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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,

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
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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 purification-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-

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. The im-
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



2

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 [1]; 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

Contamination on surface of as-
installed piping or components

Oxygen, carbon,* hydrogen, nitrogen,
calcium, T neutron—absorblng e%e$$nts
Oxygen, T carbon, ,* hydrogen

nitrogen

Oxygen,#* carbon, hydrogen,** neutron-
absorbing elements

Impurities in purge and cover gas Oxygen, carbon,§§ hydrogen,++ nitrogen

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

Oxygen, carbon,§§ hydrogen,++ nitrogen

Carbon, hydrogen

Oxygen, hydrogen

*Carbon is derived from the graphlte 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 1b 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.

1IAtmospheric 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.

++Hydrogen is in the form of water vapor.

#0xygen and hydrogen are in the form of liquid water.

§8Carbon 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.

HINZE

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 nated 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.7%, can cause plugging through
the formation of intermetallic 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.
1-2.2(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

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 (v1%Z) 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%Z 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 reactars 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-I1), 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.

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 SRE HNPF
Element e BB B v (|« o~ < | <
O | O Ny | n | n o] n | O | N | WO | | O | O
S M S~ SN SN ST N0 |~~~
Sl2(g|2|&|s|S|s|S3|8|s(8]3|3|3
SIS SNt I NI N O Il SN I SN SNl SN ISNTI NSNS S
n|lnmloa|lA|ltlolAlals | N|]o]la|lT]|n] o
Aluminum 0 10 5. 7 13 <5 25 <5} 20 50 5
Barium <10 <10 <10 <10 <10
Boron <2 <2 <5 <5/ 10 10 8 3 2 <5 <5 10| 10 <10 <10
Cadmium Sl <l <o 2 <Ry S S5 ghT L5 KDL
Calcium 20 7 150 50| 10 <10 10 10 40 75 300 200) 50 50 75
Carbon 60 77 40 50 105 150 50 «32 to 171> (<10 to 75>
Cesium
Chromium 1 1 "3 .25 5 <5 7 12 5400, 10|<5 5. 5
Cobalt €2 <2 <1, <lf <5 <5 <5 <5 <5 L<bf <57 <5 K25<25 <25
Copper 10" <5 5 15 :20 .5 300 25] 50 10" 15
Indium <10 <10
Iron 6 8 18 14| 25 500 25 30 50 10 600 10| 50 200 25
Lead 5 2 10 10<10 40 10 10115 1 5
Lithium <1 <1 <20 <20| <5 <5 <5 5 <5 <1 <1 <1|<1 <1 <1
Mercury
Magnesium <10 <10 <10 <10 10 25 5 35| 50 <5 5
Manganese <5 <5 <5 5 <5 15 150/ <5] <5 <1 <1
Nickel <2 <2 1 <1| <5 <5 <5 <5100 <5 250 <5| 10 <10 5
Nitrogen
Oxygen
Phosphorus
Potassium 160 100| 75 400 75 300 250 375 200 300| 75 50 200
Rubidium
Silicon 10 10 18 140|100 100 100 80 300 5 25 50(200 300 75
Silver 0.5 0.5 20 O5, SIS 1 24
Strontium
Sulfur <10 <10
Tin 25, <2 5 <2 . 55<5 <5 <h} <5 <5 <10
Halogens 20 23

*Impurity concentrations are given in parts per milliom.

+Data are from Ref. 23.

#Data are from Ref. 27.
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grade sodium and remove calcium

at the reactor site, as discussed in
Sec. 1-3.2(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 the 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.
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- 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 to 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
g g g = e c
o 5) o o o ) 5)
o B~ o o ot
@ @20 t 288 | w8 |4 w®
Impurity ~ v Q “ - D E g o © [V g
=T LTG0 LT G 3| A0 | A0 o o Y4 )
L= W= S o 1.9 S0 ®NE | L &0 o a > | -
E o ETR Y O & HOd © M o O 60 0 u 0w | o "
" O 8 O 0P O 3 ax - O gogl ode 3 g o o o
X e o 2 HO0O® S ELEC [OR=% & 0o ChE=1" o o Moo ]
mog oH L @ oH ® @ 8 QX% on.c | A 0.0 Q &0 | = @ D
= O O~ 0 o Ol 0 &~ o 4w [~V - "3} m oo 0 o < E o
Aluminum 10 X X
Barium 10 X
Boron X X X
Cadmium X
Calcium 10 X X X h
Carbon 30 X L
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

GImpurity 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 cm?/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.

€High concentration has been reported in commercial sodium.

fThese are elements thermodynamically capable of reducing sodium oxide at
1200°F.

%Other 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
calcium present to effect removal, as discussed in Sec. 1-3.2(d).

TProcurement 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 limit, remarks
e g o c [ g
o o o o ° ) o
o o4 o4 - Q -
E 5209 8288 wd | 4 = @
Impurity ™ VI s _oHoE|lse |l o |
g & I I I R — o | oo oo (= (N
33 e o 19 o 0 d W~ g e & n o e » o o
g o TRV VPO N Od | ®H| g0 6 oL | o | A “
- O E O v W UHd 3 AaX 4 o v Uga S o Ja o © (]
Xco| cEon | EELEC| Ve | Pod| e | DO | o <
dop| OoO-AHao| oAU dE | aAaX|ogas|Hoao]| 0|0 fu
= oR O 0w O+ &~ | OU A Ao oo Moo < E @)
Lithium 10 X X k
Mercury 35 X
Magnesium 10 X X
Manganese X X X
Nickel 10 X X
Nitrogen 5 l
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. 1In the

absence of other poisons, the 0.0146 cm?/g criterion would permit lithium con-
centrations up to 135 ppm. At a neutron energy of 250 kev, ®Li has a cross
section (n,0 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.

lTentative 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
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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 the
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." 1In 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] recommended 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 (Na,0)]. Consequently
the possibility for confusion exists
in the interpretation of trapping rates
and trap capacity since 4 1b of sodium
oxide contains approximately 1 1b 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 solutiomns
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 i
600 TO 750°F
ECONOMIZER
IN TUBE SIDE N OUT SHELL SIDE

~300°F ~3500F

STAINLESS-STEEL
WIRE PACKING

O]

COOLANT QUT =
~105°F

O

COOLING AND —
CRYSTALLIZING
TANK

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 1b/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 1l-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 1b of oxy-
gen, 1 1b 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 cylinder. 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 1b of sodium oxide during initial
cleanup of the secondary system con-
taining 2 1/4 Cr-1 Mo piping.
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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 1b of sodium, provided 18 months
of satisfactory service. Operation of
two of these cold-trap-economizer units
in the 50,000-1b 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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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

HINZE

Trapping Rates

Oxygen,
Trap type trapping rate,
1b/hr
Boiling coolant 0.009
Forced-convection cooled 0.02

Trap Capacity

Trap type Oxygen, Sodium oxide,
1b 1b
Boiling-coolant trap at SRE 0.67 2.6
Prototype trap [38] 1:.35 525
Forced-convection-cooled trap 2.8 10.8
Cold-Trap Operating Parameters

Parameter Sodium Organic
Boiling-coolant trap* Toluene
Flow rate, gpm 5 0.8
Temperature, °F

Inlet 484 193
Outlet 400 234
Minimum 358
Forced-convection-cooled trap* Tetralin
Flow rate, gpm 32 24
Temperature, °F

Inlet 345 100
Outlet 305 141
Minimum 257

*The heat-transfer rate was 62,000 Btu/hr

, and the overall

heat-transfer coefficient was 35 Btu/(hr)(sq ft) (°F).

#The heat-transfer rate was 190,000 Btu/hr, and the overall

heat-transfer coefficient was 94 Btu/(hr)(sq f

t) (°F).




PURIFICATION

400

1
W
o

w
)]
=)

|

N

o

OXYGEN CONCENTRATION (ppm)

W
o
(=}
|
=
o

SATURATION TEMPERATURE (°F)

250 L ' ' :
0 10 20 30 40 50
TIME hr)

Fig. 1.5 Sodium Reactor Experiment
cold-trap performance. 0, boiling-
coolant trap. A, 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
1b/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. 1In 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
1b/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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SODIUM OXIDE

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 cooled 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 1lb/cu ft
apparent density). Flow through this
section is baffled to prevent channel-
ing, thus forcing uniform cooling of the

HINZE

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.
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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




PURIFICATION

21

TABLE 1.6 - HNPF Cold-Trap Data

Process requirements [40] Normal Initial
operation cleanup
Sodium
Flow rate, gpm 10 17
Temperature, °F
Inlet 607 350
Minimum 250 250
Outlet (calculated) 470 294
Nitrogen
Flow rate, cfm 1845 1845
Temperature, °F
Inlet 130 130
Outlet (calculated) 252 216
Trapping Rate [39]
Rate, 1b sodium oxide/hr 0.26 0.72

Capacity Requirement [39]

200 1b 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
1b of sodium oxide. No operating prob-
lems were indicated for additions of
approximately 100 1b. 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 1b was
trapped by using this technique. It
was concluded that a total of 200 to
250 1b 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

1b, 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 400,000-1b
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 1b 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

method of analysis In cold trap

In coolant Concentration ratio

Carbon 144 to 1550 ppm
Gamma spectrometry:
137¢s 4.0 x 102 pc/g
125gp 4.3 uc/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

18 to 60 ppm 77
1.5 x 1072 uc/g 2.7 x 10*
0.6 x 10”2 pe/g 6.8 x 102

50 ppm >10

50 ppm >10

<5 ppm >100

10 ppm >50

5 ppm >100

5 ppm 60

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 [42] 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-

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 1b 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 1b/day, with a maximum rate of

10 Ib/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 operatiom.
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 . 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 Cs 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-
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omizer, cooling section, and basket
packed with Raschig rings); however,

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,0 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.Z 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 comnsist 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® (6 1/4 1b/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 zomne
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.-0OD 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 1007 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. 1In
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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Fig. 1.9 Cold-trap test-rig
schematic and generalized results.
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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
1b 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.
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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
hypothesized 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 packing, 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 descriptive 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. 1In 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
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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. 1-3.2(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 107 °2
atm, compared with a pressure of 10733
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
1b 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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ment oxygen hot trap.

gpm. Gettering material was 0.004-in.-
thick zirconium sheet assembled in
l4-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
solution 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 1b/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, kK, relating oxidative
weight gain per unit area with time,
had been determined [37] to be equal to
0.0454 mg/cmzlhrl/z. The derivative of
the equation, w = kt1/2, with this
experimentally determined constant,
evaluated at 150 hr, is 0.016 1b 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 1b 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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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 constapt, k, was less
than 0.0454 mg/cm?/hr!/?2, 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 diffusion 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 samples 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 27 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 large 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
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seen on specimens exposed to cold-
trapped sodium.

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%Z 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




F2

e rrTrreyyrvrrirtrT+r+ 1 rTTrd

i
b
|
|

WEIGHT CHANGE (%)

| LT TN ) O T YOS O 1 (0 Y e
0 580 620 660 700 740
TEMPERATURE (°C)

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 ug/cm®/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 pg/cm?/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 thorium-
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 0.10 1.84 to 1.84
5 Cr-0.5 Mo-Ti 0.08 1.60 to 1.66
430 s.S. 0.08 1.58 to 1.62
7 Cr-0.5 Mo 0.10 1.50 to 1.64
410 S.S. 0.10 1.50 to 1.55
5 Cr-0.5 Mo 0.10 1.39 to 1.45
2.25 Cr-1 Mo 0.12 1.27 to 1.35
5 Cr-0.5 Mo-Si 0.10 1.01 to 1.14
1.25 Cr-0.5 Mo 0.12 0.90 to 0.91
304 S.S. 0.06 0.72 to 0.78
0.5 Cr-0.5 Mo 0.12 0.55 to 0.64
ir ' Nil 0.05 to 0.06
Cr Nil 0.04 to 0.05

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].

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

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. 1In 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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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 wvalid 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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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 1b, which was theoret-
ically capable of removing 10 to 12
1b of carbon. Sodium flow rate was 10
gpm; trap-outlet temperature was
1300°F. 1In 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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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 operatioms,
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three traps (designated Al, A3, and Bl)
were used. Trap Bl was used for three
separate runs, designated Bl1-1 to B1-3.
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 Internatiomal
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 50,000-1b 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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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 0.097% 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%7 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
getter 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
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)

re-
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exhibited a carburized case. This sec-
tion was taken between the economizer
and hot trap; the line was operated at
approximately 1250°F. Analysis of thin
sections of the inside surface of the
pipe indicated an average carbon con-
tent of 0.25%. 1In 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-trap 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 for 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. 1Increase 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) [1].

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) Caleium 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 957
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 900-1b 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 y. 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 6000-1b intervals. The fil-
tration rate averaged 248 1lb/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 U pore size. Melt-tank filter AP
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 1b/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 installationms.

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 u. 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-u 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 987 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]

AP = - ———-——2'015)2"“’3 (1.1)
7
where
AP = 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.

M = 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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Fig. 1.24 Lower end of Sodium Re-

actor Experiment fuel element equipped
with strainer.

Atomics International [92] 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 1b/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-
tem 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].
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