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HIGHLIGHTS

Inherent safety of metal fuelled FBR is studied by static and dynamic methodology of reactor physics and thermal-hydraulics. » It is discovered that FBR
with metal fuel is inherently safe against ULOFA.
» Sensitive parameters are core radial expansion feedback, sodium void effect and flow halving time.

v

Sensitivity analyses are carried out with 20% uncertainty.

» Inherent safety of 1000 MWe with the extended flow coast down is recommended to avoid cliff edge effects.
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ABSTRACT

Static and dynamic studies of metal fuelled fast breeder reactors (MFBR) are carried out to verify the
passive shutdown capability and its inherent safety parameters. Static calculations are carried out to
determine the vested reactivity feedback parameters from the fuel and coolant temperature rise sepa-
rately. Power reactivity decrement of metal fuel reactor is found to be small as compared to oxide fuel
reactor of same size.

ULOF analysis of metal (U-Pu-6% Zr) 1000 MWe pool type MFBR is studied with a flow halving time
of 8s. The study is also made with considering uncertainties on the sensitive feedback parameters such
as core radial expansion feedback and sodium void reactivity effect. Inference of the study is, nominal
transient behaviour of 1000 MWe core is benign under unprotected loss of flow accident (ULOFA) and the
transient power reduces to natural circulation based Safety Grade Decay Heat Removal System (SGDHRS)
capacity before the initiation of boiling. From the study, it is concluded that if the sodium void reactivity
is limited (4.6%) then the inherent safety of 1000 MWe design is assured, even with 20% uncertainty on
the sensitive parameters and also it is found out higher primary pump flow halving time (15 s instead of

85s) can avoid cliff edge effects in 1000 MWe MFBR transient behaviour.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Metal fuel was the original choice of fast breeder reactor as it
is compatible with liquid sodium in the earlier sixties (Wigeland
and Cahalan, 2009). But, it was perceived that it was very difficult
to achieve high burn up due to irradiation induced swelling. How-
ever, EBR-II continued its operation with Mark-1 metal fuel. Based
on the experience gained in Mark-I fuel of EBR-II, there are many
modifications carried out to achieve high burn up (Chang, 2007).
Later on plutonium was included in the fuel matrix to introduce
the breeding concept. With all the modifications higher burn up
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and higher breeding was made to be possible with metal fuel. With
respect to safety, liquid metal fast breeder reactor (LMFBR) systems
employ defends in depth approach to protect the reactor, multiple
barriers to prevent the release of radiation, highly reliable system
for controlling and protecting the plant, high quality construction
and rigorous maintenance exhaustive training certification of the
operators (Wade et al., 1997). Engineered safety systems are avail-
able to protect the reactor from the design basis events. These kind
of active safety systems are highly reliable, but in case the switch-
ing systems fails or any multiple component failure may leads to
untoward result. So, it is necessary to have passive safety systems
which will bring the reactor to safe shut down and removes the
decay heat by invoking nuclear, thermo-hydraulic and mechanical
feedbacks. Inherent safety of the system provides passive safety
control. Inherent safety is the capability of the reactor system to
preclude hypothetical core disruptive accidents without requiring
shutdown using engineered safety system or operator intervention
to keep the reactor in safe conditions. Inherent safety capability of
the reactor is likely helpful in removing costly engineered safety
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Nomenclature
8q change in linear power between two asymptotic
A power-flow coefficient states (W/cm)
Af flow area (cm?) 8Ty change in fuel temperature between two asymp-
B power/flow coefficient totic states (°C)
C inlet temperature coefficient 6Ty change in clad temperature between two asymp-
Cc specific heat capacity of coolant (J/g/°C) totic states (°C)
c reactivity due to core boundary movement axially 6TnNg change in coolant temperature between two asymp-
per unit length of core (pcm/cm) totic states (°C)
D reactivity coefficient per unit boundary movement 8Ty change in coolant temperature between two asymp-
of the core in to radial blanket at a given axial loca- totic states at the spacer pad location (°C)
tion (pcm/cm) STout change in outlet coolant temperature (°C) due to
E]; ) reactivity coefficient per unit boundary movement change in P/F ratio
’ of the first enrichment zone to second at a given Apext  external reactivity
' axial location (pcm/cm)
EJZ,3 reactivity coefficient per unit boundary movement
of the first enrichment zone to second at a given system or it can act as a stand by system to provide confidence to
axial location (pcm/cm) the reactor designer.
F normalised flow Inherent safety of fast reactors pertains to the transient
ircl channel separating core-1 and core-2 behaviour of the reactor in two respects (Ott, 1988). One is the
irc2 channel separating core-2 and core-3 short term response to a major perturbation in coolant capability
P normalised linear power or power production. Second one is the long term response, reach-
g linear power corresponds to the nominal power at ing a safe asymptotic state with time. The goal of the short term
a given location response is to keep the elevated temperature below the damaging
Ry Radius of the first enrichment zone (cm) limit, and in the long term, asymptotic states temperatures below
Ry Radius of the second enrichment zone (cm) the stress induced creep failure, etc. Analysis of Anticipated Tran-
Rc Radius of the core (cm) sient Without Scram (ATWS) such as loss of coolant flow, loss of
hy effective heat transfer between fuel and clad heat sink and transient over power are available in the literature
(W/em/°C) (Cahalan et al., 1990; Royl et al., 1990; Yokoo and Ohta, 2002) for
hsc effective heat transfer between clad and coolant both metal and oxide fuel. From the results it is confirmed that due
(W/em/°C) to lower excess reactivity and control rod worth, Unprotected Tran-
v flow velocity (cm/s) sient Over Power (UTOP) incidents are less severe in metal cores
wi weighting factor calculated based on cantilever as compared to oxide cores and also larger temperature margin is
bending model available to coolant boiling. From the response to a small reactivity
P density of coolant (g/cm?) perturbations of a medium sized reactors studied using frequency
3pp Doppler effect feedback (8pp/dt) = (Kp/T); where and time domain analysis (Singh et al., 1993) it is learnt, metal fuel

Kp is Doppler constant (pcm)

3Pfax—expn fuel axial expansion reactivity feedback (pcm)
8pcax—expn clad axial expansion reactivity feedback (pcm)

8:0Na

bulk coolant expansion reactivity feedback (pcm)

8pfrad—expn fuel radial expansion reactivity feedback (pcm)
80crad—expn  clad radial expansion reactivity feedback (pcm)
30fax—bound fuel axial boundary movement reactivity feed-

back (pcm)

30fax = 8Pfax—expn + SPfax—bouna  Net fuel axial reactivity feed-

back (pcm)

8pcore1-corez fuel radial boundary (from core-1 to core-2)

movement reactivity feedback (pcm)

SPcore2-core3 fuel radial boundary (from core-2 to core-3)

movement reactivity feedback (pcm)

8pcores-bike fuel radial boundary (from core-3 to blkt) move-

30ra
8pg
Ly
o

s
QNa
Urd
Akf
Akg
AkNa
ATNa

ment reactivity feedback (pcm)

control rod drive line expansion (pcm)

grid plate expansion (pcm)

vessel expansion (pcm)

fuel thermal expansion coefficient (°C~1)

clad thermal expansion coefficient (°C~1)

coolant thermal expansion coefficient (°C~1)
control rod drive line expansion coefficient

fuel reactivity worth per mesh (pcm)

clad reactivity worth per mesh (pcm)

coolant reactivity worth per mesh (pcm)
difference in coolant temperature between the
given axial node and inlet coolant temperature (°C)

core is more sensitive to a small reactivity perturbations than oxide,
but both the core satisfy the linear stability criteria.

Based on the available results in the literature and comparisons
of metal and oxide fuel, metal fuel is found to be inherently safe
for the major unprotected accidents. Neutronic and thermo phys-
ical properties of both the fuel are compared in our earlier paper
(Sathiyasheela et al., 2011). The main differences relevant to the
inherent safety are the better thermo-physical properties such as
high density and high thermal conductivity. Compatibility of metal
fuel with liquid sodium increases the gap conductance. Thus the
thermal time constant (Hummel and Okrent, 1970), i.e., the time
taken for the temperature difference across the fuel pin to decrease
by a factor of 1/e is very small and that makes the temperature
swing between zero power and nominal power is relatively small.
So the temperature dependent Doppler reactivity does not swing
much between the zero power and nominal power. Consequently
the reactivity loss during start up is reduced and the positive reac-
tivity insertion during power decay is also reduced. This contributes
to the small power reactivity decrement, i.e., the amount of reactiv-
ity required to bring the reactor to zero power during Unprotected
Loss of Flow Analysis (ULOFA).

To asses the consequence of the unprotected transients due to a
major perturbation, it is necessary to carry out a detailed dynamic
analysis by considering all feedbacks. From the static analysis car-
ried out by Singh et al.(1994), it is learnt both metal and carbide fuel
with sodium bond gap provide passive safety as compared to oxide
fuel with helium bond gap material. It is also found out, though the
sodium void coefficient of metal fuel is high, the pre-disassembly
lost longer (Singh and Harish, 2002) in metal fuels as compared to
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carbide and oxide fuels. But, before getting into the detailed safety Table 1
analysis it is better to find the safety parameters and the maxi- Parameters of 1000 MWe core.
mum possible temperature for series of typical probable events. Efficiency (%) 38
Outcome of static analysis such as the power coefficient and tem- Assembly pitch (em) 16.8
perature coefficient will provide a base to understand consequence Blanket pin diameter (cm) 1.275
. . . Clad material (SS) Modified
of such probable events. Power coefficient is nothing but a change 9Cr—1Mo
in reactivity for a unit change in power. Power coefficient calcu- (Grade 91)
lations using lumped parameter are carried out and explained in Clad thickness - blanket (cm) 0.06
our earlier paper (Sathiyasheela and Mohanakrishnan, 2011). But C'a‘ll tl?'cgf‘ess - fuel (em) 8.353
it does not give any idea about, how much is the reactivity vested ;LJ':I E;ES ;T::Er assembly (em) i
from the coolant side and how much is comes from the fuel side. Maximum linear heat rating (W/cm) 500
It is understood from the literature that (Wade and Fujita, 1989; Number of CSR/DSR 18/6
Ott, 1988; Wade and Chang, 1988; Planchon, 1987), if the vested Number of rows of radial blanket 2
reactivity from the coolant side is more, this will allow more neu- Number of sub-assemblies in 79/96/72
tron to leak out and take the reactor to an asymptotic state durin, core-1/core-2/core-3
X y X p s Number of sub-assemblies in radial 198
ULOFA. So, in the present study, methodology is developed to find blanket
out the vested reactivity from the fuel side and coolant side sep- Pins per blanket sub-assembly 127
arately and also to find out the power reactivity decrement when Pu enrichment core-1/core-2/core-3 (%) 11.05/12.25/16.60
the power is taken from nominal power to zero power. From the Total axial blanket height . (cm) 30+30=60
. . . Volume fractions of fuel/steel/sodium (%) 41.94/23.16/34.9
reactivity parameter inherent safety capabll%ty of the reactor and _ core region
the maximum possible coolant temperature is also derived. Volume fractions of fuel/steel/sodium (%) 54.44/19.88/25.68
Reactivity feedback parameters were calculated earlier (Wade - radial blanket
and Fujita, 1989; Ott, 1988; Wade and Chang, 1988) without consid- Coolant void worth (pcm) 2357 (5.68)
ing the boundary movement of the reactor. In the present work Doppler worth (pem) 38
ering y X R . p ’ Core inlet/outlet temperature (°C) 365/554
other than the thermal radial expansion, radial boundary move- Total coolant flow rate (kg/s) 13,670
ment of core-1 material into to core-2, core-2 material into to Type of primary system Pool type

core-3 and core-3 material in to radial blanket due to thermal
expansion is also considered (Harish et al., 1999). The correspond-
ing reactivity loss/gain is also taken in to account in the power
reactivity decrement calculation. Similarly, axial boundary move-
ment of lower axial blankets into core, and the core into upper
axial blankets are also considered. Reactivity feedback parameters
of medium sized 500 MWe oxide fuel core (PFBR) and metal fuel
core are calculated and compared. It is found reactivity decrement
of metal fuel reactor is small as compared to oxide fuel. So, metal
fuel can goes to sub-critical state with comparatively smaller neg-
ative feedback reactivity during ULOFA, and its maximum coolant
temperature is below its saturation.

ULOFA analyses of 500 MWe metal core reactor was carried out
(Harish et al., 2009) and concluded that sodium boiling is delayed
even after considering uncertainties in feedback reactivity effects.
If the Safety Grade Decay Heat Removal System (SGDHRS) is able to
remove decay heat after 20 min, further increase in sodium voiding
or coolant temperature increase can be prevented. It is possible
to design natural circulation based SGDHRS with capacity >2.5%
of thermal power (Chetal et al., 2006). Thus the SGDHRS capacity
of 1000 MWe case is taken as 67 MWt in the present study at the
nominal temperature of hot pool at full power. It may be noted that
SGDHRS capacity during transient increases when reactor outlet
and hot pool temperatures rise.

U-Pu-Zr alloys prevent the U-Pu interaction with clad. Addition
of Zr increases fuel melting point and slightly reduces conductivity.
While both 10% Zr and 6% Zr content have been tested in the past,
metal fuel with 6% Zr is chosen here, because of its higher breed-
ing capacity. In the present work, ULOF analyses are carried out for
MFBR (U-Pu-6% Zr) 1000 MWe (2632 MW1) reactors to verify the
passive shutdown capability of the reactor. The present study is also
check the passive shutdown capability of the reactor with the inclu-
sion of uncertainties on sensitive feedback parameters such as core
radial expansion reactivity feedbacks and sodium void reactivity
effect. Typical uncertainty in reactivity coefficients are about 20%
(Mueller, 1986; Lehto et al., 1987). The cross-section set (Devan,
2003; Manturov, 1997) and the computer codes of IGCAR were used
recently in BN-600 benchmark core analysis where experimental
data on sodium void reactivity effect in BFS62-3A experimental
set up was also compared with predictions (IAEA-TECDOC-1623,

2010). An uncertainty of 16% was found. Still, we have assumed
20% uncertainty in sodium void reactivity effect along with 20%
uncertainty of radial expansion reactivity feedback. Presently anal-
ysis has been done with data for fresh core. With core burn up,
reactivity feedback coefficients can change. For example, sodium
void reactivity effect tends to increase. It is expected that, due to
swelling of hex-can with irradiation, free expansion of core with
temperature gets restricted, resulting in possible reduction of radial
expansion reactivity feedback. Thus we have considered a case of
higher uncertainty of 50% in radial expansion reactivity feedback
also.

Another important design parameter to achieve inherent safety
is the extended flow coast down (Coffield et al., 1986). ULOF anal-
yses are carried out with a higher flow halving time of 15s. With
higher flow halving time, even with 20% uncertainties on sensitive
feedback parameters such as core radial expansion feedback and
sodium void reactivity the reactor goes to sub-critical and the tran-
sient power reduces to SGDHR system capacity. From the study it
is concluded that, for ensuring the safety of 1000 MWe MFBR core,
with considering the uncertainties, either a reduction of Na void
reactivity effect or increase in flow halving time is required. Higher
primary pump flow halving time (15 s instead of 8 s) can avoid cliff
edge effects in 1000 MWe MFBR transient behaviour.

2. Reactor description

1000 MWe (2632 MW1) core is divided in to three enrichment
zones, with properly chosen enrichment to achieve power flatten-
ing. 247 fuel subassemblies are distributed in these three cores
viz., core-1 with 79 subassemblies, core-2 with 96 subassemblies
core-3 with 72 subassemblies respectively. There are 271 pin per
subassembly in the core and 127 pin per subassembly in the blan-
ket. Fuel sub-assembly pitch is 16.8; the flow area is about 76 cm?2.
Core inlet and outlet temperatures are 365/554°C. Flow rate in
the central sub-assembly is about 49 kg/s. Out of the total flow
through reactor of 13,670kg/s, 12,440 kg/s pass through the sub
assemblies. The relevant core parameters are given in Table 1. The
cross sectional view is given in Fig. 1. There are 18 CSR and 6 DSR,
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O Core-1(79)
O Core-2 (96)
‘ Core-3 (72)

@ radial Blanket (126)

‘ Steel SA (150)

‘ Control and Safety Rods (18)

!' Diverse Safety Rqds (6) . . . .

Fig. 1. Core configuration of 1000 MWe FBR.

making a total of 24 absorber rods. Natural B4C absorber rods are
expected to meet the reactivity requirements. Power distribution,
reactivity worths associated with fuel Doppler and removal of fuel,
clad and coolant are calculated based on two dimensional diffu-
sion theory calculations using ABBN cross-section set (Riyas and
Mohanakrishnan, 2009). Fuel pin diameter is chosen to be 8 mm
to get higher breeding ratio. Correspondingly fuel volume frac-
tion is higher and Na volume fraction is lower. Computed breeding
ratio is 1.49. Details of the estimation of static parameters like
breeding ratio, power distribution and sodium void reactivity effect
have been reported earlier (Riyas and Mohanakrishnan, 2008). The
delayed neutron fraction is calculated using the code PERT-ABBN
that is based on first order perturbation theory, which is a modified
version of NEWPERT (John, 1984).

3. Calculation methodology

Static and dynamic analyses are carried out using the code PRE-
DIS (Harish et al., 1999). PREDIS is a multi-channel, single pin model
code, where each flow channel is represented by a representative
single fuel pin with its associated coolant flow and surrounding
structure. The code uses point kinetics model for calculation of reac-
tor power. Net reactivity is a sum of input reactivity and feedback
reactivity. Heat transfer is calculated by using lumped parameter
model. Though Fourier heat conduction model gives better accu-
racy in heat transfer studies, due to high fuel thermal conductivity
and better gap conductance, the peak to average fuel temperature
ratio is small (about 1.1 in metal as compared to 1.5 in oxide fuel).
So lumped model analysis is considered to be adequate to carry out
the heat transfer analysis.

Considered feedback reactivities are the axial fuel expansion,
radial expansion of the core, clad and coolant expansion, Doppler
feedback due to broadening of resonances, spacer pad expansion
and coolant voiding. Fuel axial expansion is assumed to be free
without any fuel clad interaction. Both control rod drive line expan-
sion feedback and main vessel expansion feedback are ignored
here. In pool type FBR design with top support for the vessel, con-
trol rod drive line expansion introduces negative reactivity (due to

Table 2

Thermo physical parameters of metal fuels.
Parameter U-Pu-6%Zr
Fuel density (g/cm?) 15.80
Smeared density (g/cm?) 11.85
Linear expansion coefficient (°C~1) 19.7x 1076
Thermal conductivity (W/cm/°C) 0.25
Specific heat (J/g/°C) 0.200
Melting point (°C) 1067
Gap conductance (W/cm?/°C) 27.02
Boiling point (°C) 3932
Latent heat of fusion (J/g) 38
Latent heat of vaporisation (J/g) 1641

insertion of control rods) with outlet coolant temperature increase.
Vessel expansion introduces a positive reactivity (due to lowering
of the elevation of the core top) with pool temperature increase.
In PFBR design which is considered for the 500 MWe core, where
SS316 LN has been used for control rod drive and main vessel, these
two effects estimated to be 0.15 mm/°C change in sodium temper-
ature. In a transient, as the coolant outlet temperature change and
the pool temperature change are different, these two effects will
compensate only partly. Also the time constants of these two effects
are different and of the order of minutes (Tanigawa and Yamaguchi,
1990).

4. Steady state analysis

Based on the flow zoning (Puthiyavinayagam, 2010) the
1000 MWe core is divided into 9 radial zones - 7 zones in fuel
and 2 zones in radial blanket. In axial direction, the core is divided
into 10 zones. The lower and upper axial blankets are divided into
2 zones each. Thermo-physical parameters and kinetics parame-
ters are given in Tables 2 and 3 respectively. Perturbation worth
such as fuel, clad and coolant removal worth of both 500 MWe
and 1000 MWe are given in Table 4 for comparisons. Doppler
coefficients calculated in the temperature range of 653-863°C in
500 MWe case and between 473 and 1100°C in 1000 MWe case are
also given in Table 4.

Static reactivity p is the combination of many reactivity con-
tributions arises from change in temperature (Ott, 1988), when the
power changes from one asymptotic state to another asymptotic
state. The various effects which contribute to the reactivity coeffi-
cient are the Doppler effect, fuel and clad axial expansion, coolant
expansion, core radial expansion or flowering, control rod drive
line expansion, vessel expansion and grid plate expansion. Here
the Doppler and fuel axial expansion feedbacks are calculated as
a function of change in average fuel temperatures and their cor-
responding Doppler and fuel removal worth. With axial thermal
expansion, axial boundary movement of the core also contributes
to the axial expansion feedback. Similarly clad axial expansion feed-
backis calculated based on the change in average clad temperatures
and its removal worth. Coolant expansion reactivity is calculated
based on the bulk coolant expansion/voiding and its removal worth.
Core radial thermal expansion is determined based on the coolant
temperature at the spacer pad location and its feedback is calcu-
lated from the fuel and clad removal worth (due to density change).
Similarly boundary movement of core-1 to core-2, core-2 to core-3
and core-3 to the radial blanket also contributes to the core radial
expansion feedback. Core radial expansion feedbacks are calculated

Table 3
Kinetic parameters of 1000 MWe (U-Pu-6%Zr) core.
1 2 3 4 5 6 B
Bi (pcm) 8.461 82.679 76.502 155.11 74.651 23.056 420
Aj(sh) 0.01298 0.03139 0.13525 0.34771 1.39565 3.8421
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Table 4 ircl jx E
Perturbation reactivity worths in 500 MWe and 1000 MWe cores. 8 Peorel-cores = ZZ 1Ry +( R"H R Yots (STJSP IWJ] _ R2 2R 1,2 :

Component 500 MWe-worth 1000 MWe-worth i=1 j=1 1+

(in pcm) (in pcm)
Fuel worth - core only -37,729 —30,736 2 jx
Steel worth - core only 4965 6060 i : T B
_ +1 i JSp,1 2

Coolant worth - core only 2228(5.58) 2419(5.85) 8pcorez-core3 = E E {[R2 + (R — RNas8Tyy” W] —R3)

Doppler worth - core only —650 -505 i=irc1+1 j=1

Fuel worth - whole reactor -37,231 —30,983 j

Steel worth — whole reactor 4190 5559 E2,3

Coolant worth - whole reactor 2050(5.1%) 2357(5.6%) x 2R, +1

Doppler worth - whole reactor ~ —748 -538

im jx Di

based on the cantilever bending model (Young and Budynas, 2002).  80re3-bikt = E E {[Re + (R — RN)os STEP: 'Wf] —R? 2R 1
Grid plate and vessel expansion is determined based on the change i1 j=1 +

in inlet coolant temperature and their feedbacks are calculated
from the corresponding fuel and clad removal worth. Control rod
drive line expansion feedback is calculated based on outlet coolant
temperature.

Sp is the net change in reactivity when the power transformed
from the nominal value Py to P;. Net change in reactivity is a com-
bination of different reactivity effects as explained below (please
see the nomenclature to get the meaning of individual term).

3p = 8pp + 8Ppux + 8Pcax-expn + 8PNa + 8Prad + 80ra +3pg +Spv (1)

Net axial reactivity feedback 60fux = 8 Ofax-expn + 8 Pfax-bound

Radial expansion feedback is calculated by assuming flowering
of the core due to heating up of the spacer pad buttons. It is calcu-
lated based on the increment in coolant temperature at the spacer
pad location.

Core radial expansion feedback

8rad = 8Pfrad-expn + OPcrad-expn + 8 Pcore1-core2
+ 8 0core2-core3 + 8 Pcore3-bike
Net change in reactivity from Eq. (1) is,
80 = 8D + 8 Pfax-expn + SPcax-expn + 8PNa + 8 Pfrad-expn + 0 Pcrad-expn
+ 8 Ofax-bound + 8Pcore1-core2 + 8 Pcorea-core3 + 8Pcore3-bike + 80ra
+30g + 0y (2)

Reactor core is divided into ‘irn’ number of radial channels and
‘jx' number of axial nodes, and the reactor power is distributed in
all radial and axial nodes as function of position. Temperature gra-
dients are calculated between the initial and the final asymptotic
state at all axial and radial locations. Power coefficient is calculated
from the available material removal worth and temperature gradi-
ent. Net change in reactivity 8p is the combination of all § o/ values
at all irn x jx locations.

irn jx

ie, 8p= ZZS,{)"

i=1 j=1
Reactivity feedback due to thermal expansion is,
8ph = Ald- T

where Al is the removal worth of the chosen material, « is the
thermal expansion coefficient, T/>' is the change in temperature
between two asymptotes. The boundary movement reactivity feed-
back,

(Slofax—bound = Azaf‘ST;’lCi

From Eq. (2) 80/ for a particular j,i location is,

5o/ = SROTI + Ak oy ST + AR ST + 3AK and Ty,
+ 20 ST AKRETWI 4 200s8TRE ARL'W + Azay8TE'C

J

. . D F
i+1 _ pi JSPsivazi 1T _ p2 1,2
+{[R1 +(R R )OtS(STNa W71 R1}2R1 1
Ebs
it+1 i spaivasil® _ p2
+{[R2 + (R R)OlST W] R ZR 1
A D
R Rl+l Rl TJSP le _ RZ
IR+ (R = TR WY — R332
+ 01¢8Tg + g 8Tng-inter + QvSTNg-inlet (3)

Time constant of control rod drive line expansion, grid plate
expansion and vessel expansions are considerably high. So their
corresponding feedbacks are ignored in the present simulation. In
the above equation higher order terms of (Ri*+! — R\)as6T2P'Wi is
neglected, as it is expected to be very small. Eq. (3) is simplified in
to,

spht = [‘”’D + Ak oy + AzafC] ST + Ak s 8T

+3AK angSTy + {2a3AkJ’;"Wf + 20, AKY W

J

4 2R (R#*1 — R WI 2R1i1 4 2Ry(R*! — R W/
1
B,
o A i
X5k, 1 2R = RasW == | 8Ty (4)

From the above equation, change in reactivity is basically a func-
tion of change in fuel clad and coolant temperatures at different
axial and radial locations between the two asymptotic states.

Based on lumped heat transfer model, temperature gradient
between the initial state and the final asymptotic states when the
power transformed from the nominal power Py to a final asymptotic
power P is,

jl k,i
8Tg = OTi + ZCCpAfv(l) )

Z i, 0
Jj,1 k,i
8Ty = O8T; + c Afv + o (6)
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; qu*i 5(}“
Jj,i
8T = 8T; +ZCCpAfU(l) L. he T g (7)

8q in Egs. (5)-(7) is the change in linear power between any two
asymptotic states at a given spatial location, which is written as
q(P — 1). Similarly, linear power to flow ratio §q/uv(i) is written as
(q/v(i))((P/F) — 1). From Eqgs. (5)—(7), Eq. (4) becomes,

o 30p 1 1 ii 1
W 1 5
Spht = { { ST+ Ak’ of + Azosz} (hsc + hfs) + Ak ashsc}

X P 1)+ [55? + Aoy + AzayCl+ Al

Az gkt /P
+3Akl aN”] ZCCpAf u(i) (F _1>

+ {ZasAk}'in + 205 AKETWI 4 2Ry (R — R o W/

J J

E E
1,2 i i i 2,3
2Ry(RH1 — R i

3R +1 T 2R S W i

Jjsp

PP ﬂ(f_o
2 Cephy i) \F
=1

+ Ak’ ap + AzayCl + Al g + 3AK: oy,

) . . D;
i+1 _ pi j J
+2R:(R RYos W/ Mo+ 1

3pp

tT

]

+2a5A/<}?"Wf + 20 AKTWI 4 2R (R — RDas W/ 2R1 + ;
B
+ 2Ry (R*! — RO WI 5 Rzzj- :
. . . D
+2R(R*1 — R)as W/ 2RC]+ 7| oT: (8)

Variables in Eq. (8) are the linear power and the coolant flow
velocity. If thermo physical properties are assumed to be constant,
change in reactivity at a given reactor location is purely a function
of linear power and the flow velocity.

Quasi static reactivity balance (Wade and Chang, 1988) equation
can be written as follows when the power goes from one steady
state to another steady state.

P
Ap:(Pf])A+(f71>3+5TiC+Apext 9

By comparing Egs. (8) and (9), the coefficient A, B, C can be
written as follows,

pp il (1,1 i i
A= { |: ST + Ak} af + AzafC E + hifs + Ak}s 05— hSC ql
(10)

From Eq. (10), contribution of power-flow coefficient A comes
from Doppler component, fuel axial expansion and boundary
movement components. For a given change in linear power §q
between two asymptotes, the coefficient A is a function of the
Doppler worth, axial boundary movement worth and the thermo
physical properties such as the linear expansion coefficient and the
effective heat transfer hg. Considerable difference in Doppler coeffi-
cient between the oxide and metal fuel core arises due to change in
neutron spectrum and fuel enrichment. The difference in effective

heat transfer between oxide and metal fuel arises due to the differ-
ence in fuel thermal conductivities and the bond gap conductance.
Thermal conductivity of metal fuel is about 5-10 times more than
the oxide fuel. Similarly, sodium bond gap conductance is about 27
times more than helium bond gap. Fuel axial thermal expansion is
assumed to be free of clad temperature, so long as the fuel clad gap
is open. Once the gap is closed, then fuel axial expansion is con-
trolled by the clad expansion. On the other hand, clad temperature
and its axial expansion is a function of change in linear power and
change in power to flow value. Power-flow coefficient A explains
the amount of reactivity vested from the fuel side.

B— [‘S{S‘)TD + ARy + AzopCl - AR ors + 3AKE g

Az q j.ivasi juivasi
Z o [2asAk} Wi 4 205 AR W

J J

£ 2Ry (R — R W) 12y 2Ry (R — RijarWi - 23
1 SR+ 1 2 SR, + 1
Js| .
. . . D; Az qk,l
2R(RH! — R Wi ——4 — 11
+2Rc( Jots 2R+ 1 kz:CcPAf u(D) (11)
=1

u ”

From Eq. (11), for a given linear power “q” and the flow velocity
v(i) the power/flow coefficient Bis contributed by the Doppler, both
axial and radial boundary movement worth and the thermo physi-
cal properties such as the linear expansion coefficient and the rise
in coolant temperature at all location. Rise in coolant temperature
at the spacer location contributes to the flowering reactivity feed-
back. Power/flow coefficient B is the amount of reactivity vested
from the coolant side.

3pp

C=1%T

+ AI(J of + AzoyCl + Ak g + 3AK: g + 2aSAkJ i

Bl
_R! j
RYaes W- R, 1

+2as AKPWI 4+ 2Ry (R + 2R,(R*+1 — Ry

)

+ 2Rc(RH* — Rhyos Wi

Wj 2,3 j
S R, + 1 2Re +1

ST; (12)

From Eq. (12), the inlet temperature coefficient C is contributed
by the Doppler component, fuel & clad axial and radial expansions
and fuel axial and radial boundary movement components. Reac-
tivity feedback such as grid plate expansion arises from the change
in inlet coolant temperature. Disturbance in the balance of plant
(BOP) is the main cause of change in inlet coolant temperature. Inlet
temperature coefficient C also contributes to the reactivity vested
from the coolant side. In the present calculation inlet coolant tem-
peratures are assumed to be a constant. So, the reactivity feedback
contribution from grid plate expansion is ignored.

4.1. Power reactivity decrement from reactivity parameter

The reactivity parameters A, B and C are determined for each
spatial node individually from Egs. (10)-(12). Based on the reac-
tor material worth, reactor is divided in to ten radial channel and
fourteen nodes in the axial direction as it is done in the earlier cal-
culations. Summation of all spatial node value gives the integral
reactivity parameters A, B and C. The integral value of A, B and C
gives a clear picture of the reactivity which is vested from the fuel
side and the reactivity which is vested from the coolant side. But,
in Eq. (9), change in reactivity has a linear relationship with power
and power to flow ratio and inlet temperature. So, the solution may
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Table 5 1.0 45
Comparisons of inherent safety parameter and power reactivity decrement.
4.0
Parameters Oxide core PFBR Metal core 08
(500 MWe) : 35
500 MWe 1000 MWe power/flow s0
A (pcm) —669.0 -112.0 -1269 0.6
B (pcm) -151.4 -124.1 -132.92 dos
Power reactivity -820.4 —236.1 —259.8

decrement (A+B)
(pcm)

not hold for large arbitrary change in reactivity. However, Eq. (9)
encompass the scenario of all possible unprotected events in which
reactor may get affected.

From Egs. (10) and (11), A, B value of 500 MWe medium sized
oxide and metal fuelled reactors are compared in Table 5. Both
the reactors have almost same linear power and similar thermal
hydraulic parameters such as the fuel pin size and flow area. Corre-
sponding values of 1000 MWe is also presented in the same table.

The value A+B is the power reactivity decrement. This is the
amount of reactivity which has to be compensated with the addi-
tion of external positive reactivity when the reactor is taken from
zero power to nominal power, or this much of reactivity comes
back as a positive reactivity when the reactor goes to zero power
from nominal power. From Table 5 it is seen that the power reac-
tivity decrement is more in case of oxide fuel (PFBR) as compared
to metal fuelled reactors of similar size. So, metal fuel can goes
to sub-critical with comparatively smaller negative feedback reac-
tivity. To protect the reactor against UTOP (Unprotected Transient
Over Power) and to have a stable operations, it is advisable to have
high Doppler or negative reactivity feedback. However in metal
fuel reactors due to hard neutron spectrum, breeding is high. High
breeding reduces burn-up reactivity swing which reduces the con-
trol rod requirement. Thus in metal fuel reactors positive reactivity
addition during a UTOP and the severity of UTOPA is reduced. How-
ever, there are results available in the literature (Tsujimoto et al.,
2001) to improve the Doppler coefficient and sodium void reactiv-
ity in metal fuel reactors without sacrificing much on the breeding
ratio and burnup reactivity loss by adding moderating materials
such as zirconium hydride.

In case of loss of flow, flow velocity runs down with the flow
halving time (7). When the flow comes down, core gets heated up
and it introduces negative reactivity, reduces power. With power
fuel temperature also decreases, which may reduce the magnitude
of negative Doppler or Doppler contribution may change in to posi-
tive. This is purely depends upon the considered reactor system. On
the other hand in metal fuelled reactors, the stored Doppler value
is very small and also due to high thermal conductivity, the stored
energy in the fuel is also very small (Chang, 2007). So, the Doppler
contribution is almost closer to zero or negative. In oxide fuelled
reactors stored Doppler coefficient is high and the difference in
temperature between fuel and coolant is very high (about 900 °C).
This difference makes the possibility of heat transfer from the fuel
to coolant, thus there is a reduction in fuel temperature which turns
the fuel axial expansion feedback and Doppler feedback in to posi-
tive. In metal fuel the difference in temperature between fuel and
coolant is not so high (about 100°C). This implies a mild rise in
fuel temperature with a rise in coolant temperature during flow
coast down. This is the reason why in metal fuel reactors both the
Doppler feedback and the fuel axial expansion feedbacks are likely
to be negative and it is positive in oxide fuel reactors.

When a reactor is designed with proper inherent safety param-
eters, for a given flow perturbation (flow reduction), positive
reactivity of power reduction is balanced by the negative reactivity
of core heat up and the reactivity asymptotically go to zero. When

Normalised power and flow
o
N
1
N
o
Normalised power/Normalised flow

Power

1.5

0.2
1.0
0.0 0.5
1 1 1 1 1 OO

220 440 660 880 1100
Time (s)

Fig. 2. Power, flow and the ratio of power to flow for ULOF analysis of 1000 MWe,
with conservative decay heat estimation.

the flow decreases ultimately it may go to the natural circulation
flow if the buoyancy force and the pressure drops across different
locations are balanced properly. When the flow reduces to natu-
ral circulation, P/F value increases and the reactivity get balances;
ultimately the power goes to zero. From Eq. (9) it is possible to
determine the change in P/F value and also the change in outlet
coolant temperature,
gzl+gand8Tout:ATc%P:%ATC (13)
Eq. (13) gives the idea of change in outlet coolant temperature,
for a given change in PJF ratio. In case of ULOFA change in out-
let coolant temperature will be minimal when B is greater than A.
This is the case in metal core as shown in Table 5. That is when
the amount of reactivity vested form coolant is more than the
amount of reactivity vested from the fuel. Flow halving time is typi-
cally shorter than the time constant of delayed neutron precursors.
With flow coast down when the power decreases, delayed neu-
tron hold back may give a contribution. Delayed neutron hold back
may also play a role in reactivity balance which is not considered
in the present study. Based on Eq. (13) change in outlet coolant
temperature is 159.4 °C. With this change, net outlet temperature
is converged to 733 °C. There is about 150°C margins to coolant
saturation.

5. Transient analyses

Scenario of pump flow coast down (possibly initiated by power
failure) with all the shut down rods unavailable is considered for
the transient analyses. Reactivity feedbacks are the only parameters
which controls the power response of the reactor. The coolant flow
is assumed to be coasting with a flow halving time of 8 s. The flow
(V) decrement is of the form

_ V()
T 14t/t]

where 7 is the flow halving time. In case of 1000 MWe, after the
initiation of flow reduction, the reactor becomes sub-critical and
the power decreases continuously. Since the reactor is sub-critical
throughout the transient, heat is principally generated from the
decay of fission products after about 600s. From Fig. 2, it can be
seen that although both power and flow decrease continuously,
the rate of fall of power is relatively smaller than that of flow. This
leads to arise in the ratio of power to flow during the first 80 s of the
transient where the ratio is found to reach a value of 3.1. Thereafter

v(t)
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Fig. 3. Feedbackreactivity of 1000 MWe ULOF analysis with conservative decay heat
estimation.

the ratio decreases and there is a decrement in coolant, clad and
fuel temperatures. The decrement in fuel temperature reduces the
fuel expansion and Doppler resonance negative reactivity feedback
which reduces the magnitude of net reactivity (Figs. 3 and 4). By that
time (>600 s) fission power and flow are reduced further so that the
total power is only the decay power. As the decay power decrease
rate is smaller as compared to the flow decrease rate, power to
flow ratio increases after about 600 s. It is important to consider the
working of natural convection based SGDHRS. A formula has been
fitted to estimate decay heat with time for the end of equilibrium
cycle of PFBR which includes the contribution of fission products,
actinides and also steel and sodium activation. The formula is

P.q = 0.0631 Pyt —0-1322

where t is time after shut down and Py is steady state nominal
power. An uncertainty of 20% is also added which makes the decay
heat estimate conservative. It is assumed that decay heat of metal
fuelled FBR is same as oxide fuelled FBR. Reduction in flow with
time increases fuel, clad and coolant temperature, and sodium boil-
ing is initiated at 963 s in upper axial blanket of the third radial
zone. Variation of reactivity and temperature with time is shown
in Figs. 3 and 4 respectively. After the boiling initiation, two-phase
flow hydrodynamics equations are solved to determine the void

1200
1100
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[0}
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=
£ 800
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I —— Coolant Temperature
600 -
L
500 L 1 L 1 L 1 L 1 L 1
0 220 440 660 880 1100
Time (s)

Fig. 4. Temperatures of 1000 MWe ULOF analysis with conservative decay heat
estimation.

35
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Fig. 5. Void distribution at 1200s for 1000 MWe ULOF analysis with conservative
decay heat estimation.

fraction at a given axial location. After that any heat input to the
coolant will raise the void fraction. Initially, the void propagation in
the downward axial direction is through initiation of boiling in the
adjacent axial node. With time, initiation of sodium boiling is occur-
ring in many other radial channels also. Since the boiling is initiated
in the upper part of the core, where the corresponding reactivity
worth is negative, the reactivity feedback is negative till substantial
amount of void propagate downwards, where the void reactivity
effect is positive. The regions in core and blanket where sodium
is present as liquid and where both liquid and vapour phases are
present at 1200 s are given in Fig. 5.

After 1180s, contribution of void reactivity changes in to posi-
tive as the void propagates further down. The net reactivity is still
negative due to the contribution of core radial expansion feedback.
By 1180, the net power has dropped to 65 MWt, which is less than
the SGDHRS capacity. The over all feedback and net reactivity is
maintained negative throughout the ULOF analysis, till the SGDHRS
takes over the heat transfer through natural convection even with
conservative estimation of decay heat.

6. Sensitivity analysis

ULOF analyses of 1000 MWe metal fuel FBR is found to go to
safe shutdown without any coolant boiling. Sensitivity analyses are
carried out to ensure safe shutdown with considered uncertainties
on reactivity feedback parameters. The sensitive parameters which
affect the ULOF characteristic behaviour are seem to be overall
radial expansion reactivity feedback and sodium expansion reactiv-
ity effect which compete with each other as shown in Fig. 3. So, it is
required to carry out transient analysis by considering all relevant
uncertainty factors as recommend by Mueller (1986) on reactiv-
ity feedback uncertainties. The sensitivity analyses are carried out
using two different possibilities (Fig. 6).

6.1. Sensitivity analysis of 1000 MWe FBR

6.1.1. Enhanced sodium void reactivity and reduced core radial
expansion reactivity feedback

To derive confidence on the inherent safety of 1000 MWe metal
fuel FBR and to consider the calculation uncertainties, the core
radial expansion coefficient is reduced to 80% and the sodium void
reactivity effectis increased to 120%. ULOF initiates voiding at about
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Fig. 6. Sensitivity analysis of 500 MWe with conservative decay heat estimation
(80% core radial expansion reactivity feedback+120% coolant void reactivity feed-
back).

38 s in upper axial blanket. With the initiation of voiding, the reac-
tor is maintained in sub-critical state up to 71 s. After that, the void
propagates in the downward direction towards the core centre and
introduces positive void reactivity. When reactor power and fuel
temperature increase with void propagation and its positive void
feedback, initiation of fuel melt also occurs and more than 80% of
melting is observed in about six to seven axial nodes of almost all
the core radial channels. Similar scenario is found with considering
50% uncertainties in core radial expansion feedback.

6.1.2. Reduced core radial expansion reactivity feedback with
nominal sodium void reactivity feedback

ULOF analyses are carried out with reduced core radial expan-
sion reactivity feedback of about 80% and with nominal sodium
expansion reactivity feedback (this corresponds to sensitivity study
of a modified core with 20% reduced sodium void reactivity effect
with 20% uncertainty added). Initiation of boiling occurs at about
50s. Voiding occurs in top axial blanket, where the sodium void
reactivity effect is negative. The net reactivity is also negative.
Coolant void starts spreading in radial direction, where the sodium
removal worth is negative. Coolant voiding does not propagate
downward in axial direction. The net reactivity is negative and
the reactor is maintained substantially sub critical even beyond the
power crosses the SGDHRS capacity (~1050s) as shown in Fig. 7.
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Fig. 7. Feedback reactivity of 1000 MWe ULOF analysis with conservative decay
heat estimation (80% core radial expansion reactivity feedback + 100% coolant void
reactivity feedback).
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Fig. 8. Sensitivity analysis for flow halving time of 15s (80% core radial expan-
sion+120% coolant void reactivity feedback).

So, if the sodium worth is reduced by 20% by design, even with
reduced radial expansion reactivity feedback and enhanced sodium
void reactivity - for accounting the uncertainties, the reactor goes
to a safe shutdown state.

In summary, for 1000 MWe with the consideration of uncertain-
ties, inherent safety parameters are not good enough in achieving
passive shut down capability. Enhanced void reactivity effect
(120%) and reduced core radial expansion (80%) resulted in fuel
melting. There is a need for confirmation of the uncertainties in
reactivity coefficients to ensure safety. But, if sodium worth is
reduced by 20% by design, the reactor is expected to go to a safe
shutdown state. For the present design, this means a reduction
of sodium void reactivity effect from 5.8% to 4.6$. By introducing
a sodium plenum replacing upper axial blanket, it is possible to
reduce the sodium void reactivity by more than 30%, which can
make 1000 MWe reactor safe for ULOFA. But, that will reduce the
breeding gain.

6.1.3. Enhanced sodium void reactivity and reduced core radial
expansion reactivity feedback with extended flow halving time

Alternatively, it is considered to carry out the ULOF analyses by
increasing the flow halving time without any design changes such
as reducing the void coefficient with the reduced breeding gain. To
ensure the safety of 1000 MWe reactor with extended flow coast
down, ULOF analyses are carried out with 15s flow halving time.
Increment in flow halving delays the sodium boiling initiation, and
its positive reactivity contribution. With 15s, flow halving time,
coolant boiling was initiated at 124 s. However, even with the ini-
tiation of voiding the reactor is maintained to be in sub-critical
state. Reactivity components and power is shown in Fig. 8. At about
1850 s before the net reactivity change into positive, total power
reduced to SGDHRS capacity. Similarly, considering 50% uncertain-
ties on the core radial expansion also, the power reduced to SGDHRS
capacity, before the net reactivity changes into positive. This study
recommends the extended flow coast down (15s instead of 8s)
to ensure the safe shutdown of 1000 MWe MFBR with considering
uncertainties on reactivity feedback, without making any design
changes such as reducing the sodium void coefficient and breeding
gain.

7. Summery and conclusions

Static and dynamic studies of metal fuelled fast breeder reactors
(MFBR) are carried out to verify the passive shutdown capability
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and its inherent safety parameters. Static calculations are carried
out to determine the vested reactivity feedback parameters from
the fuel temperature rise and coolant temperature rise separately.
Maximum coolant temperature of the reactor for a given initiating
events are calculated based on the reactivity feedback parame-
ters. It is found, reactivity decrement of metal fuel reactor is small
as compared to oxide fuel of similar thermal output. From the
static studies it is concluded that, metal fuel can go to sub-critical
state with comparatively smaller negative feedback reactivity dur-
ing Unprotected Loss of Flow Analysis (ULOFA), and its maximum
coolant temperature is below its saturation point.

Transient analyses are carried out on a 1000 MWe metal cores
to find out the passive shutdown capability of the reactor, and
its inherent safety parameters. From the analysis, it is found that
nominal behaviours of 1000 MWe core under ULOFA is benign.
After ULOFA, the over all reactivity remains negative till the power
reduces below SGDHRS capacity. From the analysis, it is found
that the sensitive parameters which affect the ULOF characteris-
tic behaviour are the overall radial expansion reactivity feedback
and sodium void reactivity effect. Sensitivity analyses are carried
out to ensure the safe shutdown with considered uncertainties on
these reactivity feedback parameters.

Sensitivity studies with 8 s flow halving time shows there is rel-
atively a fast initiation of sodium voiding and the core heads for
disassembly in less than 100s. However if the increased sodium
void reactivity effect is not considered along with the reduced radial
expansion reactivity feedback, then the reactor reaches Safety
Grade Decay Heat Removal (SGDHRS) capacity power level at about
10005 in a sub-critical state. These studies indicate that there is
a need to restrict the sodium void reactivity effect of large metal
fuelled FBR for its safety. In the present case, reduction of 5.8-4.6$
is studied.

Alternatively, thought was given by increasing the flow halving
time without any design changes such as reducing the void coef-
ficient and breeding gain. ULOF analyses are carried out with 15s
flow halving time. Increment in flow halving delays the sodium
boiling initiation. Reactor power reduced to SGDHRS capacity in a
sub-critical state with considering all uncertainties on core radial
expansion and sodium void coefficient.

Based on these studies it is concluded that, either reducing the
sodium void reactivity effect or increasing the flow halving time
take the 1000 MWe MFBR to safe shutdown to avoid cliff edge
effects.
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