face; it supplies 13 watts for 2 months 
and weighs 6.2 lb at 350-cu-in. volume. 

5-7.3 Thermionic Generators 

Edison first observed that electric 
current flows across the gap between 
separated hot and cold metals in a 
vacuum. The explanation of this Edison 
effect is that the high temperature 
drives free electrons from the basic ma-
terial, building up an electron cloud 
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Fig. 5.18 - Edison effect. 

around it. Some of these electrons hit 
the cold electrode, which absorbs them 
as a negative electric charge. The 
closer and cooler the second electrode 
is, the greater the electron absorption 
is. The charging current can be fur-
ther increased by filling the vacuum 
with positive gas ions (cesium), apply-
ing an electrical or magnetic field to 
the gap, or using positively charged 
grids to accelerate the electrons to-
ward the cold electrode. The electrical-
power-generation efficiency increases 
with greater temperature differences. 
Figure 5.18 shows the principal scheme 
of the Edison effect. 

References 32 and 33 describe one 
such system where a reactor-heated NaK 
stream supplies the heat for the cathode 
and a space radiator takes the heat 
from a coolant circulating around the 
anode. 

Ulrich [34] described an example of 
a cesium-filled diode in which nuclear-
reactor-generated thermal energy is 
used to heat the cathode and to keep 
the cesium in the gap near its boiling 
point. The anode is cesium-coated ru-
bidium cooled by potassium or NaK flow-
ing through a space radiator. The main 
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problem of this genera tor is. to main-
tain the narrow space between the two 
electrodes. 

Hill and Gietzen [35] presented an 
analytical study for the feasibility of 
a 1-Mw(e), unmoderated, nuclear thermal 
source driving a thermionic electrical 
generator. The influences of the dif-
ferent materials (Be, Mo, Nb, and W) on 
the output power are discussed. 

Another study [36] analyzed the tech-
nical problems of a lithium-heated ce-
sium-vapor-driven and NaK-cooled system 
expected to be used as a spacecraft pri-
mary-propulsion power source. Estimated 
plant specific weight is 19.4 lb/kw(e), 
including 2.8 lb/kw(e) reactor shield-
ing. Peak-load temperature is calcu-
lated for 2600°K; normal operation would 
require 2200 to 2300°K. 

5-7.4 Liquid-Metal Cells 

Electrical cells can generate elec-
trical energy from chemical energy di-
rectly or indirectly. If the chemical 
process is not reversible, one or more 
cell parts must be intermittently re-
moved and replaced. With a reversible 
chemical process the cell must be con-
nected to a proper electrical power 
source to restore the original chemical 
status by recharging the cell. 

In general, the current output of a 
cell can be calculated from Faraday's 
laws: (1) the amount of chemical change 
produced by an electric current is pro-
portional to the quantity of electric-
ity; and (2) the amounts of different 
substances liberated by a given quantity 
of electricity are proportional to 
their chemical equivalent weights, where 
the equivalent weight is the ratio of 
the atomic weight to the valence change. 
In mathematical form the process current 
is 

I= 96,500G 
et (5.19) 

where 96,500 is the coulomb value of 
electricity necessary to separate 
0.001118 g of silver from its compounds 
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Fig. 5.19 - Schematic of a Hg-K(NaK) 
cell. 

by electrical currents, G is the weight 
of the substance participating in the 
reaction in grams, e is equivalent 
weight, and tis time in seconds. 

The electrical contact potential be-
tween two different materials, E, is 
calculable from 

E (5.20) 

where E 0 = constant (this can be taken 
from the electrode-potential 
series of the elements) 

R gas constant 
T absolute temperature 
n valence change 

a 1 metal ion activity of one 
electrode (anode) to the 
electrolyte 

a 2 ion activity of the electro-
lyte to the other electrode 
(cathode) 

F = Faraday number= 96,500 
coulombs 

Alkali metals can be used for build-
ing electrical cells; one type is the 
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Pig. 5.20 - Arrangement of the Hg-
K(NaK) cell. 

Hg-K cell, and the other is the Na-S 
cell. 

Henderson [37] described a research 
cell composed of mercury and potassium 
(or NaK) as shown in Figs. 5.19 and 5.20. 
Since NaK is liquid at normal ambient 
conditions, its application might save 
start-up problems in the Hg-K cell. 

The open voltage characteristics and 
the current density as a function of 
the cell length can be calculated from 
the equations of the previous introduc-
tory section. For the closed loop of 
Fig. 5.19, the voltage distribution is 

RT aka E = - ln - - I R W dx nF akc X'"'X 
(5.21) 

where X distance in direction of metal 
flow in the cell 

R = vapor constant 
T = absolute temperature 

aka activity of potassium at X 
distance in anode 

akc activity of potassium at X 
distance in cathode 

Ix = current density 
Rx = resistance at X 

w = cell width 
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Application of Faraday 's laws trans-
forms Eq. 5.20 into 

tki - t Mk,x<lx] . O a X 
RT Mai foxMkxdx a nFMkx 

E = ln ~R nF [Mki + jXMkxdx) o acfC 
Mai + f,XMkxdx (5,22) 0 

where Mai and Mki are mass flow of po-
tassium into anode and cathode, respec-
tively, Mkx is its mass flow at point 
x, and aax and acX are ion activity co-
efficients in anode and cathode. If 
this equation is solved along the cell 
length, a typical group of curves (Fig. 
5.21) can be obtained. Deviation be-
tween theoretical and measured values 
is attributed to the diffusion charac-
teristics between potassium and mercury. 

Figure 5.20 gives the arrangement of 
the cell, and Fig. 5.21 gives its oper-
ational results. 

Another liquid-metal cell uses liquid 
sodium and liquid sulfur as the cathode 
and anode. They are separated by a 
crystalline, ceramic-type diaphragm 
serving as an electrolyte. Operation 
of the cell is based on an electro-
chemical process in which the liquid 
sodium gives up an electron to the ex-
ternal electric circuit and a sodium 
ion diffuses into the liquid sulfur 
through the diaphragm and forms sodium 
sulfide. During recharging this chemi-
cal process is reversed and thus builds 
up pure liquid sodium and liquid sulfur. 

The diaphragm is a sintered solid 
ceramic of 90% theoretical-density beta 
alumina. Working temperature of the 
cell is between 250 and 300°C. Specif-
ic weight at slow (2 to 5 hr) discharge 
is 150 watt hr/lb. At 15 min rapid dis-
charge, specific weight is 10 lb/kw com-
pared with 31 lb/kw for the lead-acid 
battery. Since the cell is completely 
sealed, no chemical or vapor can escape 
and no maintenance is required other 
than recharging. Further research is 
now in progress to use the cell for 
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Fig. 5.21 - Results of operation of 
the Hg-NaK cell. 

powering automotive vehicles [38]. 

5-7.5 Arc Tunnels 

An aerodynamic wind tunnel was de-
signed, built, and operated [39] with 
sodium vapor for atomic and macroscopic 
research. Sodium heated to 300°C was 
pumped from the reservoir into a nozzle 
made from molybdenum and coated with 
aluminum oxide. The nozzle ejected the 
sodium vapor against the orifice of the 
arc constrictor. Flow velocities were 
controlled so that a doughnut shape was 
formed by sodium, and its temperature 
was closely controlled. The arc was 
generated between the nozzle as anode, 
and a cathode was placed behind the arc 
constrictor. Both the cathode and the 
arc constrictor were fabricated from 
molybdenum and coated with aluminum 
oxide. 

Sapphire windows allowed observation 
of the electrodes and monitoring of 
the arc column by photoelectric or spec-
trophotometric instruments. Strip-chart 
recorders registered the temperature 
history of the electrodes. Maximum du-
ration of the arcs was limited to 30 sec 
in each run. Molybdenum with aluminum 
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Fig. 5.22 - Sodium supply of an aero-
dynamic wind tunnel. 

oxide coatings was selected as the elec-
trode material because its melting point 
(2625°C) is high enough to preclude in-
terference with the arc-spectrum analy-
sis. The arc-tunnel schematic is shown 
in Fig. 5.22. 

5-8 MAGNETOHYDRODYNAMIC APPLICATIONS 

Faraday's basic electromagnetic i~-
duction law states that an electromo-
tive force (measured in volts) is in-
duced in electrical conductors when 
they cut magnetic lines. This law is 
illustrated in the magnetic flowmeter 
schematic of Fig. 5.23, which shows the 
conducting liquid-metal flow passing be-
tween the poles of a permanent magnet. 
The induced electrical voltage is dis-
played on a voltmeter. 

If Bis magnetic flux density (i.e., 
magnetic lines per square centimeter), 
Lis the length of conductor in the mag-
netic field ~n centimeters, and vis 
the velocity of the conductor intersect-
ing the magnetic lines in centimeters 
per second, then the generated electro-
motive force is 

LIQUID-
METAL 
FLOW 
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Fig. 5.23 - Schematic of magnetic 
flowmeter. 

E = BLv10- 8 volt (5.23) 

Each of the four parameters must be 
translated into a mutually perpendicu-
lar system, and any three of the para-
meters will determine the fourth. 

Electrical power applied in place of 
the voltmeter in Fig. 5.23 drives the 
liquid metal with a velocity v. This 
is the basic principle of the simplest 
electromagnetic pump. Varying the ap-
plication methods of the magnetic field 
and the electrical conductors and their 
relative speed makes possible the dif-
ferent types of magnetic liquid-metal 
pumps. 

Reversed electromotive force applied 
to a flowing liquid-metal pump acts as 
an electromagnetic brake or as an elec-
tromagnetic flow-control valve. A multi-
phase electromagnetic field is used to 
stir liquid metals [40,41]. (For de-
tails see Vol. IV, Chap. 1.) 

Besides the magnetic induction, there 
is the Hall effect [42], which can also 
be used to generate an electromotive 
force by placing an electrical conduc-
tor in a horizontal plane (x- y direction) 
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exposed to a magnetic field in the ver-
tical (z) direction. The moment an 
electrical current is applied in the x 
direction (flow direction), an electro-
motive force measured in volts appears 
in they direction. 

If J is the current density carried 
by the conductor, B the magnetic field 
density, EH the electrical field (Hall 
field), and R the so-called Hall coeffi-
cient, then 

(5.24) 

where R = -1/ne = -µ/o 
n = number of the electrical cur-

rent carriers (electrons or 
holes) per cubic meter 

e = electrical charge of the cur-
rent carrier= 1.60 x 10- 19 

coulomb for an electron or a 
hole 

µ mobility of the current 
carrier (m2 /volt/sec) 

0 electrical conductivity of 
the current conducting ma-
terial [(ohm-m)- 1 ] 

The Hall effect is applied for d-c 
electric-power generation in test loops 
where the magnetohydrodynamic fluid is 
a noble gas "seeded" either with liquid 
metals or with their compounds to in-
crease the electrical conductivity of 
the fluid. 

If the conduit is replaced with a 
semiconductor having higher Hall coeffi-
cients, the output voltage can be cali-
brated as a measure of the magnetic-
field flux density. 

Some other applications of both the 
Faraday induction and the Hall effect 
in connection with liquid metals can be 
found in the pump and instrumentation 
chapters of this handbook (Vol. IV, 
Chap. 1, and Vol. III, Chap. 4, re-
spectively.) 
5-8.l Magnetohydrodynamic and Magneto-

plasmadynamic Power Generation 

If an electrically conducting fluid 
such as a liquid metal is driven through 
a magnetic field, the electromotive 
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force generated (measured in volts) can 
be applied as useful electrical power. 
The properties of this electric power 
depend primarily on. the fluid velocity, 
the magnetic flux density, the elec-
trical resistance of the fluid within 
the effective magnetic field, and the 
electrical load resistance connected to 
the generator terminals. This type of 
generator , usually operating on 
Faraday's electrical induction principle, 
is called a magnetohydrodynamic (MHD) 
generator. If the fluid employed as con-
ductor is a gas, the machine is called 
a magnetoplasmadynarnic (MPD) generator. 

Today's MHD generators employ liquid 
metals either in their liquid phase or 
as mixtures composed of their liquid 
and vapor phases. If the kinetic energy 
of the liquid is obtained by the ex-
pansion of gases or vapors using their 
thermal energy, the gases or vapors 
should be separated from the liquid to 
restore the necessary electrical con-
ductivity of the MHD fluid before it 
enters the mm generator. Although MPD 
generators can operate at supersonic 
velocities, their electrical power out-
put is limited by the low electrical 
conductivity of the plasma. At the 
present time the value of the electrical 
conductivity, even for seeded plasmas, 
is about four orders of magnitude lower 
than that of an MHD liquid-metal fluid. 
Attempts are being made to improve the 
plasma conductivity with supplementary 
ionization. Further details are pre-
sented in subsequent sections of this 
chapter. 

The MHD and MPD generators are pro-
posed and investigated for spaceship ap-
plications primarily because (1) they 
can be built without any moving machine 
parts, which means higher reliability, 
and (2) they can operate in space in the 
the absence of gravity, depending only 
on the thermal energy of the heat source, 
which could be a nuclear reactor. The 
MHD generator seems to be a strong' con-
tender whenever a long-term electrical 
power supply is required for a spaceship. 
Naturally, closed-power generation 
cycles are preferred for the majority 
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of space applications. 
Analytical and economic studies sup-

ported by experiments have shown that 
MHD liquid-metal generators can be used 
in commercial, large-scale, electrical 
power generation units as topping for 
the standard steam cycles and to improve 
plant efficiency. They may use either 
fossil fuel or nuclear energy sources. 
In both cases either an open or a 
closed cycle could be used. 

The MHD and MPD cycles operate either 
with a single fluid or with two fluids. 
In the latter case one fluid is either 
a gas or a vapor and the other is a 
liquid metal. Even a single-fluid MHD 
generator usually has two loops; one 
circulates the fluid in the vapor phase, 
and the other circulates the fluid in 
the liquid phase. There are, however, 
proposals for single-phase single-cycle 
applications [43]. If a mixture of a 
gas and a liquid metal is the operating 
fluid, then it is usually called a 
liquid-metal-seeded gas [44,45]. 

Figure 5.24 is a simplified block 
diagram of a bifluid, two-phase, closed-
cycle-type MHD generator in which a 
liquid metal is heated to high tempera-
tures in a nuclear reactor. This liquid 
is combined in a mixer with a liquid-
metal vapor returning from a parallel 
loop and is then accelerated in a nozzle. 
Thereafter t h e vapor is separated from 
the high-velocity mixture, increasing 
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Fig. 5.25 - Idealized MHD generator. 

the electrical conductivity of the 
fluid, which now enters the MHD gener-
ator where, while losing its velocity, 
it produces electrical power. A dif-
fuser further reduces the velocity of 
the fluid leaving the MHD generator to 
lower the hydraulic friction losses in 
the return leg to the reactor. The pre-
viously separated gas-vapor mixture 
passes an economizer-type heat exchanger 
in a loop parallel to the liquid; then 
the vapor is reduced to its liquid 
phase in a condenser; and finally an EM 
pump returns the gas-vapor composition 
to the mixer where the cycle is repeated. 
Since there are no moving machine parts 
in this closed cycle, the MHD generator 
is useful for space-vehicle applications. 

5-8.2 MHD D-C Generators 

Elliott [46] reviewed the present 
status of the theoretical, physical, 
and material derivations for an MHD d-c 
generator, including the deviations be-
tween theory and actual performance of 
an experimental loop. 

The calculations are based on an ex-
perimental generator with the geometric 
dimensions shown in Fig. 5.25, where a 
steady magnetic field B 0 is applieq 
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along the L dimension and the exponen-
tial decrease on the two ends of the 
length (L) were provided to reduce the 
magnetic end-effect losses. End-effect 
losses are generated in the fluid since 
the liquid metal is not built from iso-
lated, axial, liquid-metal streams. 
The electrical conduction between the 
streams can absorb large electrical 
energies if the magnetic field at the 
pole ends is not reduced rapidly. These 
lost energies must be taken also from 
the kinetic energy of the fluid. 

Any MHD analysis is based on hydrau-
lic and electrical requirements and as-
sumptions of close approximations. The 
following approximations have been made: 
(1) the flow is turbulent with l/7th-
power velocity profile, (2) the shear 
forces are not affected by MHD, (3) the 
divergence angle of the generator is 
negligible if calculations are made 
with parallel velocity vectors, (4) the 
magnetic field is equal to the calcu-
lated field, and (5) the fluid proper-
ties are constant. 

The basic equations state that the 
electrical resistance of dx dy r.ross 
section in x distance from the duct en-
trance is R = (a/a)dx dy, where a is the 
liquid column length and a is electrical 
fluid conductivity. 

The voltage induced in the element is 

(5.25) 

where B 0 is the magnetic field density, 
u is fluid velocity at dx dy cross sec-
tion, and z is distance from the face 
of the electrode. 

The ohmic heating loss is 

(5.26) 

If Vis used as the bulk velocity, 

Vab =Va b = v = fb fa u dz dx (5.27) 1 1 0 0 

Ifµ is introduced as the loading ratio 

µ = E/B 0 V1a 1 and the l/7th-power pro-
file assumption is used, 
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7:!:__ [ y )1/7 
u 0 - (b/2) (5.28) 

for y (b/2). The hydraulic friction 
loss due to wall shear is 

(5.29) 

where Cf is skin-friction coefficient. 
The mean Reynolds number is Re= 

mDh/arr/)µf, where mis the mass flow 
rate, Dh is the hydraulic diameter, and 
µf is fluid viscosity. From the Prandtl 
number 

(5.30) 
(Cf)- 1 / 2 = 4 log [2Re(Cf) 1 / 2 ] - 0.8 

For a linearly tapered channel, its 
mean width is 

(a)a 1 ) - 1 
ln(a 2 /a 1 ) 

(5.31) 

The total fluid input power, Pm 0 , is 
equal to Peo +Pr+ Pf, where Peo is 
output to the electroaes. The kinetic 
power to the electrodes is 

(5.32) 

if pis liquid-metal density. For a 
slit channel approximation, 

(5. 33) 

The magnetic field to be applied should 
be 

+ 
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Based on studies by Sutton and co-
workers [47-49], the end current power 
loss is 

oB~Vi af bµ 
Me= TT[2µ ln 2 - (a 1 + a 2 )] 

(5.35) 

where (5.36) 

The net output power of the generator 
is Pe= Pea - Me. Combining all these 
equations gives 

(5.38) 

or 

Based on these calculations, an ex-
perimental system was built and tested 
with the following results: 

1. The maximum efficiency measured 
was 0.48 compared with 0.51 theoretical. 

2. The actual field required 5 to 
15% higher values than calculated. 

3. The actual pressure in the duct 
rose 30% higher than calculated. 

4. The output power was about 75 to 
86% of the theoretical. 

All the deviations could be caused 
by a small change of the skin-friction 
coefficient, which was very sensitive 
to the wetting behavior of the fluid. 
Small amounts of dissolved oxides had a 
strong influence on the wetting angle. 

BONYHADY ET AL. 

MAGNET POLES 

t 1.6 DIA. 

~--=,_ 
l INLET 

DUCT 
INLET 
NOZZLE 

r2.7 5.85::!2.7~ 
1. 945 pa1.l 75 p2 1. 795 

~-0.115-,------, 

w--a-·57.:::-..t::8~:r:~\~8 I J 
FLOW V I;; 1.375 

PRESSURE TAPS TYP · ELECTRODES 

DIMENSIONS IN INCHES 

Fig. 5.26 - Geometry of an experi-
mental generator. 

(5.39) 

Figure 5.26 gives the design dimensions 
of the test channels. Hays and Cerini 
[50] gave further test results for this 
generator. 

Additional d-c generator designs and 
experiments are reported in Refs. 51 
and 52. Deviations between theory and 
actual tests conform to the results re-
ported in Refs. 46 and 53. 

Sutton and Sherman [49] published a 
short report on a low-voltage, low-
power, demonstration d-c generator, and 
Sense and Gelb [54] discussed selecting 
the proper fluid for MHD generator 
cycles where the MHD generator inlet 
void fraction is used as a parameter 
for cycle comparisons. The selected 
cycle is similar to that shown in Fig. 
5.24. Either a Rb- Li or a Cs-Li bifluid 
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cycle seemed preferable over the Na-Li 
cycle, but no experiments were performed 
to prove this. 

5-8.3 MHD A-C Generators 

In the present state of MHD-gener-
ator development, direct current could 
be generated at a low voltage level 
(below 1 volt) only. Since alternating 
current is inherently easier to adapt 
to any kind of electrical power needs 
(it transform~ to any voltage level and 
rectifies to produce direct current), 
the MHD a-c generators were developed. 
Single and multiphase experimental gen-
erators produced alternating current in 
a range from a few cycles up to a few 
hundred cycles. 

One method used to generate alter-
nating current indirectly is to trans-
late the MHD d-c or MPD d-c generator 
output into alternating current by having 
no moving mechanical components [48]. 

Direct a-c generating methods are: 

1. The simplest MHD a-c generator 
is similar to an induction-type commer-
cial generator where the necessary slip 
velocity (Vs) for power production is 
provided between a traveling magnetic 
field (Vm) and the MHD fluid-flow veloc-
ity (Vf): Vs= Vm - Vf. (See Fig. 
5.27 and Refs. 48 and 55 to 63.) 

2. An experimental generator changes 
the electrical conductivity of the MHD 
fluid by periodic injection of liquid-
metal slugs into the main flow of a 
liquid-metal vapor; this induces alter-
nating current in the output windings. 
(See Refs. 43 and 64 to 70.) 

3. One experiment used a solid-
metal reciprocating piston combined 
with liquid metals to generate alter-
nating current [69,71]. 

4. Seeding modulation in an MPD gen-
erator changes the electrical conduc-
tivity of the gas-vapor flow to generate 
a-c power [72,73]. 

5. Controlled flow-velocity pulsa-
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Fig. 5.27 - The flat, linear MHD a-c 
induction machine. 

tion can produce alternating current 
also [ 74]. 

6. Three-phase a-c generators that 
apply vortex flow were proposed [75,76]. 

(a) Induction-Type MHD A-C Generator 
Of all the a-c generating methods 

mentioned, the induction type is the 
most promising and the most extensively 
tested. Because of its operational simi-
larity to induction-type commercial gen-
erators, it is usually called an MHD-
induction generator. The electrical 
field potential vector (E') generated by 
induction is the product of the velocity 
(V) relative to the fluid and magnetic 
fields and the magnetic induction vector 
(B) (Faraday's law): 

E'= V X B (5.40) 

The generated current density (J) is a 
function of the electrical conductivity 
(a) , E, V, and B (Ohm' s law) : 

J = a(E + Vs x B) (5. 41) 

where Eis electrical field stren~th 
relative to the moving fluid and Vs is 
synchronous velocity of the magnetic 
field. If Vf is the fluid velocity, 
then the slip is the percent deviation 
of the two velocities related to Vs: 

Vs - Vf Slip=----= S 
Vs 

(5.42) 
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The gross efficiency (n) [i.e., the 
ratio of gross generator-output power 
(Po) to the gross fluid-input power 
(Pi)] is 

Po -1 
n =Pi= (1 - S) (5.43) 

Another term frequently used here is 
the wavelength, A, which can be calcu-
lated from the a-c frequency, f, as 
A= Vs/for A= Vf/f(l - S). The engin-
eering magnetic Reynolds number (Re:) 
has a special meaning for induction 
generators, i.e., 

Real power * Vs 
= a Rem= µa K Reactive power (5. 44) 

where o = electrical conductivity of 
the fluid (mho/m) 

µ=permeability (henry/m) 
Vs= synchronous velocity (m/sec) 

K wave number, calculable from 

K 27f 
A (5.45) 

Laminar MHD fluid flow is desirable 
for two reasons: (1) to avoid eddy cur-
rents in the fluids and (2) to reduce 
hydraulic friction losses. The second 
reason is not valid for constant-veloc-
ity generators, where the fluid veloc-
ity is determined by the frequency, f, 
of the a-c power and by the necessary 
slip. 

As discussed in the fluid flow MHD 
section of Vol. II, Chap. 1, the mag-
netic Reynolds number and the Hartmann 
number are the characteristic data for 
an expected laminar flow. The fre-
quently used form of the Hartmann num-
ber (M) is: 

M = BL lo/pv (5.46) 

where B = magnetic induction (Weber/m2
) 

L = characteristic length (m), a 
dimension normal to flow 
direction 

a= electrical conductivity (mho/m) 
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p = fluid density (kg/m 3 ) 

v = kinematic viscosity (m2 /sec) 

When the friction factor depends 
upon both Re~ and M for a given geom-
etry, a laminar regime prevails. 
Reasonably strong magnetic fields at 
M > 100 are capable of producing lami-
nar flow up to Re~> 100,000. 

The engineering Hartmann number (W) 
is based on a fluid duct length-to-
height ratio of 50, and, if Lis the 
generator length, 

M* = BL lo/2pv (5. 4 7) 

Induction-type MHD a-c generators 
release their electrical power through 
their stator windings; this eliminates 
the need for electrodes (with their 
leakproof-seal problems) required for 
MHD d-c generators. 

(b) MED Cycle Comparisons 
Although the cycle shown in Fig. 

5.24 was developed primarily for 
MHD d-c generators, it is applicable in 
principle to a-c generators also [77]. 
The basic characteristic of this cycle 
is the separation and removal of the 
low-electrical-conductivity component 
from the fluid flow before it enters 
the MHD generator. It can operate with 
one component in the liquid and vapor 
phases or with two components if the 
vapor or gaseous component is insoluble 
in the liquid fluid. 

Figure 5.28 shows a condensing in-
jector cycle developed for Cs, Hg, K, 
and Na as a one-fluid two-phase MHD gen-
erator [78]. The vapor generated in a 
heat source (reactor) passes into the 
so-called condensing injector where it 
is mixed with the returning liquid par-
tially condensing the vapor. The ther-
mal energy of the vapor increases the 
fluid kinetic energy, and condensation 
of the vapor increases the fluid elec-
trical conductivity before it enters 
the MHD generator. The discharge of 
the generator is separated into vapor 
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Fig. 5.28 - Schematic of a condensing-
injector liquid-metal power cycle. 

and liquid. The liquid flows back to 
the heat source at the same time the 
vapor passes through an economizer heat 
exchanger to the injector. A prelimi-
nary study showed a preference force-
sium or potassium since sodium perfor-
mance seems to be the lowest of the 
three liquid metals for this type of 
cycle. 

A short study [75] suggested an MHD 
a-c generator (Fig. 5.29) in which the 
liquid phase of the fluid is accelerated 
by its own vapor in a duct built from 
two eccentric cylinders placed between 
the two poles of a magnet. The slowed-
down fluid and vapor are then reheated 
in a reactor, and the partially evapo-
rated liquid regains its necessary ther-
mal energy. After returning to this 
vortex-type MHD generator the cycle re-
peats itself. 

Alternating-current power can be pro-
duced in a slug-type MHD generator 
(Refs. 64, 67 to 70, 79, and 80) where 
liquid-metal slugs are injected into a 
liquid-metal vapor flow. Experiments 
proved that the slugs, as good electri-
cal conductors, can produce sine-wave-
shaped electrical voltage and current. 
Applied fluid is NaK vapor with NaK 
liquid slugs (Fig. 5.30). 

A comparative study of a-c -power gen-
eration [43] for topping steam plants 
showed that a 50% thermal-cycle effi-
ciency is obtainable using liquid metal 
in the 2240 to 1100°F range and in 
steam below 1100°F. 

A simplified cycle for topping power 

VAPOR OR 
TWO PHASE IN 

\ 
VAPOR OUT 
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Fig. 5.29 - Vapor-driven liquid-vor-
tex MHD generator. [From H.E. Weber 
and C.H. Marston, MHD with Liquid Metal, 
Mech. Eng., 86(8): 34-37 (1964.)] 

plants [43,62] is shown in Fig. 5.31. 
In the actual cycle metal flows in a 
continuous stream through a closed two-
cycle system. Liquid metal in the 
first loop is partially vaporized by 
the heat source. The resulting two-
phase fluid expands by passing through 
a supersonic nozzle, and its thermal 
energy is transformed to kinetic energy. 
Downstream of the nozzle, atomized 
liquid (at considerably lower tempera-
ture) from the second loop is injected 
into the two-phase high-velocity stream. 
Because of momentum exchange, the in-
jected stream is accelerated while at 
the same time, due to mass and heat 
transfer between the two streams, the 
vapor component of the two-phase fluid 
is condensed. The resulting fluid 
stream enters the generator predomi-
nantly as liquid phase traveling with 
high velocity and with a high electric 
conductivity. A major fraction of the 
kinetic energy is transformed into elec-
trical energy within the generator. The 
effluent enters a diffuser where its 
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Fig. 5.30 - MHD a-c generator. 

velocity is reduced by conversion of 
kinetic energy to pressure. The second 
loop then carries part of the metal 
through the heat-disposal unit which 
cools the liquid to the required injec-
tion temperature. This subcooled liquid 
is then returned to the injection point 
downstream of the expansion nozzle. 
Metal flowing in the first loop is re-
turned to the heat source and the cycle 
is repeated. The fluid is two-phase 
NaK or potassium. 

5-8.4 MPD Generators 

The MHD generators use liquid-phase 
fluid for higher electrical conductivity, 
but the MPD generators try to compensate 
for the low electrical conductivity of 
the gaseous- (or vapor-) phase fluids 
with higher velocities (Mach number= 
1.5) [44,45,81]. Seeding of the noble-
or combustion-gas flow with liquid-
metal vapors is a very effective way of 
increasing conductivity. Helium, argon, 
and neon are the best-suited noble gases, 
and cesium or potassium are preferred 
over sodium for seeding because sodium 
vapor contains a large percentage of 
dimer (hard-to-ionize) molecules [81]. 
In addition to the seeding, the high 
temperature of the plasma automatically 
provides thermal ionization for the 
fluid. Further ionization can be 
achieved by exposure of the plasma to a 
magnetic or electric field, or even to 
nuclear irradiation [44,45,69,76]. 

Since the electrical conductivity of 
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Fig. 5.31 - Liquid-metal liquid-
injector MHD cycle. [43,62] 

the present MPD fluids is smaller by a 
magnitude of four than that of the MHD 
fluids, MPD fluids are not suitable for 
induction-type low-frequency (60 to 400 
cps) a-c power generation, because of the 
adverse reactive-to-active-power ratio. 
In the very high flow-velocity range, the 
MPD fluids are more suitable for d-c gen-
eration, which requires that electrodes 
be insulated from the ducts at these very 
high temperatures (4000°F or higher) and 
also requires cooling of the magnet coils. 

The most promising MPD generators 
use combustion gas for their operation. 
One such generator is being tested in 
the United States, and another serves 
as a utility power plant in the U.S.S.R. 

An MHD "shock-tube" generator using 
a high-temperature noble gas and liquid-
metal-vapor slugs is being tested in 
Germany [40,82,83]. This is a tran-
sition-type generator somewhat resem-
bling the MPD types. 

5-8.5 MHD Cycle Components 

(a) Heat Sources 
The nuclear reactor is planned as a 

heat source for space application in 
closed cycles. Its temperature is lim-
ited to approximately 2000°F. This is 
substantially less than the 4000°F that 
can be maintained in fossil-fuel heaters. 
Connnercial power plants can use either 
nuclear or fossil-fuel chemical energy. 
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(b) Mixers and Nozzles 
The two methods of achieving the nec-

essary high fluid velocity with maximum 
efficiency are: 

1. Provide a highly homogeneous gas 
(or vapor) and fluid mixture, and then 
use the thermal energy of the mixture 
to generate the fluid velocity in a 
nozzle. In this case the mixer serves 
as a two- component direct-contact heater 
where the thermal energy of a preheated 
liquid increases the thermal energy of 
another fluid in its vapor phase [46]. 

2. Produce the necessary homogeneous 
gas- (or vapor-) bubble-liquid mixture 
within the nozzle during flow accelera-
tion, then the mixer, with its inherent 
losses can be eliminated to improve 
overall cycle efficiency [49,53,62,74, 
7 6 , 84, and 85 ] . 

The breakup of liquid drops is an im-
portant phenomenon in the injection-type 
MHD cycles where liquid is injected 
into the high-velocity stream of gas, 
vapor, or a two-phase flow. No theory 
can predict these breakup-drop dimen-
sions at this time, but the Weber number 
emerges as a possible criterion to esti-
mate the best probability. The Weber 
number, We, is the ratio of the aero-
dynamic force on the droplet to the 
surface-tension force: 

PgasU2D 
We = ~--- (5.48) 2gco 
where Pgas gas (vapor) density 

(lbm/ cu ft) 
D = droplet diameter (ft) 
U relative velocity between 

liquid-drop and gas-stream 
flow (ft/ sec) 

a= surface tension of the 
liquid (lbt/ft) 

gc = gravitational constant 
[(lbm)(ft)/(lbf)(sec 2

)] 

References 43, 49, 53, 58, 80, 84, 
86, and 87 suggest that We= 6 be used 
as a starting value for design calcula-
tions. 
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Further improvement of the MHD fluid 
velocity and electrical conductivity 
can be achieved if a partial -subcooled 
flow of liquid is injected into the two-
phase high-velocity flow where the jet 
design utilizes momentum exchange pheno-
mena [62,78,88]. 

(c) MHD Generators 
The two principles applied to MHD or 

MPD generators to produce electrical 
power, Faraday's magnetic induction 
principle and the Hall effect, have 
similar components; these were briefly 
described earlier. 

The variable-area MHD generators 
translate the kinetic (velocity) energy 
of the fluid into electrical energy at 
fairly low pressure [56]. 

In a constant-area generator, the 
pressure (potential) energy of the 
fluid is converted to electrical energy 
[63,66]. 

The main components of MHD generators 
are the duct and the magnetic field. 

The duct, which carries the fluid 
conductor at high temperature and high 
velocity, should be nonmagnetic, with 
poor electrical conductivity, and 
should resist the internal-fluid pres-
sure, corrosion, and erosion effects at 
high temperatures. Terminals are in-
serted in the duct wall only in d-c gen-
erators. They should have low electri-
cal resistivity [50,51,55,61,89]. Fluid-
friction losses in the duct can be re-
duced by replacing the liquid boundary 
layers with gas or vapor [90] or by 
using a thin liquid layer and filling the 
rest of the flow area with gas or vapor 
[63,87,89,90]. Fluid-friction losses are 
less critical in liquid-piston- (slug-) 
operated a-c generators. (For further _ 
detailed design information see Refs. 48, 
53,57,59,63, and 89 to 96. Details on 
the Hall-type generator can be found in 
Refs. 60,61,87, and 97.) 

Since, in the rotating electrical 
generators, the gap between the magnet 
poles and the electrical conductor is a 
small fraction of an inch, the magnetic-
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field excitation is effective. In an 
MPD generator the fluid - carrying duct 
is relatively wide between the magnet 
poles. This means there is a heavy de-
mand for excitation, which causes high 
electrical losses and lowers the gener~ 
ator efficiency. Cryogenic and super-
conducting magnets with liquid helium 
can reduce the excitation losses and 
magnet size and increase the magnetic 
flux density within reasonable physical 
dimensions [96,98]. Standard electro-
magnet design should provide circulating 
fluid cooling to remove the heat gener-
ated by the excitation losses and heat 
conducted to it from the MHD duct [82]. 

The MHD d-c generator efficiency de-
pends to a great extent on the magnetic-
field design at the inlet and outlet 
ends of the MHD fluid duct. These so-
called "end losses" are caused by the 
electrical currents induced in the 
fluid streams by the stray magnetic 
fields at the ends of the magnet. 
These currents (eddy currents) generate 
heat losses between the MHD fluid 
streams before they can reach the gener-
ator terminals. The effects of the end 
losses are (1) unwanted heating and (2) 
velocity and pressure losses of the MHD 
fluid flow. Three metho·ds used to re-
duce these end losses are: 

1. Shape the stray magnetic field 
either by magnetic coil design (exponen-
tial field density reduction), or by 
compensating magnet coils that can sud-
aenly reduce the magnetic fields to a 
minimum value. 

2. Increase the electrical resis-
tance between the MHD fluid streams by 
placing electrical isolating vanes in 
the duct at the inlet and outlet of the 
MHD generator sections next to the 
magnet pole ends. 

3. Apply multipole pair magnetic 
fields. 

Induction-type MHD a-c generators 
have the following major advantages: 

1. They do not need extremely high 
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fluid velocities. 
2. Their electrical power output 

can be modified using electrical trans-
formers or rectifiers. 

3. There is no need for polarized 
electrodes; the load can be connected 
to stator winding terminals. 

4. They are adaptable to lower fluid 
temperatures with reasonably good cycle 
efficiency. 

(d) Separators 
Before the fluid enters the MHD gen-

erator, the gas or vapor part of the 
fluid should be separated from the 
liquid. Two principles can be applied: 

1. In a condenser the vapor phase 
is reduced to its liquid state by heat 
rejection, which automatically condenses 
all the vapors [69,76] in a two-compo-
nent cycle. A two-phase one- component 
MHD generator that condenses the vapor 
at the inlet of the generator duct has 
been proposed [88]. Cool liquid is in-
jected into the fluid-flow stream in 
the condensing ejector system, modifying 
the fluid flow and pressure simulta-
neously in accordance with cycle require-
ments [78]. A special economizer trans-
fers its undesired heat energy to a 
steam cycle in a combination MHD and 
commercial steam-generator plant [62]. 

2. Density differences between 
gaseous and liquid phases can also be 
used for separation. Here the main 
flow direction is diverted against a 
knife-edge separator where the liquid 
inertia drives the fluid in the least-
diverted direction under the knife edge, 
and the gaseous phase follows the duct 
above the knife edge. However, the 
high separation efficiency of 99% means 
high friction losses (up to 60%) in this 
type of a separator [46,52,55,84,89,99]. 

(e) Diffusers 
Diffusers convert the fluid-flow 

velocities (after the fluid leaves the 
MHD generators) to pressure energy that 
can either eliminate or reduce pumping 
requirements. 
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5-8. 6 Experimental MHD and MPD 
Generators 

The largest units in the United 
States are built by Avco Corp. [61,87] 
to study MPD cycles and collect data 
for component designs. Faraday-mode 
operation produced 23,000 kw at 1000 
volts. A smaller generator produced 1 
Mw at 1000 volts in the Faraday mode 
and 930 kw at 2800 volts in the Hall 
mode for 10 to 15 sec duration. Jet 
Propulsion Laboratory built several 
test generators, one for direct current 
[46,52,84] with 10.8 kw, 0.59 volt, out-
put and others for alternating current; 
their loads were 5 kw [77,92], 50 kw 
[58,92,95,100], and 1 kw [59,91]. 
These generators performed a total of 
40 runs with 2 to 4 min duration. Pres-
ently a 300-kw unit is in the design 
stage. Argonne National Laboratory has 
built experimental test loops to gain 
theoretical and practical design infor-
mation for d-c [43,53,89] and a - c [64, 
66,89] generators. Atomics Interna-
tional built various MHD a-c-type gener-
ators; one unit produced 1840 kw at 215 
volts [62,101], and another produced 
7 kw at 200 volts [63]. Brookhaven 
National Laboratory reported on a-c 
test loops [67] studied to prove the 
feasibility of liquid-metal piston-type 
MHD generators [69,76]. The U.S.S.R. 
has a complete power plant in operation 
using a seeded MPD generator [102]. 

5-8.7 MHD Bearings 

There is a strong trend toward in-
creasing the operating temperatures of 
nuclear-reactor-powered generators up 
to the material limiting levels, ap-
proaching 2000°F, to achieve the best 
thermodynamic efficiency and to reduce 
the weight- to-power ratio for aircraft 
and spacecraft. Any rotating component 
in these systems requires bearings cap-
able of operating at high temperatures. 
A 600°F lubricant temperature is the ap-
proximate limit for long-term bearing 
operations using silicon-oil-base lubri-
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Fig. 5.32 - Basic MHD bearing con-
figuration. 
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cants, and 800°F is the maximum for 
short-term operation. Use of the MHD 
effect to develop liquid-sodium or NaK-
lubricated bearings for very high tem-
perature operation has been investigated 
recently. 

It is known from the MHD pump effect 
that the pressure of an electrical cur-
rent conducting fluid can be increased 
if the fluid is exposed to a magnetic 
field. A local pressure gradient that 
increases the load-carrying capacity of 
the liquid-metal film can be developed. 

Design considerations are based on 
the Navier-Stokes hydraulic equation 
[103,104] 

(5.49) 

where p fluid density 
V = fluid velocity 
t time 
p = fluid pressure 
X position dimension in the di-

rection of flow (Fig. 5.32) 
y = position dimension in direc-

tion of fluid gap 
µ = fluid viscosity 

If we assume well-developed laminar 
flow, the velocity gradient is negli-
gible in the x direction, and the equa-
tion reduces to: 
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(5.50) 

If this is combined with the x direc-
tional component of the Lorentz body 
force [ 105], 

F 1 . B 
x = - c Jz o (5. 51) 

and, with Ohm's law applied to the fluid 
stream, 

j = a (E + VB 0 ) (5. 52) 

where J electrical current density in 
the fluid 

E = electrical field potential 
Bo magnetic flux applied across 

the fluid 
a= electrical conductivity of 

the fluid 

Then the general MHD equation is 

(5. 53) 

If we use the dimensionless quanti-
ties 

M = Boh la/µ = Hartmann number (5.54) 

(considered as the MHD Reynolds number), 

P=~ µVob 

n =li. h 

X ~=Ji 

and 

V u = Vo 

(5. 55) 

(5.56) 

(5. 5 7) 

(5. 58) 

and apply proper boundary conditions, 
we can derive the different MHD bearing 
design equations. The bearing load, 
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the friction force acting on the moving 
part, and the necessary fluid flow rate 
can be calculated from the equations de-
rived in Refs. 106 and 107. Reference 
107 derives a group of equations stating 
that a nonuniform (gapped) magnetic 
field bearing has a higher load capacity 
and smaller friction force than the MHD 
bearing with constant magnetic flux. 

Further improvement in bearing-load 
capacity and friction-loss reduction 
can be achieved with squeeze-film MHD 
bearings where two magnetic fields gen-
erate opposing pressures, increasing 
the lubricating film thickness. Design 
data are available in Refs. 108 and 109 
for sodium at 1000°F. 

The previous references treated the 
liquid-metal bearing theory based on in-
finite length in one direction. Kuzma 
[110,111] derived design equations· based 
on commercial-type journal bearings by 
modifying geometrical and boundary con-
ditions accordingly, including consider-
ations of eccentricity. He referred to 
bearings for the cryogenic range where 
the high-coil current density provides 
very high magnetic-flux levels (110]. 

Transferring MHD bearing principles 
to thrust bearings, Kuzma and co-workers 
[112,113] described experiments showing 
close agreement with theoretical calcu-
lations of a one-step, self-acting, cir-
cular thrust bearing. 

At the present time all the tests on 
MHD bearings have been performed at 
laboratory conditions. Field-type ap-
plication tests are now in process. Re-
sults of bearing-material compatibility 
tests are detailed in Vol. IV, Chap. 2. 

5-8.8 Other MHD Applications 

Hydromagnets (114-116] utilize the 
low electrical resistivity and high 
thermal conductivity of silver, sodium, 
and NaK to generate magnetic fields 
above 10 5 gauss. Hydraulic pressure is 
used to force the liquid conductor ra-
dially inward through the space between 
two perforated coaxial cylinders placed 
in an axial magnetic field (Fig. 5.33). 
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Fig. 5.33 - Compressing magnetic 
field. 

The tangential current induced by the 
moving conductor generates a secondary 
magnetic field that strengthens the pri-
mary; thus the device acts as a self-
exciting, internally short-circuited 
homopolar generator. This type of hy-
dromagnet can be operated continuously 
or on a transient basis; in the latter 
case it acts like a chemical explosive. 
Theoretical calculations [116] showed 
that for continuous operation the mag-
netic Reynolds number (Rem) and the 
ratio of the inner to the outer cylinder 
radius have considerably stronger ef-
fect than the hydraulic Re. If Rem<< 1, 
the amplification is a quadratic func-
tion of the radius ratio. The energy 
dissipation in the magnet depends on 
the square of the amplification and on 
the hydraulic Re. 

5-9 OPTICAL APPLICATIONS 

Some applications of liquid metals 
in connection with optical phenomena 
are: 

1. Electrical lamps filled with low-
pressure sodium vapor generate most of 
their light energy at the sodium D lines, 
to which the eye is very sensitive. 
This type of lamp can be used for high-
way lighting with good economy [21,117]. 

2. Some elements such as gold, cop-
per, or calcium, alloyed with sodium or 
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potassium can be used as photosensitive 
cell materials [2]. 

3. References 118 and 119 describe 
flame-photometric methods using alkali 
metals and analyzing alkali metals. 

4. Sodium and potassium vapors re-
leased from rockets over 200 km above 
the earth at evening twilight conditions 
made it possible ~o measure wind veloc-
ities and directions. The sunshine re-
flected from the vapor clouds could be 
photographed with excellent results 
against the dark background of space. 
These photographs allowed the calcula-
tion of sodium and potassium vapor dif-
fusion coefficients at high altitudes 
[120-122]. 

5-10 CHEMICAL APPLICATIONS 

Since the first industrial production 
of sodium and NaK alloys, many patents 
and chemical procedures have been estab-
lished based on their application. Some 
chemical applications of interest are 
discussed in the following text; suffi-
cient references are given to permit 
further investigation by the reader. 

5-10.1 Inorganic Applications 

Sodium was used for the reduction of 
oxides in the production of industrial 
aluminum. This process was subsequently 
replaced by Hall's electrolytic alumi-
num-producing method [2]. Similarly, 
sodium is used in the production of in-
dustrial titanium [2]. 

In spacecraft sodium superoxide is 
utilized in the generation of oxygen 
for life support [123]. 

Sodium is used for gold production 
in small quantities [124]. 

Sodium is added to mercury to in-
crease its wetting properties with most 
of the precious metals. Similar results 
are obtained when small quantities of 
sodium or potassium are added to plat-
ing materials. 

Metal surfaces are prepared for plat-
ing and for chemical etching by the de-
oxidizing action of the liquid metals. 
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5-10.2 Organic Applications 

The largest quantity of sodium in a 
single commercial application is used 
in manufacturing tetraethyl lead. This 
compound is used as an antiknock compo-
nent in fuels used for internal-combus-
tion engines. 

Sodium can dehydrate certain tertiary 
(and higher ·grade) alcohols and ether 
compounds. In the presence of ammonia, 
sodium can produce hydrocarbons such as 
benzene, toluene, and xylene from alco-
hols. Alkoxides formed in the presence 
of sodium are reagents that produce 
electrodes for electrolysis from sodium 
amalgam and carbon. Alkoxides are re-
agents for producing sodium cyanate, 
which is used for case hardening of the 
surface of steel products [124J. 

Sodium-potassium alloy (NaK) mixed 
with carbon tetrachloride or with chlo-
roform forms a strong explosive com-
pound [2]. 

Alkoxides are the reagents used in 
the manufacturing of shortenings from 
lard and in the production of water-
soluble fats and are the intermediate 
reagents in pharmaceutical processes 
such as for barbiturates, sulfa drugs, 
and antipyrene [124]. 

Sodium compounds are used as bleach-
ing agents for textiles and for pulps 
[124]. Alkoxides represent an impor-
tant part in the artificial indigo (blue 
dye) production. 

Sodium is the polymerization-control-
ling reagent in rubber production and 
is used in the production of artificial 
rubber, called Buna ("bu" comes from 
butadiene and "na" is the chemical sym-
bol for sodium). 

A sodium-containing capsule included 
in a motor-lubrication loop extends the 
active life of the oil because of the 
deoxidizing effect of sodium [125]. 

Mixing sodium in glass can modify 
the optical properties of the glass 
[ 126,127] . 

A desalination process has been de-
veloped using sodium compounds [24]. 
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5-11 SCIENTIFIC APPLICATIONS 

During the preliminary phase of nu-
cleic science, the alkali metals, mainly 
sodium, occupied an important position 
in the following areas: (1) its spec-
tral lines are the basis for investiga-
tions for spectrum analysis apd for 
chemical analyses; (2) its X-ray photog-
raphy has given information regarding 
atomic, molecular, and crystalline 
structures; (3) sodium is an element 
that can be used in connection with in-
vestigations of quantum physics [128-
136]; (4) sodium is among those elements 
studied to allow the prediction of heat 
and electrical coefficients of materials 
at high temperatures before actual 
measurements are made [137]. 
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A-C magnetohydrodynamic generation 
flow pulsation, 305 
induction type, 305-306 
piston, 305, 311 
seeding modulation, 305, 311 
slug injection, 305,307,309 

Air 
effects on wetting, 271 
as impurity source, 7 
mechanical properties in, 60-110 

Air-cooler arrangements, 195-196 
A ir temperature, 206 

in cooler design, 194 
A ircraft reactor test (ART) 

heat exchangers, 198-202 
performance, 200-202 
tube fai I ures, 199 

Alkoxides, 314 
ind igo production, 314 
as intermediate chemicals, 314 

A l loy concentrations in sodium, 
effect on corrosion rate, 1 64-165 

Aluminum 
fins, 195 
product ion, 313 

ASME (Amer ican Society of 
Mechan ical Engineers) Boiler and 
Pressure Vessel Code, Section V 111, 
92-93, 100, 107 

design stresses, 92-93, 100,107 
heat-exchanger design , 195 

Annu lar flow, in space boilers, 
265-266, 275 

Arc tunnel, sodium, 299-300 
Argon in magnetoplasmadynamic 

generators, 308 
Armor for meteoroid protection, 248 
Austen itic sta inless steel 

carbon d i ffus ion in, 1 72-1 75 
crack propagation, 93-99 
f ins, 195 
long-term strength , 81-82 

mass transfer, 82, 162 
mechanical properties 

i n air, 60-11 0 
in heli um, 60-110 
in sodium, 60-110 

rupture life , 95 
sensitizat ion, 122-124 
tensi le properties , 60-65 

Bar ium getter, 39 
Bearings 

on fans, 196-197 
liquid metal , 291 
in magnetohydrodynamic 

generator, 311 -31 2 
Beryl l ium 

corros ion, 126-129 
f i lm format ion on, 126 
nitride format ion, 127, 129 
nitriding, 175-177 
rupture l ife, in sodium, 107 
for space rad iators, 239-248 
transfer to n ickel , 129 

Biax ial stress rupture, tubing, 72-78 
Bleaching agents , 314 
Boiler decondit ion ing, 271 -274 
Boilers, space, 262-280 

conf iguration, 274 
f lu id flow in 

distr ibution, 276-280 
f low regimes, 274-276 
pressure loss, 274-276 
stab ili ty , 276-280 

heat transfer, 264-274 
nomenclature, 263-264 
types, 262-263 

Boil ing heat-transfer coefficients, 267 
Bond number, 233 
BO R , air-cooled heat exchanger, 204 
Braze alloys, corrosion, 143-148 
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Breeder reactor-5 (BR-5), sodium 
purif icat ion, 46 

Bubbly flow, in space boilers, 
265-266, 278-280 

Bumper, meteoroid protection, 248 
Buna-N, in sodium, 115-116 
Buna-S, in sodium, 115-116 
Butyl rubber, in sod ium, 115-116 

Cables, sodium, 294-295 
Cadarache, air-cooled exchanger, 204 
Calcium 

and potassium photoelectric cells, 313 
reduction of beryl li um corrosion by, 

126-127 
removal before charging, 50 
removal from sodium, 40 
in sodium, 3-4, 7-11, 65 
and sodium photoe lectr ic cells, 313 
so luble getter , 39 
transport of n itrogen, 39 

Calcium nitr ide, 119 
Ca lcium titanate, coat ing, 240 
Carbon 

analysis for, 34 
di ffus ion in stainless steel, 34-35 
d iffus ion rates in austenitic steel, 

173-175 
effects on materials, 60-61, 64, 

80-81, 83-85, 89-92, 106, 123, 171 
solubility 

in sod ium, 172-173 
oxygen effects , 172-173 

sources, 2-4, 7-11 
in SRE cold trap, 22-23 

Carbon stabil izer to prevent 
decarburization, 169 

Carbon transfer 
carburizat ion of austen it ic steels, 61, 

172-175 
decarbur ization 
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of austenitic steels, 171-172 
of chromium-molybdenum steels, 

167-171 
Carburization, 33-35, 39, 61, 84-85, 

89-92, 93, 172-175 
of austenitic stainless steels, 61, 

172-175 
prevention by calcium, 39 
rates, 33-35 

Carburizing potential, 36 
Cells, electrical, 297-299 

mercury-potassium, 298-299 
sodium-sulfur, 299 

Centrifuging, purification by, 45-46 
Ceramics, corrosion, 150 
Cermets, corrosion, 149-150 
Cesium 

in magneto hydrodynamic generator, 
306 

in magnetoplasmadynamic 
generator, 308 

in thermionic generator, 297 
Chemical applications, 313-314 
Chemical reaction, purification by, 

29-40 
getters, 28, 32-33 

soluble, 39 
Chromium, preferential transfer of, 

123,143,165 
Chromium-alloy steels, in sodium, 

99-107 
creep-rupture strength, 100-105 

in air, 1 00-1 05 
in helium, 100-105 
in sodium, 100-105 

creep strength, 100 
design stresses for sodium services, 

106-107 
fatigue strength, 105-1 06 
impact strength, 106 
tensile strength, 99-100 

in air, 99-100 
in helium, 99-100 
in sodium, 99-100 

Chromium carbide precipitation, 
122-123 

Chromium-molybdenum steels 
2¼ % Cr-1 % Mo steel 

component transfer, 165-167 
corrosion rate, 122, 161 
creep-rupture strength, 100-105 
decarburization, 169-171 
design stresses for sodium service, 

106-107 
fatigue strength, 105-106 
impact strength, 106 
mass transfer, 156-157 
nitriding, 1 76 
tensile strength, 99-100 

5% Cr-¼% Mo-¼% Ti steel 
component transfer, 165-167 
corrosion rate, 1 22 
decarburization, 1 69 

INDEX 

mass transfer, 1 56-157 
9% Cr-1 % Mo steel 

decarburization, 169-170 
Cleaning, system, 49-50 
CNEN, air-cooled heat exchanger, 

207-208 
Coatings, for radiators, 240-248 
Cobalt alloys, corrosion, 143 
Cold-leg deposition, 161-163, 165 
Cold trap 

in Dounreay, 23 
in EBR-11, 16-17 
efficiency, 26-27 
in Fermi, 16 
for FFTF, 26 
forced circulation, 15-28 
in Hallam, 19-22, 24-26 
impurities in, 22-23 
impurity 

capacity for, 24-26 
removal rate, 23-24 

natural convection, 28 
for sodium hydride, 28 
in SRE, 17-19, 22-23, 210 
toluene cooled, 17-19 

Cold trapping, 15-28, 124, 132, 136-
137, 142 

Compositional changes, in corrosion, 
165-167 

Concentration-gradient mass transfer, 
150-151 

Concentric-tube condenser, 259-260 
Condensation mechanisms, in space 

condensers, 250-251 
Condensers 

convective type, 253-260 
configuration, 257-260 

concentric tube, 259-260 
shell and tube, 258-259 

heat transfer, 255-25 7 
nomenclature, 254-255 

fluid flow, 260-261 
distribution, 260-261 
pressure drop, 260 
stabi I ity, 260 

jet type, 249-253 
analysis, 250 

mechanisms, 250-251 
pressure rise, 251-253 

nomenclature, 250 
mechanical design, 261-262 

Condensing heat-transfer coefficient, 257 
Condensing-injector magnetohydro-

dynamic generator, 306-307 

Constant~iameter condenser, 258 
Convective condenser, 253-257, 260 

configuration, 259-260 
heat transfer, 255-257 
nomenclature, 254-255 

Coolants, organic-impurity sourr.e, 2 
Coolers 

See also Heat exchangers 
liquid metal to air, 191-208 

air-cooler arrangement, 195-196 
air temperature, 194, 197 
American Society of Mechanical 

Engineers (ASME) Boiler and 
Pressure Vessel Code, 195 

control, 197-198 
fans, 196-198 

noise, 198 
fin tubes, 194-195 
general information, 191 
heat transfer, 192-193 
installations, 198-208 
operation, 197-198 
pressure drop, 193-194 
structural design, 195 

liquid metal to nonmetallic fruids, 
191-210 

Copper 
effects on stress rupture, in sodium, 

76-78 
heat-exchanger fins, 195 
and potassium photoelectric cells, 313 
and sodium photoelectric cells, 313 

Corrosion, 5, 80, 116-150, 161-162, 248 
beryllium, 126-129 

nitriding, 1 27-129 
transfer to nickel, 129 

braze alloys, 143-148 
ceramics, 149-150 
cermets, 149-150 
chemical 

by hydrogen, 119-121 
by nitrogen, 119 
by oxygen, 119 

cobalt alloys, 143 
design criteria, 121 
graphite, 148-149 
intergranular penetration, 121-122 
molybdenum, 139-140 
nickel alloys, 142-143 
Nimonic 80A, 143,146,164 
niobium 

oxygen effects, 130-131 
surface oxides, 130-131 

of nonferrous metals, 5-6 
rate-control I ing steps, 161-162 
solution erosion, 118-119 

leaching, 119 
variables in, 118-119 

space radiators, 248 
steel, 5, 121-124 

deposition rates, 121-122 
intergranular penetration, 122 
sensitization of, 122-124 

tantalum, 137-139 
oxygen loss, 138 

tantalum alloys, 139 
thorium, 140-143 
thorium alloys, 142 
time coefficient, 158 
titanium, 142 
tungsten, 140 
uranium, 140-142 



uranium alloys, 142 
vanadium, 131-137 
vanadium alloys, 132-137 
velocity dependence, 143 
zirconium, 124-126 

Corrosion products as impurity 
sources, 4 

Corrosion-rate variables 
alloy concentration, 164-165-
impurities, 162-163 
temperature, 162 
time, 161-162 
velocity, 163-164 

Corrosion rates 
austenitic steels, 156-158 
ferritic steels, 156-158 

Crack propagation, 93-99 
lncoloy 800 (30% Ni-20% Cr steel), 

95-99 
13% Ni-16% Cr steel, 95-99 

Cratering coefficients, 238-239 
Creep 

rates 
E 1-869, 1 08-11 0 
El-4378, 108-110 

rupture 
2¼ % Cr-1 % Mo steel, 100-105 
on decarburization, 1 71-172 
304 stainless steel, 80-81 

tubing, 71-78 
316 stainless steel, 79-80 

tubing, 71-78 
strength, 100 

lnconel, 107-108 
316 stainless steel, 65-71 

tantalum, 110 
uniaxial, 112-113 
V-20% Ti, 110-113 

Cycles, magnetohydrodynamic, 
306-308 

Cyclic-strain tests, high temperature, 
83-87 

304 stain less steel, 85-87 
316 stainless steel, 83-85 

Decarburization, 31, 99-100, 
167-175, 271-274 

of austenitic steels, 171-175 
boilers, 271-274 
of chromium-molybdenum steels, 

167-171 
oxygen effects, 168-169 
by zinc hot trap, 31 

Deposition rates during corrosion, 
121-122 

Deposits, cold leg, 159-160 
Design, structural, heat exchangers, 195 
Design stresses for sodium service 

2¼ % Cr-1 % Mo steel, 106-107 
316 stain less steel, 92-93 

Die casting, NaK coolant, 286 

INDEX 

Diffusers, magnetohydrodynamic, 310 
Diffusion, driving force in corrosion, 118 
Diffusion of carbon 

in austenitic steel, 173-175 
in stainless steel, 34-35 

Dilation of graphite in sodium, 149 
Dissimilar-metal transfer, 151-152 
Dissolution, in solution erosion, 118 
Distillation, purification by, 46 
Dounreay Fast Reactor (DFR) 

cold trap, 23 
purification system, 49 

Downstream effect, 1 64-165 
Duct, in magnetohydrodynamic 

generator, 309-310 
Ductility 

austenitic stainless steel in sodium, 
64-65, 73, 80 

nitriding, effects on, 178-179 
Dwyer equation, 193 

El-869 alloy, stress rupture, 108-110 
El-4378 alloy, stress rupture, 108-110 
Elastomers, effects of sodium on, 

114-116 
Electrical conductivity, impurity 

effects on, 6 
Electrical conductor, sodium as, 

293-295 
Electrical preheating, 211-212 

direct, 211-212 
induction, 211 
resistance, 211 

Elongation 
of austenitic stainless steel 

in sodium, 64-65 
carbon effect on, 173 

End losses, in magnetohydrodynamic 
generators, 310 

Enrico Fermi Atomic Power Plant 
(EFAPP) 

air-cooled exchanger, 204 
cold trap, 16, 27 
hot trap, 38 
sodium purity, 7-11 

Erosion, of radiators, 220, 248 
Evacuation, for system cleaning, 49-50 
Experimental Breeder Reactor No. II 

(EBR-11) 
air-cooled heat exchanger, 205-206 
cold trap, 16-17, 47 
purification system, 46-49 
sodium purity, 7-11 

Explosive components, 314 

Fans 
drives, 196-197 
in heat exchangers 

CNEN, 206 
SEFOR, 204 

SNAP-8, 208 
SRE, 203 

noise, 198 
operation and control, 197-198 
power consumption, 197 
sizes, 196-197 

Fast Flux Test Facility (FFTF) 
air-cooled heat exchanger, 205 
cold-trap design, 26 

Fatigue strength 
austen itic steel, 82-87 

cyclic-strain testing, 83-87 
high frequency, 87 

2¼ % Cr-1 % Mo steel, 105-1 06 
high frequency, 87 

Ferrite, formation in austenitic 
steels, 175 

Filters 
materials, 40-44 
pressure drop in, 43 
types, 41-44 

Filtration 
in Hallam, 41 
materials, 40-44 
during operation, 51 
purification by, 40-45 
during system charging, 50 
in SIR,40-41 
in SRE,41 

Fins 
materials, 195 
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radiation from, in heat-exchanger design, 
193 

types, 194-195 
Fin-tube efficiencies, for radiators, 

227-228 
Flame-photometric analysis, 313 
Flash vaporization, 278-279 
Flow, in radiators 

instability, 233-237 
pressure losses, 230 
regimes, 230 

Flow patterns in space boilers, 
265-267, 276-280 

annular, 265-266, 278 
bubbly, 265-266, 278 
mist, 265-267, 278 
plug, 265-266, 278 
slug, 265-266, 278 

Flow pulsation in magnetohydrodynamic 
generation, 305 

Fluid flow, 230-237, 260-261, 
274-280 

in boilers, 274-280 
distribution, 276-280 
pressure losses, 274-276 

in condensers, 260-261 
distribution, 260-261 
pressure drop, 260-261 
stability, 260 

in radiators, 230-237 
flow regimes, 230 
i nstabi I ity 
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interface, 233-234 
liquid leg, 233-236 
runback, 233, 236-237 

manifold design, 230-233 
pressure losses, 230 

Fluid-to-fin heat transfer, 228-229 
Flushing, hot, to clean system, 50 
Forced circulation cold trap, 15-28 
Free energies of formation of oxides, 120 
Freeze-seal pump in SR E, 210 
Fused-salt effects on lnconel, 108 
Gas-cooled liquid-metal heat exchangers 

(see Heat exchangers, installation) 
Gas generation, with sodium and 

water, 291-292 
Germanium, with sodium and water, 

291-292 
Germanium silicide, 296 
Getters, 39, 132, 138 
Glass modification with sodium, 314 
Gold-potassium photoelectric cells, 313 
Gold production, 313 
Gold-sodium photoelectric cells, 313 
Graphite, 2, 148-149, 239-248 

dilation in sodium, 149 
impurity source, 2 
interlamellar compounds, 149 
for space radiators, 239-248 

Hall effect, 301 
Hallam Nuclear Povver Facility (HNPF) 

cold trap, 19-22, 24-26 
filtration of sodium, 41 
hot trap, 35, 38 
purification system, 49 
sodium purity, 6-9 

Hardness,surface, V-20%Ti, 112-113 
Hartmann number, 312 

in magnetohydrodynamic bearing, 306 
Header, vapor 

(see Manifold design) 
Heat exchangers 

See also Coolers 
installation, liquid metal to air, 198-208 

in ART, 198-202 
in BOR, 204 
in Cadarache, 204 
in CNEN, 207-208 
in EBR-11, 205-206 
in Fermi, 204 
in FFTF, 205 
in LCRE, 205 
in MSA system, 206-207 
in PFR, 206 
in SCTI, 204-205 
in SEFOR, 203-204 
in SNAP-8, 208 
in SPTF, 206 
in SRE, 202-203 

Heat pipe, 222, 229-230, 286-291 
applications, 286-291 
construction, 290-291 

INDEX 

design, 287-290 
testing, 289-291 
thermionic converter, 289-291 

Heat rejection, radiators, 228 
Heat source, for magnetohydrodynamic 

cycle, 308 
Heat transfer 

in air-cooled heat exchanger, 192-194 
boilers, space, 264-274, 278 
boiling, 267 
condensing coefficient, 257 

in convective condensers, 255-257 
fluid to fin, 228-229 
radiation, 225-228 

fin-tube efficiencies, 227-228 
radiating effectiveness, 227-228 
surface effectiveness, 226-228 

Heat-transfer coefficient 
fin side, 192-194 
tube side, 193 

Heat-treating, with NaK, 286 
Heaters 

electrical, 212-213 
installation, 212 
use, 212 

sodium-NaK 
preheating, 211-212 
as reactor core simulators, 212-213 

Helium 
in magnetohydrodynamic generator, 308 
mechanical properties in, 60-110 

Hockey-stick condenser, 259 
Hot-leg corrosion, 161-163, 165 
Hot trapping, 28-41, 130 

for carbon materials, 29, 33-39 
decarburization by, 31 
in Fermi, 38 
in Hallam, 35, 38 
materials, 31 
for niobium protection, 130 
for oxygen, 28-33 

removal rates, 30-32 
zirconium, 39-41 

in SRE, 29-31, 35-38 
Hydraulic controls, using NaK, 292-293 
Hydrocarbons, as coolant, 209-210 
Hydrogen 

in corrosion, 119-121 
generation, sodium and water, 

291-292 
impurity effects, 2-5 
solubility 

in sodium, 14 
in water, 292 

sources as impurity, 2-4 
Hydromagnets, 312-313 

Impact strength, 2¼ % Cr-1 % Mo steel, 
106 

Impurities 
effects, 1-6 

carburization, 5 

corrosion, 4-5, 159-163 
decarburization, 5 
of gases, 2 
on nonferrous metals, 5-6 
nuclear, 2 
plugging, 2, 4 
on steels, 5 

inert gases, 2 
nuclear effects, 2 
purity requirements, 6-11 
removal rates, 23 
sources, 2-4 
in SRE cold trap, 22-23 

lncoloy 800 
crack propagation, 95-99 
creep rates, 95-99 

lnconel 
in ART radiators, 198-202 
creep strength, 107-108 

in argon, 108 
in fused salt, 108 
in sodium, 108 

tubes in ART radiators, 198 
Indigo production, 314 
Induction heating, 211 
Induction magnetohydrodynamic 

generator, 305-306, 310 
Inert gas 

to exclude moisture, 49-50 
as impurity, 2 

Instability, flow in radiators, 233-237 
Interface instability, 233-234 
lntergranular penetration, 121 

in steels, 122 
lnterlamellar compounds 

cesium, 149 
potassium, 149 
rubidium, 149 
sodium, 149 

Internal heating, cyclic, in stress-rupture 
tests, 74-76 

Iron 
mass transfer in high-oxygen systems, 

158-159 
mass transfer, selective, 165 
preferential transfer of, 155-156 

Iron titanate, coating, 240 

Jet condenser analysis, 249-253 
condensation mechanisms, 250-251 
nomenclature, 250 
pressure rise, 251-253 

Kel-F, in sodium, 115-116 

Leaching, in corrosion, 119 
Lead telluride, 296 
Liquid-leg instability, 233-236 



Liquid-Metal Fast Breeder Reactor 
(LMFBR), sodium purity, 7-11 

Lithium-Cooled Reactor Experiment 
( LCR E), air-cooled heat exchanger, 205 

Lubarsky-Kaufman equation, 193 
Lubricants, as impurity source, 2 

Magnesium getter, 39 
Magnetic field, around electrical heaters 

in liquid metals, 213 
Magnetic Reynolds number, 313 
Magnetohydrodynamic bearings, 311-312 
Magnetohydrodynamic cycle components, 

308-310 
diffusers, 310 
generators, 309-310 
heat sources, 308 
mixers and nozzles, 309 
separators, 310 

Magnetohydrodynamic cycles, 306-310 
Magnetohydrodynamic generators, 301-

306, 309-310 
constant area, 309 
duct, 309-310 
experimental, 311 
magnetic field, 309-310 
variable area, 309 

Magnetoplasmadynamic generators, 301-
302, 305, 308-311 

a-c, 305, 308-310 
d-c, 302, 305, 308-310 
experimental, 311 

Manganese mass transfer, selective, 165 
Manifold design, in radiators, 230-233 
Mass transfer, 82, 92-93, 150-167 

categories, 150-156 
cold-leg deposits, 159-160 
compositional changes, 165-167 
concentration gradient, 150-151 
dissimilar-metal transfer, 151,-152 

nickel to molybdenum, 151-152 
effects on chromium stainless steel, 82 
empirical equations, 156-161 
mechanisms, 150-156 
rate equations, 156-158 
rates, 156-161 
temperature effect, 162 
and temperature gradient, 150-152 
variables, effects of, 161 -165 
vs. velocity in corrosion, 163 

Mass transport, 106 
Materials 

for radiators, 238-248 
corrosion, 248 
types, 239-248 

sodium effect on mechanical proper-
ties, 59-116 

austenitic stainless steels, 60-99 
Mechanical properties of materials, 59-116, 

178 
in air, 60-110 

INDEX 

in helium, 60-110 
in sodium, 59-116 

austenitic stainless steels, 60-99 
chromium-alloy steel, 99-107 
elastomers, 114-116 
nickel -base alloys, 107-110 
nitriding effects, 178 
plastics, 114-116 
tantalum, 110 
vanadium, 110-113 
zirconium, 113-114 
zirconium alloys, 113-114 

Mercury 
condensing flow, 258 
in magnetohydrodynamic generator, 

306 
in sodium, 4 
wetting enhancement, 313 

Mercury-to-NaK boilers, 267-268, 271, 
274 

Meteoroid 
protection from 

armor, 248 
bumper, 248 
sealing holes from, 248 

radiator protection from, 220-221, 
237-238 

Mist flow, in space boilers, 265-267, 278 
Mixers for magnetohydrodynamic 

generators, 309 
Molybdenum 

in arc tunnel, 299-300 
corrosion, 139-140 

Monel fins, 195 

NaK 
applications, 285-286 

die casting, 286 
exhaust valves, 285-286 
heat-treating, 286 

and carbon tetrachloride explosive, 314 
chemical applications, 313-314 
and chloroform explosive,.314 
cold trap in EBR-11, 47 
coolant for freeze seal, 210 
corrosion of 

cobalt alloys, 142-143 
nickel alloys, 142-143 

heat-exchanger condenser, 253 
heating of thermionic generator, 297 
for hydraulic controls, 292-293 
niobium nitriding in, 179 
in thermoelectric generator, 296 
in topping plant, 307-308 

NaK-to-mercury boilers, 267-288, 271, 
274 

Natural convection 
of cooling air for EBR-11, 205-206 
in Mine Safety Appliances Co. (MSA) 

tests, 206 
Natural-convection cold trap, 28 

Neon, in magnetoplasmadynamic 
generator, 308 

Neoprene, in sodium, 115-116 
Neutron-absorbing elements 

effects, 6 
sources, 2-4, 8 

Nickel 
corrosion behavior, 120 
heat pipes, 290 
mass transfer, selective, 165 
transfer to molybdenum, 151-152 

Nickel alloys 
corrosion, 142-143 
mass transfer, 143 

Nickel-chromium steel ( 13% Ni-
16% Cr) 

crack propagation, 95-99 
creep rates, 95-99 

Nickel oxide in corrosion, 120 
Nimonic 80A alloy 

corrosion, 143, 146, 164 
velocity dependence, 143 

stress rupture in sodium, 110 
Niobium 

corrosion, 5-6, 130-131 
effect of oxygen level, 130-131 
hot trap, 31 
nitride formation, 131 
transfer to stainless steel, 131 

corrosion rate, 120-121 
for decarburization resistance, 169-171 
nitriding, 179-181 
for space radiators, 239-248 

Nitriding, 1-9, 175-181 
of beryllium, 127-129 
by calcium transport, 39 
of niobium, 131 
of 18-4-1 tool steel, 176-178, 181 

Nitrogen 
beryllium nitriding, 127-129 
in corrosion, 119 
effects, 5-6 
sources as impurity, 2-4 
transport in sodium, 175-181 

Noise, fan, 198 
Nomenclature 

convective condenser, 254-255 
jet condensers, 250 
radiator technology, 223-225 
space boilers, 263-264 

Nozzles for magnetohydrodynamic 
generators, 309 

Nuclear effects of impurities, 2 
Nucleation sites, 271, 275 

Oil 
deoxidation by sodium, 314 
effects on wetting, 271 

Once-through boiler, 262-263 
Optical applications, liquid metal 

flame-photometric analysis, 313 
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meteorological uses, 313 
photosensitive cells, 313 
sodium-vapor lamps, 313 

Oxides, free energies of formation, 120 
Oxygen 

in corrosion, 119-121 
effects on 

carbon solubility in sodium, 172-173 
compositional changes, 165-167 
corrosion rate, 162-163 
decarburization, 168-169 
mass transfer, 162-163 

role in mass transfer, 154-156 
from sodium superoxide, 313 
solubility in sodium, 14-15 
sources, 2-4 

Packing 
in cold traps, 23-26 
in hot traps, 29-31 

Pepkowitz-Porter carbon analysis, 34 
Photoelectric cells, 313 
Photosensitive cells, 313 
Piston magnetohydrodynamic generators, 

305,311 
i>lastics, in sodium, 114-116 

Buna-N, 115-116 
Buna-S, 115-116 
butyl rubber, 115-116 
Kel-F 3700, 115-116 
Kel-F 5500, 115-116 
natural rubber, 115-116 
neoprene, 115-116 
silicone rubber 371, 115-116 
silicone rubber 751, 115-116 

Plating materials, 313 
Plug flow, in space boilers, 265-266, 278 
Plugging effects, 4-5 

in filter, 40 
Plugging indicator, 163 
Plugging meter, 14, 47 
Plugging temperature, 1, 14-15, 50 
Potassium 

added to plating materials, 313 
in magnetohydrodynamic generators, 

306 
in magnetoplasmadynamic generators, 

308 
and mercury cell, 298-299 
photoelectric cells, 313 
in topping plant, 307-308 
vapor, used in meteorology, 313 

Power consumption of fans, 197 
Precipitation, purification by, 13-28 

cold trap 
forced cir cu lat ion, 15-28 

capacity, 24-26 
data, 26-27 
design, 23-24 
experience, 15-23 

natural convection, 28 
Preheating systems, 211-212 

Pressure drop 
in filters, 43 

INDEX 

in heat exchangers, 194 
Pressure rise in jet condensers, 251-253 
Procurement specification for sodium, 7 
Prototype Fast Reactor (PFR), air-cooled 

heatexchanger,206 
Purification, 1-57 
Purification methods, 11-46 

centrifuging, 45-46 
chemical reaction, 28-40 
distillation, 46 
filtration, 40-45 
precipitation, 13-28 

cold trap 
forced circulation, 15-28 
natural convection, 28 

settling, 45, 49 
Purification systems, 46-51 

design, 46 
for Dounreay, 49 
equipment, 46-49 
for Hallam, 49 
installation and start-up, 49-51 
for SAE, 48-49 

Purity requirements of sodium, 6-11 
in EBR-11, 7-11 
in Fermi, 7-11 
in Hallam, 7-11 
inSRE,7-11 

Radiating effectiveness, 227-228 
Radiation heat transfer, 225-228 
Radiators 

See also Coolers 
configurations, 220-223 
design, 220-230 

thermal, 220-230 
tube and solid fin, 221-222 
vapor-chamber fin, 222 

erosion, 220, 248 
evaluation of, 228 
fluid-to-fin heat transfer, 228-229 
fluid flow, 230-237 

flow regimes, 230 
instability 

interface, 233-234 
liquid leg, 233-236 
runback, 233,236-237 

manifold design, 230-233 
pressure losses, 230 

heat pipes, 228-230 
heat rejection, 228 
materials, 238-248 
meteoroid protection, 220-221, 

237-238 
nomenclature, 223-225 
sensible heat, 228-229 

Rankine-cycle power plants, 249, 258, 274 
Rapsodie reactor exchanger construc-

tion, 204 

Rate, corrosion, controlling steps, 161-
162 

Reactor-core simulation heaters, 212-213 
Rear-surface damage factors, 238-239 
Recirculating boiler, 262-263 
Rubber, natural, in sodium, 114-116 
Rubidium in thermionic generator, 297 
Runback instability, 233, 236-237 
Rupture life 

of austenitic steels, 95-99 
in sodium 

of austenitic steels, 71-72, 93-99 
beryllium, 107 

Saturation temperature, 4, 11, 14, 24, 50 
Sealing meteoroid punctures, 248 
Seebeck effect, 295-296 
Seeding modulation in magnetohydro-

dynamic generation, 305-311 
Selective depletion, in corrosion, 158-159 
Sensitive-heat radiator, 228 
Sensitization, in corrosion, 122-124 
Separators, magneto hydrodynamic, 310 
Settling, purification by, 45, 49 
Shell-and-tube condenser, 258-261 

constant diameter, 258 
hockey stick, 259 
tapered diameter, 258 

Shock-tube magnetoplasmadynamic 
generator, 308 

Sigma phase in decarburization, 172 
Silicone rubber, in sodium, 115-116 
Skin-friction coefficient, 304 
Skupinski equation, 193 
Slug flow, in space boilers, 265-266, 

278-280 
Slug injection, in magnetohydrodynamic 

generator, 305, 307, 309 
_ SNAP-2 boiler, 268,271,274 

SNAP-8 condenser, 253-254 
air-cooled heat exchanger, 208 

SNAP-10 thermoelectric generator, 296 
SNAP-10A NaK thermoelectric 

generator, 296 
Sodium 

added to plating materials, 313 
alkoxides, 414 
in aluminum production, 313 
analysis 

amalgamation, 131 
vacuum distillation, 136 

arc tunnel, 299-300 
dehydration of alcohols and ethers, 314 
deoxidation of oil, 314 
deoxidizing surfaces, 313 
as electrical conductor, 293-295 

power cables, 294-295 
glass modification by, 314 
in gold production, 313 
in heat pipes, 290 
in photoelectric cells, 313 



in photosensitive cells, 313 
procurement specification, 7 
in rubber production, 314 
and sulfur cell, 299 
synthesis of aromatics, 314 
in tetraethyl lead production, 314 
vapor, used in meteorology, 313 

Sodium Components Test Installation 
(SCTI), air-cooled heat exchanger, 
204-205 

Sodium compounds 
as bleaching agents, 314 
desalination, 314 

Sodium cyanate, 314 
Sodium hydride, cold trapping of, 28 
Sodium- iron-oxygen complex, 156 
Sodium molybdate formation, 139-140 
Sodium oxide 

activation energy for mass transfer, 27 
in corrosion mechanisms, 120-121 
deposition in cold trap, 25-27 
filtration of, 40-45 
plugs, 25, 27 

Sodium Pump Test Facility (SPTF), 
air-cooled heat exchanger, 206 

Sodium Reactor Experiment (SAE) 
carbon in steel specification, 11 
cold trap, 17-19, 50 
filtration of sodium, 41, 44 
heat exchanger, air blast, 202-203 
hot trap, 29-31 

for corrosion, 29, 35-38 
for oxygen, 29-31 

IHX, 203 
purification system, 48-49 

Sodium superoxide oxygen generation, 
313 

Sodium tungstate formation, 140 
Sodium-vapor lamps, 313 
Solubility, carbon in sodium, 172-173 
Solution attack, metals on sodium, 

152-153 
diffusion, 153-154 
dissolution, 152-153 

Sources of impurities in sodium, 2-4 
Southwest Experimental Fast Oxide 

Reactor (SEFOR), air-blast coolers, 
203-204 

Stability 
flow in boilers, 274-280 
flow in condensers, 260-261 
flow in radiators, 233-237 

Stainless steels 
corrosion, 142 
18-8-1 stainless steel, corrosion rate, 161 
304 stainless steel 

carbon diffusion in, 172-175 
as carbon hot trap, 33-38 
creep-rupture strength, in sodium, 

80-81 
cyclic-strain tests, 85-87 

in air, 85-87 
in helium, 85-87 

INDEX 

in sodium, 85-87 
decarburization, 171-172 
surface carbon content, 172-173 
velocity, effect on corrosion, 157-158 

304L stainless steel, sigma-phase forma-
tion, 172 

316 stainless steel 
carbon diffusion in, 172-175 
component transfer, 165-167 
corrosion rate, 120, 122, 158-159 
creep-rupture strength, in sodium, 

79-81 
cyclic-strain tests, 83-85 

in air, 83-85 
in helium, 83-85 
in sodium, 83-85 

decarburization, 171-172 
design stresses for sodium service, 

92 -93 
fatigue strength, high frequency, 87 
impact strength, 87-92 

in helium, 89-92 
in sodium, 87-92 

leaching corrosion, 119 
mass transfer, 156 
velocity, effect on corrosion, 157-158 

321 stainless steel, corrosion rate, 
158-159 

347 stainless steel 
component transfer, 154 
heat pipe, 290 
nitriding, 175-179 
yield strength, 113 

410 stainless steel 
as carbon hot trap, 33-37 
nitriding, 176 

Strain rate of materials on copper-
contaminated sodium, 77-78 

Stress relaxation, in sodium, 78-79 
Stress rupture, in sodium 

El-869 alloy, 108-110 
El-4378alloy, 108-110 
I ncoloy 800, 110 
lnconel, 108 
Nimonic 80A, 110 
nitriding, effects on, 178-179 
tensile properties, in argon, 114 
Zr-1.7% Al alloy, 113-114 
Zr-4.2% Zn alloy, 113-114 

Stress-rupture life, decarburization 
effects, 169 

Strontium getter, 39 
Submarine Intermediate Reactor (SIR), 

filtration of sodium, 40-41 
Sulfur-sodium cell, 299 
Surface effectiveness, 226-228 
System charging to maintain purity, 50 
System cleaning 

by evacuation, 49-50 
by hot flushing, 50 

Tantalum 
alloy corrosion, 131,139 
corrosion, 137-139 
crack propagation, 110 
creep 

in helium, 110 
in sodium, 110 

hot trap, 31 
oxygen loss to sodium, 139 

Tantalum-10% tungsten alloy hot 
trap, 31 

Tapered-diameter condenser, 258 
Temperature difference and mass 

transfer, 162 
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Temperature effect on corrosion rate, 162 
Temperature-gradient mass transfer, 

1 50-1 52, 162 
Tensile strength 

Ar-4.2% Zr alloy, in argon, 114 
carbon effect on, 175 
2¼ % Cr-1 % Mo alloy, 99-107 
Zr-1 .7% Al alloy, in argon, 114 

Tetraethyl lead, 314 
Tetra I in 

coolant for cold trap, 19, 44,210 
coolant for freeze seal, 210 

Thermal conductivity, impurity effects, 6 
mercury, 6 
potassium, 6 

Thermal cycling of stress-rupture 
specimens, 74-76 

Thermal design of radiators, 220-230 
Thermal emittance, 240 
Thermal stress in heat exchangers, 194 
Thermionic converter, heat pipes, 289-291 
Thermionic generators, 296-297 
Thermoelectric power generation, 295-296 
Thorium 

alloys, 142 
corrosion, 140-142 
oxide adherence, 141 
reduction of beryllium corrosion, 127 

Time coefficient in corrosion, 158 
Time and corrosion rate, 161-162 
Titanium 

corrosion, 142 
for decarburization resistance, 169-171 
hot trap, 31 

Toluene-cooled cold trap, 17-19 
Tool-steel ( 18-4-1) nitriding, 176-178, 

181 
Topping steam plant, 307 
Tube-and-solid-fin radiator, 221-222 
Tube failures 

in ART radiators, 199 
in Cadarache, 204 

Tube-side heat-transfer coefficient 
Dwyer equation, 193 
Lubarsky-Kaufman equation, 193 
Skupinski equation, 193 

Tubing, austenitic steel 
long-term strength, 81-82 
mechanical properties in sodium, 71-78 
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Tungsten 
corrosion, 140 
heat pipes, 290 

Two-phase flow, 265-267, 278-280 

Uniaxial creep, 80% V-20% Ti alloy 
hardness, 112-113 
in sodium, 112-113 
in vacuum, 112-113 

Uranium 
alloys, 142 
corrosion, 140-142 
hot trap, 31 
oxide adherence, 141-142 

Valves, exhaust, NaK filled, 285-286 
Vanadium 

corrosion, 5-6, 131-137 
for decarburization resistance, 169-171 
hot trap, 31 
nitriding, 179 

Vapor-chamber fin radiator, 222 
Velocity, effect on corrosion 

INDEX 

beryllium, 126 
vs. mass transfer, 163 
Nimonic 80A alloy, 143, 158, 164 
niobium, 130 
stainless steels, 143 
304 stainless steel, mass transfer, 

157-158 
316 stainless steel, mass transfer, 

157-158 
Vibration 

of cooler, 194 
of tube bundles, 194 

Vortex flow in magnetohydrodynamic 
generation, 305, 307 

Water 
as coolant, 208-209 
as impurity source, 3 
and loss of wetting, 271 
removal during cleaning, 49 

Wetting 
and loss of heat transfer, 271-272 
in magnetohydrodynamic generator, 304 

Wetting fluids, impurity, 2 

Yield strength 
austenitic steels in sodium, 61 
carbon effect on, 175 
nitriding effects on, 178-179 

Zirconium 
as carbon sink, 72 
corrosion rate, 120 
corrosion tests, 125-128 
getter, 1 24, 1 71 
hot trapping, 29-31, 110 
nitriding, 6 
oxidation rate, 125 
surface oxide formation, 124-126 

Zirconium alloys, corrosion, 126 
Zirconium-titanium alloy hot trap, 

31-32 
Zr-1.7% Al alloy 

stress rupture, in sodium, 113-114 
te·nsile strength, in argon, 114 

Zr-4.2% Sn alloy 
stress rupture, in sodium, 113-114 
tensile strength, in argon, 114 




