








Appendix A
SSC-K CRDL

SUBROUTINE CRDL5T (R5CRDL)
INCLUDE *vd9v.h*
INCLUDE "datlé6vipl.h®
INCLUDE "tflolvi.h"
INCLUDE “datalivpl.h®
INCLUDE “restrt.h*”
INCLUDE "datt6vi.h"
INCLUDE "tcul6vi.h*®
INCLUDE "dain6vi.h*"
INCLUDE "dat26vpl.h®
INCLUDE “cldpl.h*
INCLUDE "datc9vi.h"
INCLUDE "datd5vi.h*"
INCLUDE “data6ipl.h®

PARAMETER (1D=302,JD=202, 1IJMAX=302)
COMMON/THP2D/THP(ID,JD) ,XHP(1D,JD), YHP(ID,JD)
COMMON/AAA/XC(1D,JD),YC(1D,JD),X(1D),Y(JID)
COMMON /HP2D/ IHP2D, idummy04 , THPIN,A6CORE , TMEAN, TMEANT ,PLOTIME, IPLOT, &
idummy05,ZHP2D, i_node, j node
DIMENSION T2D0(100),ZCRHPO(100), FRACT(100), &
TNA2D(100) , TNA2DO(100) ,ZCRHP(100) ,TCR2D(100), &
DZCRHP (100) , TCR2D0(100)

SAVE TCRO, TVSO, TCR, TVS, ZCRO, ZVSO, TCR2DO, TCR2D
REAL MCR, MVS, LCORE, LCRDL, LRVWALL, L_X2D

11 MODELLED BY YMKWON 060111

!

1———— THERMAL EXPANSION COEFFICIENT OF SS316 [1/K] ----———----—-
ALPASS316 (T) = 1.7887E-5 + 2.3977E-9*T + 3.2692E-13*T*T

I INPUT DATA FOR CRDL & RV DESIGN
F5CRDL = -0.04428 ! CONTROL ROD WORTH [DELTA K/K PER METER]

dz0=0.076 ! CRDL LENGTH INITIALLY INSERTED INTO CORE [M]
LCORE=1.05 ! ACTIVE CORE LENGTH [M]

LCRDL=9.116 ! LENGTH OF CRDL [M]

LRVWALL= 5.0 ! LENGTH OF EFFECTUVE RV WALL [M]

MCR = 1995.3 I CONTROL ROD MASS [KG]

MVS = 135821.0 ! VESSEL MASS [KG]  275200.

CPCR = 600. ! SPECIFIC HEAT OF CRDL [J/(KG*K)]
CPVS = 600. ! SPECIFIC HEAT OF VESSEL [J/(KG*K)]
ACR = 5.44 ! SURFACE AREA OF CRDL [M2]

AVS = 177.7 ! SURFACE AREA OF VESSEL [M2]

HCR = 2207.0 ! HEAT TRANSFER COEFFICIENT OF CRDL
HVS = 59.6 ! HEAT TRANSFER COEFFICIENT OF RV
J_WALL=8 ! J-TH NODE CONTACTING TO CRDL SURFACE
I_WALL=7 ! I-TH NODE AT UIS BOTTOM ELEVATION
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DELT = S6DELP ! TIME STEP
R5CRDL = O.

GOTO (1,2) L5CRDL

1-—— CRDL/RV REACTIVITY MODEL USING ONE DIMENSIONAL HOT POOL MODEL
! L5CRDL = 1

I AVERAGE SODIUM TEMP ADJACENT TO CRDL
I T6AVER : FLOW WEIGHTED AVERAGE ACTIVE CORE COOLANT OUTLET TEMP
1 TNACR = (Z6JET/Z6NALV)*T6NAB + (Z6NALV-ZB6JET)/Z6NALV*TENAA

! AVERAGE SODIUM TEMP ADJACENT TO VESSEL
! SET EQUAL TO MEAN TEMP OF COOLANT IN COLD POOL
TNAVS = T6CLDP

! SET STEADY STATE VALUES : CRD & VSL TEMP, CRD LENGTH, VSL HEIGHT
IF (SBCOOL.EQ.0.0) THEN
TCRO = TNACR
TVSO = TNAVS
TCR=TCRO
TVS=TVSO

I LINEAR COEFFICIENT OF THERMAL EXPANSION FOR crdl & RV
ALPHACRO = ALPASS316(TCRO)
ALPHAVSO = ALPASS316(TVS0)

! CRDL LENGTH AND VESSEL HEIGHT AT STEADY STATE
! ZCRO = (Z6UPLN - ZBTCOR) * (1. + ALPHACRO * (TCRO - 298.15) )
! ZVSO = ZBUPLN * (1. + ALPHAVSO * (TVSO - 298.15) )

ZCRO = LCRDL * (1. + ALPHACRO * (TCRO - 298.15) )

ZVSO = LRVWALL * (1. + ALPHAVSO * (TVSO - 298.15) )

RETURN
ENDIF

! CALCULATE TRANSIENT CONTROL ROD TEMP
DCR = (DELT * HCR * ACR) / (MCR * CPCR)
TCR = (TCR + DCR * TNACR) / (1. + DCR)

! CALCULATE TRANSIENT VESSEL TEMP
DVS = (DELT * HVS * AVS) / (MVS * CPVS)
TVS = (TVS + DVS * TNAVS) / (1. + DVS)

I LINEAR COEFFICIENT OF THERMAL EXPANSION FOR crdl & RV
ALPHACR = ALPASS316(TCR)
ALPHACV = ALPASS316(TVS)

I EXPANDED LENGTH OF CRDL & RV
DZCR = ZCRO * ALPHACR * (TCR - TCRO)
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DZVS = ZVSO * ALPHACV * (TVS - TVSO)

GO TO 20

1-—— CRDL/RV REACTIVITY MODEL USING TWO DIMENSIONAL HOT POOL MODEL
T——— ORIGINALLY DEVELOPED BY HYJEONG

1-—- CHANGED AND REMODELLED BY YMKWON 060110

! L5CRDL = 2

2 IF (IHP2D.NE.1) THEN
PRINT *, "2-D HOT POOL MODEL IS REQUIRED, IHP2D=1"
STOP
ENDIF

NI1=1_NODE
NJ=J_NODE
NIM=NI-1
NIM=NJI-1

! LENGTH AND SURFACE AREA OF EACH NODE CONTACTED WITH CRDL
! INITIALIZATION
IF (S6COOL.EQ.0.0) THEN

! TOTAL AXIAL LENGTH OF 2D HOT POOL DOMAIN

L_X2D = XHP(NI,J_WALL) - XHP(1,J WALL)
! FRACTION OF I-TH NODE LENGTH TO WHOLE LENGTH OF CRDL

DO 7 1=1,NIM

FRACT(1) = (XHP(1+1,J WALL)-XHP(I,J_WALL))/L_X2D
7 CONTINUE

DO 8 1=1,NI
IF(I_LE_1_WALL) THEN
T2D0(1)=THP(I,J_WALL)+273.15
ELSE
T2D0(1)=THP(I,J_WALL+1)+273.15
IF(T2D0(1).LT.283.15) T2D0(1)=T6CGAS
ENDIF
8  CONTINUE
! INITIAL CRDL LENGTH
DO 9 1=1,NIM
TNA2DO(1)=(T2D0(1)+T2D0(1+1))/2.
TCR2DO(1)=TNA2DO(1)
TCR2D(1)=TCR2D0O(1)
ALPHACRO = ALPASS316(TCR2DO(1))
ZCRHPO(1)=LCRDL*FRACT(1)*(1. + ALPHACRO * (TCR2DO(I) - 298.15) )
9 CONTINUE
! INITIAL RV LENGTH
TNAVS = T6CLDP
TVSO = TNAVS
TVS=TVSO
ALPHAVSO = ALPASS316(TVS0)
ZVSO = LRVWALL * (1. + ALPHAVSO * (TVSO - 298.15) )

RETURN
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ENDIF

I TRANSIENT CRDL AND RV LENGTHS
dzcrtot=0.0

DO 15 I=1,NI
IF(1.LE.1_WALL) then
T2DO(1)=THP(I,J_WALL)+273.15
ELSE
T2D0(1)=THP(I ,J_WALL+1)+273.15
IF(T2D0(1).LT.283.15) T2DO(1)=T6CGAS
ENDIF
15 CONTINUE

DO 18 1=1,NIM

TNA2D(1)=(T2D0(1)+T2D0(1+1))/2.
DCR2D=(DELT * HCR * ACR)/(MCR * CPCR)
TCR2D(1)=(TCR2D(1)+DCR2D*TNA2D(1)) 7/ (1. + DCR2D)
ALPHACR = ALPASS316(TCR2D(1))
DZCRHP(1)=ZCRHPO(1) * ALPHACR * (TCR2D(1) - TCR2DO(I))
dzcrtot = dzcrtot + DZCRHP(I)

18 CONTINUE

TNAVS = T6CLDP

DVS = (DELT * HVS * AVS) / (MVS * CPVS)
TVS = (TVS + DVS * TNAVS) / (1. + DVS)
ALPHACV = ALPASS316(TVS)

DZVS = ZVSO * ALPHACV * (TVS - TVSO0)

I NET EXPANSION
dzcr = dzcrtot

I NET EXPANSION IS CRDL EXPANSION MINUS VESSEL EXPANSION
! ENGINEERING FACTOR TO ADJUST THE RADIAL COEFFICIENT
20 DZ = ECRDLC*DZCR - ECRDLR*DZVS

if (dz .le. -dz0) then
dz = -dz0
WRITE (99, 1000) s6cool

endif
1 CALCULATE CRDL EXPANSION REACTIVITY
! R5CRDL = F5CRDL*(DZ/LCORE - 1./(2.*C9P1)*SIN(2.*COP1*(DZ/LCORE)))

R5CRDL = F5CRDL * DZ/LCORE

OPEN (UNIT = 99, FILE = "crdl.dat®, STATUS = “UNKNOWN®)
WRITE(99,999) s6cool,tcr0,tcr,tvs0,tvs,dzcr,dzvs,dz,r5crdl
999 FORMAT(1X,9(1PE12.4,1X))

1000 FORMAT(1X, 28HCRDL IS COMPLETELY WITHDRAWN, 1PE12.4)

RETURN
END SUBROUTINE CRDL5T
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HOT POOL MODEL FOR ASTRATIFIED VOLUME CALCULATION INA
POOL-TYPED LMFR

Y. M. Kwon, H. Y. Jeong, K. S. Ha, W. P. Chang, Y. B. Lee, D. Hahn
Korea Atomic Energy Research Institute
150 Dukjin, Yuseong, Daejeon, 305-353, Korea
Tel:82-42-868-8688 , Fax:82-42-868-2075 , Email: ymkwon@kaeri.re.kr

Abstract — The thermal-hydraulic behavior of the hot pool of a pool-typed liquid metal
fast reactor under off-normal and accident conditions is investigated for the safety
evaluation of the reactor system. The core flow entering the hot pool in the form of a
turbulent jet plume is characterized by the sodium temperatures at the core exit and in
the hot pool. The jet plume leaving the core goes to the top of the hot pool when the core
outlet temperature is hotter than the bulk hot pool temperature. In the opposite condition,
a full penetration of the jet is prevented by the negative buoyancy and, therefore, the fluid
mixing is limited to a smaller region in the hot pool. Two hot pool models developed for
the system transient code, SSC-K, are described and the effects of these models on the

system analysis results are discussed in this paper.

I. INTRODUCTION

An accurate treatment of the thermal-hydraulic behavior of the hot pool of a pool-typed liquid metal fast
reactor (LMFR) during various transient or accident conditions is important for the safety evaluation of
the reactor system. The mixing process, coupled with the heat transfer, in the hot pool has to be described
in detail so that the flow temperature leaving the hot pool through the IHX inlet nozzle may be properly
predicted. The hot pool model for a stratified volume calculation is investigated from a safety analysis

point of view in this paper.

In the case of a normal scram of the reactor, the heat generation is reduced almost instantaneously while
the coolant flow rate follows the coastdown characteristics of the primary pumps. This results in a
situation where the core outlet flow entering the hot pool is much colder than the bulk hot pool. The
temperature difference in the hot pool leads to a volume stratification when the flow momentum is not
large enough to overcome the negative buoyancy force. Therefore, the fluid mixing is limited to the

smaller region in the lower hot pool.

Under accident conditions, the coolant temperature entering the core inlet plenum through the
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intermediate heat exchanger (IHX) in the hot pool affects the reactivity feedback within the core. The
reactivity feedback effects play an important role in the inherent safety of the advanced reactor core
design. Particularly the sodium plume emitting from the core outlet washes the control rod driveline,
which affects the reactivity feedback due to the thermal expansion of the control rod driveline in the hot

pool.

As a result of the flow stratification due to buoyancy during scram transients, a hot-cold interface is
created within the hot pool. Component structures located in the neighborhood of the hot-cold interface
may be adversely affected by thermal discontinuity stresses. Another potential thermal design problem
may be presented whenever the hot pool flow configuration becomes unstable and produces a sudden
inversion of the hot and cold regions. Therefore the thermal-hydraulics of the hot pool under off-normal or

accident conditions is of great importance for the LMFR safety.

The two hot pool models employed into the system transient code, SSC-K which was developed by Korea
Atomic Energy Research Institute (KAERI),' are presented and the effects of these model on the system
analysis results for the KALIMER-150 are discussed in this paper.®

1l. KALIMER-150 DESIGN

The KALIMER-150 conceptual reactor design developed by KAERI was selected to serve as a basis for a
simulation of the thermal-hydraulic behavior of the hot pool. The KALIMER-150 design is depicted in
Fig. 1. KALIMER-150 is a 150 MW electric, pool-type, sodium-cooled, metallic fuelled fast reactor that
serves as a prototypic demonstration for future commercial LMFR designs. The safety design philosophy

of KALIMER-150 places maximum

reliance on passive responses to abnormal

Steam Generator

and emergency conditions, and minimizes

Containment Deme

HTS EM Pump

the need for active and engineered safety IHTS Piping

systems.

The KALIMER-150 breakeven core loading
pattern is shown in Fig. 2. Metallic fuel is
selected as the most proper fuel due to its
in-reactor performance, nuclear

characteristics, proliferation resistance, and T

Reactor Support Wall

inherent safety performance. The reactor

Reactor Vesseal

core is designed to have a negative power

reactivity coefficient during all modes of a Fig. 1 KALIMER-150 Design Arrangement

30



plant operation.

The KALIMER-150 design includes features to protect against accident propagation. The large heat
capacity of the pool-type primary system provides long times for evolution of system transients and
increases the time margins for emergency response. The safety systems are based on a passive system and
do not require active components in coping with accidents. It improves the reliability of the KALIMER-
150 safety functions. The KALIMER-150 has the passive safety decay heat removal system (PSDRS)
which utilizes natural convection between the containment vessel and surrounding air and operates

continuously.

O Driver Fuel 54
@ internal Blanket 24
@ Radial Blanket 48
@ Control Rod 6
© uss 1
© GEM 6
QO Reflector 48
@® B,C Shield 54
O Ivs 54
@ shield 72

Total 367

Fig.2 KALIMER-150 Breakeven Core Layout

111. HOT POOL MODEL

The SSC-K computer code is capable of handling a wide range of transients, including normal operational
transients, shutdown heat removal transients, and hypothetical ATWS events. It provides a detailed, one-
dimensional thermal hydraulic simulation of the primary and secondary sodium coolant circuits, as well
as the balance-of-plant steam/water circuit. SSC-K features a multiple channel core representation
coupled with a point kinetics model with reactivity feedback. SSC-K also includes the passive decay heat
removal system, and a generalized plant control system. The code has been used as the main tool for

system transient analysis in the KALIMR development project.

As for the hot pool model in the SSC-K code, a user of SSC-K is able to select either a simple lumped-
parameter model or a detailed two-dimensional model to simulate the thermal-hydraulics of the hot pool

above the core. Two hot pool models employed into the SSC-K code are described in detail in this section.

I11.A. Simple Lumped-Parameter Model
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A simple lumped-parameter mixing model has been used to predict the transient thermal response under
the conditions of flow stratification for the safety analysis of the LMFR plant. In this model the
penetration distance of the core outlet flow is first determined by an experimental correlation given by

Yang.? The calculation of a fluid mixing in the region of penetration is then performed.

The hot pool can be represented by either a two-zone mixing model or a single zone perfect mixing model,

by setting the input option. A schematic of

the hot pool above the core outlet is shown mﬁ
. . . i T a
in Fig. 3. The hot pool contains a large :r\/\‘{\%\m{.
i tpme
1 f sodi an annular volume Miip— 1
volume of sodium, ular volu \:\E i Jone A i:
between the reactor baffle and reactor vessel, : [ ] H T, E, IHX
S inlet
a small region occupied by the cover gas, : ] 0
7 Ik E Sy
and three groups of metal. Fluid leaving the iy ) Ny '
1! ]
core enters the hot pool from the bottom i ? Z; a
. 3 : : I Zone B - o
section and the IHX inlet nozzle is x ? g N
i N
represented by the outlet flow of the hot x|
i T
pool. All the structures contacting the hot : i i ? EB
! ! B8
I
pool are divided into three groups of i : A
)

lumped metal as shown in Fig. 3. The vessel Core outlet w, T, E¢

closure head and other metals above the
Fig. 3 A Schematic of the Hot Pool Model

cover gas are indicated as mass m;.

For the two-zone mixing model, the maximum penetration distance of the average core exit flow is used
as the criterion for dividing the sodium region into two zones. The upper mixing zone is denoted as zone
A and the lower zone as zone B in Fig. 3. The basic assumptions are: (1) Core flows from different
channels into the hot pool are represented by a single equivalent flow. This flow has the mass-average
enthalpy of the different channel flows. (2) The maximum penetration distance divides the upper plenum
into two mixing zones. Full penetration is assumed for flow with positive buoyancy. (3) The mixing
process in both zones is assumed to be an instantaneous complete mixing. (4) The cover gas obeys the

perfect gas law.

When the core exit flow is at a higher temperature than the bulk temperature of the hot pool, the core exit
flow is assumed to penetrate the entire height of the hot pool. In this case, only one zone is assumed

during transients.

The governing equations which determine the instantaneous sodium level and various temperatures are

expressed as,

sodium level:
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dH W, -W,,, [ dT, dT, } (1)
o= f g (T,) =2 + e (Ty) =2
dt  pAy () el

sodium in the upper mixing zone A:

dE, 1
dt  p,A,Hf,

+U A, (T, -T,) )

g gl

U [ A (T =Ta) + Ao (Too =T )]

[QW, (Eg —E,)+hA, (T —T,)

sodium in the lower mixing zone B:

dE, 1
=—|W_.(E. - E hA, (T, -T,
dt pBAngfB[ oo B WA (T To) 3)
+U1fB [Aml (Tml _TB)+ A1m2 (Tmz _TB )]:|
cover gas:
dT U
ey, L (Tl A (T =T5) @)
+ Ay (Tm2 -T )+ Ay (Tm3 -T )J
internal structure, m1:
aT, 1
dtl :(Mc)ml [UlAlml |:fA (TA _Tm1)+fB (TB _Tml):| (5)
+U Ay (T, —Tml)]
reactor baffle, m2:
aT, 1
dtz :(MC)mz [UlAlmz [fA (TA_Tm2)+fB(TB _Tmz)] (6)
+U Ay, (T, —Tmz)]
vessel closure head, m3:
dT 3 U 9 A9m3
n T o7 %)
dt  (MC) | (To = Tos)
The auxiliary equations required by the above governing equations are:
f,=1-Z,(t)/H(t), f,=1-f, (®)

33



P =t pa+1ps ©)

The liquid sodium densities, p, and p,, are obtained from the constitutive relationship for sodium.
The interfacial areas between the cover gas and liquid, A, s and between the cover gas and
metals, At Agnas Ay and between liquid and metals, A, A ,, are obtained by assuming that the
cross-sectional areas in a direction perpendicular to the core jet are assumed to be constant during
transients. The constant Q in the first term of Eq. (3) assumes 0 or 1 depending upon the relative location

of the IHX inlet nozzle and the maximum jet penetration height, Z;(t). The value of Q is

Q=0 if Zj(t)Zztop (10)
Q=1 if  Z,(t)<zbot

Z,(t)—zbot
Q=—"12_—— if zbot(Z (t)(zt

ztop — zbot if zbot (Z;(t) (ztop

The maximum penetration height is determined from an experimental correlation developed by Yang.’
Based on his analysis the penetration distance is a function of a single initial parameter, the Froude
number. According to the CRBRP design, under the conditions of a normal scram and pump coastdown,
the average Froude number at the exit of core is less than 10. In this range, the analytical results can be

approximated by the following correlation with a maximum deviation of 6%.

Z,(t)=1.0484Fr*"™r, (11)

For the jet with negative buoyancy in uniform environment, the local Froude number, Fr, is defined as

Ue

Fr=
ar, (pc —Pe )/ Ps

(12)

For the case of full penetration, F, in Eq. (8) becomes zero. Equations (2) and (3) are then replaced by the

following equations:

dE, 1

& e (Ee o) Ui (T, Te) (13)
+U1 |:A1ml (Tml _TB)+A1mz (TmZ _TB )I|

E,=E; (14)
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This set of differential equations, coupled with the boundary conditions, is solved together with the

hydraulic equations of the reactor system.

11.B. Two-Dimensional Model

A detailed two-dimensional model in the SSC-K code calculates more accurately the coolant temperature
and velocity profiles in the hot pool than the simple lumped-parameter model.* The industry standard two-
equation turbulence model was built into the two dimensional hot pool model. The k-¢ model is based on
the eddy viscosity concept in which k is the turbulence kinetic energy and ¢ is the turbulence eddy
dissipation rate. The developed model was verified by using the experimental data in Ref. 4 and a code-

to-code comparison analysis using the CFX code.

The governing conservation equations in the cylindrical coordinate system are presented in Egs. (15) to
(20). The variables, u, v, T, are velocity components, and the temperature in a cylindrical coordinate
system, respectively. Other variables, p, u, P, and Pr are used in the equations as the density, viscosity,

pressure and Prandtl number, respectively.

continuity equation:

0 0

—(rpu)+—(rpv)=0 (15)
= (rou)+ = (rov)

momentum equation:

%(rpu)+%(rpuu)+§(rpvu) (16)
k0 a0 au
- rax+ax(r(”+”T)axj+ar[r(”+”T)arj

%(rpv)+%(rpuv)+§(rpw) (17)

op 0 o) 0 ov %
:—r6—$+&(r(y+;&)&j+a(r(u+%)5j—2(y+yT)F

energy equation:

%(rpT)-r%(rpuT)-rg(rva) (18)

SO (A O O [ (0T
ox\ \Pr Pr Jox ) or Pr Pr jor

turbulent kinetic energy equation:
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%(rpk)+%(rpuk)+§(rpvk) (1)

-0 r ,u+ﬁ x +£ r y+ﬁ x +G-pe
OX o, Jox ) or o, Jor

turbulent kinetic energy dissipation rate equation:

%(rpg)+a—i(rpug)+§(rpv(9) (20)

0 i \os)| 0 i \oe £ g
S (PP & L I Y - L I OO R R
ax[ (‘quax}ar[ [’H@Jar] AT T

The k-¢ model assumes that the turbulence viscosity is linked to the turbulence kinetic energy and its
dissipation rate via the relation of Eq. (22), where pi; is the turbulence viscosity and C,, is a constant. Other

constants introduced in the above equations are as follows:

G- ur (z[g:jz +2[Z‘r’j2 +zm2 @:gf] (1)

k? 2
sy =Cup=— (22)

C,=0.09, C, =144, C,=192, (23)

ox =10, o,=13, Pry =0.9

The spatial calculation domain is discretized into finite control volumes and the governing discretization
equations are integrated over each control volume. The convection terms are approximated using the
HLPA high resolution scheme by Zhu’ and the transient terms are treated by a first order backward
differencing scheme. Two velocity components, turbulent kinetic energy, and the rate of turbulent kinetic
energy dissipation at the core inlet are given as the inlet boundary condition. No-slip condition is assumed
at the wall and a wall-function approach is used to model near-wall flow. The SIMPLEC algorithm

developed by Van Doormal and Raithby® is used for the treatment of the pressure-velocity coupling.

IV. ANALYSIS RESULTS
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IV.A. Overpower Transient with Scram

Under the condition of an overpower transient (TOP) with reactor scram, the core outlet flow is
characterized by a negative buoyancy and low momentum. As soon as the reactor core is scrammed, the
reactor power rapidly drops to the decay heat level but the core flow rate follows the coastdown
characteristics of the pumps. The mismatch in the power-to-flow ratio results in a negative buoyancy

condition in which the core outlet flow is colder (i.e., heavier) than the fluid in the hot pool above the core.

The normalized power and flow transients during TOP are shown in Fig. 4. The simple lumped-parameter
model calculated almost the same power and flow transients compared with the two-dimensional model.
The reactor is automatically scrammed by a high level power signal (116% power) at 5.7 seconds and all
primary pumps begin coastdown operation at the same time. The power reaches a peak of 1.15 times of

the rated power at 5.5 seconds and drops to the decay heat level by about 80 seconds into the transient.

The various sodium temperatures in the hot pool predicted by the simple model are indicated in Fig. 5.
The core outlet temperature and the IHX outlet temperature drop as soon as the react scrams while the
core inlet temperature remains at the initial value because of the large sodium inventory of the cold pool.
Two temperatures of the upper and the lower hot pool are also presented in Fig. 5, which correspond to
the temperatures of zone A and zone B in Fig. 3, respectively. The upper hot pool temperature and the
IHX inlet temperatures remain at a steady-state temperature until 65 seconds and this represents that the
IHX inlet nozzle is above the lower hot pool region. The hot pool temperatures predicted by the two hot
pool models are shown in Fig. 6. The simple model predicted that the core outlet temperature reached a
peak of 816.6 K at 7 seconds, while the two-dimensional model predicted the peak of 816.0 K at 8
seconds. The core outlet temperature behaviors by the two models are very close until 70 seconds. The
IHX inlet temperatures predicted by the two models are also close until 65 seconds when the core outlet
jet plume reaches the top of the hot pool in the simple model calculation. The difference of the IHX inlet
temperature behavior after the core jet plume reaching the IHX inlet nozzle was expected because of the

significantly different approach.

The temperature contours of the hot pool predicted by the two-dimensional model are shown in Fig. 7.
The unit of temperature in the plots is in °C. The sodium temperature in the upper hot pool remains at a
steady-state value during the early period of the transient due to the large volume of the hot pool. Thus the
core outlet flow entering the hot pool in the form of turbulent plume is characterized by the negative
buoyancy. The analysis result indicates that the Yang’s correlation expressed in Eq. (11) properly
calculates the penetration distance of the core jet plume in the hot pool under the negative buoyancy

condition.
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Normalized Power and Flow
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IV.B. Overpower Transient without Scram

An unprotected overpower transient (UTOP) was analyzed to investigate the effects of the hot pool model
for the positive buoyancy condition at the core outlet. The core outlet flow is a higher temperature than
the bulk temperature of the hot pool because of no reactor scram. In this case, the core jet plume reaches
to the top of the hot pool. The simple model calculation assumes an instantaneously complete mixing
process within the hot pool. While the two-dimensional model treats a realistic mixing process, which has

a time delay for obtaining a full mixing in the hot pool.

A total of 30 cents including uncertainty has been adopted as the UTOP initiator for the KALIMER-150
design. Thus, it is assumed to insert 2 cents per second for 15 seconds, for a total of 30 cents, representing
the withdrawal of all the control rods. The primary and secondary sodium flows are assumed to remain at
the rated conditions during the entire transient and that the feedwater is sufficient enough to keep the
sodium outlet temperature from the SG constant. No plant protection system action is taken during this

transient and the power level is determined by the inherent reactivity feedback.

The main concern of the UTOP analysis is to evaluate the system response by the nuclear-kinetic and
thermal-hydraulic effects that involve inherently shutting the core down to acceptable power levels, which
precludes a coolant boiling and fuel damage. Since such a severe situation occurs during the initial period
extending over the initial several hundred seconds of the transient, the SSC-K calculation was terminated
at 10 minutes by the user. The PSDRS was assumed not to function for a simple calculation, but it is

expected to have a minor effect in the early phase of the UTOP transient.

The power transients predicted by the two hot pool models during the initial 600 seconds are shown in Fig.
8. It was found that the different trend of the power in the figure is due to the CRDL/RV reactivity

feedback effect by the relative thermal expansion of the control rod drive line and the reactor vessel. As
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Fig. 8 Normalized Power during UTOP
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mentioned earlier the CRDL/RV reactivity feedback model can be described in detail by the two-

dimensional hot pool model.

The simple model predicts that the power reaches a peak of 1.52 times the rated power at 20.0 seconds
into the transient and begins to level off at 1.11 times of the rated power by 600 seconds. While the peak
power by the two-dimensional model increases to 1.51 times of the rated power at 18.0 seconds and
stabilizes at 1.10 times after 600 seconds. The pool temperatures at the core outlet and at the IHX inlet
nozzle (hot pool outlet) are compared in Fig. 9. The IHX inlet temperature predicted by the simple model
is higher than the temperature by the two-dimensional model during the initial 60 seconds because of the
different mixing process in the hot pool. The core outlet temperatures predicted by the two models are

very close during the initial 20 seconds into the transient.
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Fig. 10 Doppler and Sodium Density Reactivities during UTOP
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The reactivity feedback transients are compared in Figs. 10 and 11. Doppler feedback is the usual
mechanism to limit an overpower event of the core. But the metallic fueled core has a small Doppler
feedback due to a hard neutron spectrum, and the UTOP can be a very challenging event for the
KALIMER-150 core. Instead of the Doppler feedback, the core must rely on the reactivity feedbacks from
the core radial expansion, fuel axial expansion, and control rod expansion to limit the peak power.
Therefore, the inherent safety features are strongly dependent on the reactivity feedback effect in the core.
The reactivity feedback effects predicted by the two hot pool models are somewhat different at the early

period of the transient and become closer at the later periods as shown in the figures.

Figure 12 shows the temperature contours in the hot pool predicted by the two-dimensional model. The
sodium temperature at the IHX inlet nozzle within the hot pool remains at a steady-state condition until 20

seconds, which is consistent with the plots in Fig. 9.

V. CONCLUSION

The simple lumped-parameter model as well as the two-dimensional model employed into the SSC-K
code predicts well the thermal response of the hot pool for the safety analysis of the KALIMER-150 plant.
The analysis results indicate that Yang’s correlation can be used to determine the penetration distance of
the core jet plume within the hot pool. The simple Eq. (11) as a function of the Froude number can be
incorporated in the large-scale computer code for the analysis of the transient thermal-hydraulic behavior

of the hot pool in LMFR systems.
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