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A bs tract

T he S S C- K cod e is d ev elop ed at K A E R I on the bas is of S S C- L or ig inally deve lop ed at

B N L to analy z e loop - typ e L M R trans ient. B ecaus e the dy nam ic resp ons e of the p rim ary

coolan t in a p ool- typ e L M R , p ar ticularly the hot p ool concep t, can be quite diff eren t f rom

that in the loop - typ e L M R , the m aj or m odif icat ions of S S C- L hav e been m ad e f or the saf e ty

analy s is of K A L IM E R . I n p art icular, it is n ecessary to p red ict the hot p ool coolan t

temp erature d is tr ibution w ith s uff icient accuracy to d e term in e the in le t temp erature condit ions

f or the IH X s becaus e the temp erature d is tribut ion of hot p ool can alter the ov erall sy s tem

resp ons e. I n this p ap er tw o- dim ens ional hot p ool m odel is d ev elop ed and is app lied to the

S S C- K cod e. A p re lim inary evaluat ion of s om e unp rotected accid ents f or the K A L IM E R

d es ig n w ith up dated S S C- K cod e has been p erf orm ed and analy z ed.

1. Introduction

T he Super Sy stem Code of KAERI (SSC- K ) is developed at Korea Atomic

Energy Research Institute (KAERI) on the basis of SSC- L originally developed at

BNL to analyze loop- type LMR (Liquid Metal Reactor ) transient [1]. Because the

dynamic response of the primary coolant in a pool- type LMR, particularly the hot

pool concept , can be quite different from that in the loop- type LMR, the major

modifications of SSC- L have been made for the safety analysis of KALIMER [2].

T he major difference between KALIMER and general loop- type LMRs exist s in the

primary heat transport system . In KALIMER, all of the essential components

composing the primary heat transport system are located within the reactor vessel.

T hey include the reactor , four EM pumps, the primary side of four intermediate heat

exchangers , sodium pools, cover gas blanket , and associated pipings . T his is contrast

to the loop- type LMRs, in which all the primary components are connected via piping

to form loops external to the reactor vessel.

During a normal reactor scram, the heat generation is reduced almost

instantaneously while the coolant flow rate follow s the pump coastdown . T his



mismatch betw een pow er and flow result s in a situation where the core flow entering

the hot pool is at a lower temperature than the temperature of the bulk pool sodium .

T his temperature difference leads to thermal stratification . T hermal stratification can

occur in the hot pool region if the entering coolant is colder than the exist ing hot

pool coolant and the flow momentum is not large enough to overcome the negative

buoyancy force. Since the fluid of hot pool enter s IHXs, the temperature distribution

of hot pool can alter the overall system response. Hence, it is necessary to predict

the pool coolant temperature distribution with sufficient accuracy to determine the

inlet temperature conditions for the IHXs and it s contribution to the net buoyancy

head.

T herefore, in this paper two- dimensional hot pool model is developed instead of

existing one- dimensional model to predict the hot pool coolant temperature and

velocity distribution more accurately and is applied to the SSC- K code. A

preliminary evaluation of some unprotected accident s for the KALIMER design has

been performed with existing one- dimensional and developed tw o- dimensional hot

pool model. Also the comparisons betw een one- dimensional and tw o- dimensional hot

pool model are performed and analyzed.

2 . General M odeling D e s cription

Figure 1 show s a schematic diagram of SSC- K modeling for KALIMER.

KALIMER has only one cover gas space and the IHX outlet is directly connected to

cold pool. Since the sodium in the hot pool is separated from the cold pool by

insulated barrier in KALIMER, the liquid level in the hot pool is different from that

in the cold pool mainly due to hydraulic losses and pump suction heads occurring

during flow through the circulation paths . In some accident conditions the liquid in

the hot pool is flooded into cold pool and forms a natural circulation flow path .

During the loss of heat sink transient s, this will provide as a major heat removal

mechanism with the passive decay heat removal sy stem . Since the pipes in the

primary system exist s only betw een the pump discharge and the core inlet plenum

and are submerged in the cold pool, a pipe rupture accident becomes less severe

because of a constant back pressure exerted against the coolant flow from break .

2 .1 One - Dim en s ional Hot Pool M odel

T he core flow in the hot pool is represented by a tw o- zone model. T he hot

pool is divided into two perfectly mixing zones determined by the maximum

penetration distance of the core flow . T his penetration distance is a function of the

Froude number of the average core exit flow . T he temperature of each zone is

computed from energy balance considerations . T he temperature of the upper portion ,

TA , will be relatively unchanged; in the lower region , how ever , T B will be changed



and somewhat betw een the core exit temperature and the temperature of the upper

zone due to active mixing with core exit flow as w ell as heat transfer with the upper

zone. T he temperature of upper zone is mainly affected by interfacial heat transfer .

Fig . 1 Schematic of SSC- K modeling
for KALIMER

Fig . 2 One- dimensional tw o- mixing zone
model

2 .2 T w o - Dim ens ional Hot Pool M odel

2 .2 .1 Gov erning Equ ation s

T he governing equations for conservation of mass, momentum, energy , turbulent

kinetic energy and rate of turbulent kinetic energy dissipation for turbulence

model in a generalized coordinate system can be written as follow s;

(1)

(2)

(3)



(4)

(5)

(6)

where

(7)

and

(8)

(9)

(10)

In above equations denote tw o cylindrical velocity components ,

temperature, turbulent kinetic energy and rate of turbulent kinetic energy dissipation

respectively . T he geometric coefficient s represent the cofactor s of in the

Jacobian matrix of the coordinate transformation , stands for the determinant of the

Jacobian matrix , is the cylindrical coordinate system and , , , denote density ,

viscosity , pressure and Prandtl number respectively .

2 .2 .2 Dis cretization of Gov erning E qu ation

T he solution domain is divided into a finite number of quadrilateral control

volumes and the discretization of the governing equation is performed following the

finite volume approach . T he convection term s are approximated by a higer - order



bounded scheme HLPA developed by Zhu [3] and the unsteady term s are treated by

the backward differencing scheme.

2 .2 .3 . M om entum Interpolation M ethod

In the present study , the Rhie and Chow s scheme [4] is modified to obtain a

converged solution for unsteady flow s which is independent of the size of time step

and relaxation factor s . T he momentum equations are solved implicit ly at the

cell- centered locations in the Rhie and Chow s scheme. T he discretized form of

momentum equations for the cell- centered velocity components can be writt en as

follow s with the under - relaxation factor s expressed explicitly ;

(11)

(12)

where

(13)

(14)

(15)

(16)

And are the under - relaxation factors for velocity component s and the

super script s denote the previous time step and iteration level, respectively .

T he discretized form of momentum equations for the cell- face velocity component , for

example at the east face, can be written as follow s;

(17)

In the present modified Rhie and Chow s scheme, this cell- face (the east face)

velocity component is obtained explicitly through the interpolation of momentum

equations for the neighboring cell- centered cylindrical velocity components . Following

assumptions are introduced to evaluate this cell- face velocity component .

(18)

(19)

(20)



where is the geometric interpolation factor defined in term s of distances

between nodal point s . Similar assumptions can be introduced for evaluating the

velocity components at the north face. Using above assumptions, the velocity

component can be obtained as follow s;

(21)

T he term in the fir st bracket of right hand side of Eq. (21) is the original Rhie

and Chow s scheme [4]. Majumdar [5] has revealed that omission of the term in the

second bracket leads to a converged solution which is relaxation factor dependent .

Recently , Choi [6] added the term in the last bracket to obtain the converged solution

that is independent of the size of time step and relaxation factors for unsteady flow

calculations .

2 .2 .4 . S olution A lg orithm

T he SIMPLEC algorithm by Van Doormal and Raithby [7] is used for

pressure- velocity coupling in the present study . In this algorithm the momentum

equations are implicit ly solved at cell- centered locations using Eqs . (11) and (12).

T hen the cell- face velocities are evaluated by Eq. (21). Since these starred velocities

do not satisfy the continuity equation unless the pressure field is correct , they should

be corrected to satisfy the continuity equation during the iteration process . T he

following velocity correction equations are assumed in the SIMPLEC algorithm .

(22)

(23)

Inserting above equations into the continuity equation leads to a pressure

correction equation . After solving the pressure correction equation , the cell- face

velocities are corrected by above equations and the cell- centered velocities are

corrected by following equations .

(24)

(25)

T he pressure correction equations as well as other algebraic equations of

momentum equations, energy equation and turbulent transport equations are solved by



the strongly implicit procedure by Stone [8] in the present study .

2 .2 .5 . T re atm ent of B oundary Condition s

At the inlet both the velocity components and turbulent quantit ies are prescribed.

At the outlet the zero gradient conditions are imposed while the velocity components

are adjusted to satisfy the overall mass conservation . At the symmetry line the

symmetry conditions are imposed. At the wall node both the velocity components are

set to zero. For the near - w all control volumes, the wall shear - stress vector is

expressed as a function of the nodal velocity component parallel to the wall. T he

w all shear stress is again decomposed in two components along and ,

respectively , to be used as source term s in the corresponding momentum equations .

T he wall function method is used for the near - wall nodes .

3 . T w o M odel Comparis on s w ith Prelim in ary A naly s es of the KA LIM ER

3 .1 Con s t ant Inlet T em perature Incre as e

T he KALIMER design is a pool- type system, with the entirety of the primary

heat transport sy stem contained within the reactor vessel. During normal operation ,

the sodium core inlet and outlet t emperatures are 386℃ and 530℃, and the other

initial conditions used and important sy stem parameters are listed in T able 1. In the

case of tw o- dimensional model, the hot pool is modeled as shown in Fig . 3. T he

input parameter s of the tw o- dimensional hot pool model named HP2D are core outlet

t emperature and flowrate. In the model, the temperature and velocity distributions in

the hot pool are calculated.

Fir stly , in the case of constant inlet t emperature increase, we compare the

prediction accuracy betw een one- and two- dimensional hot pool model. During

normal operation , the sodium bulk temperature of the hot pool is 530℃ and flowrate

is 2143.1kg/ sec. Also the sodium velocity distribution in the hot pool is shown in

Fig . 4. In the case that the hot pool sodium inlet temperature increases from 530℃

to 647℃ suddenly , the hot pool sodium temperature increases until it reaches to the

inlet temperature. As shown in Fig . 5, the temperature behabior s of the both models

are quite different . In the one- dimensional model, the outlet temperature increases

slowly and immediately , and is reached to 645℃ after 420 seconds . However , in the

two- dimensional model, the outlet temperature is not changed until 20 seconds and

then increases steeply . T he outlet temperature is reached to 645℃ after 250 seconds .

In tw o- dimensional model, the outlet sodium temperature is affected by the inlet

sodium temperature change after several tens of seconds during normal operation and



is more actual qualitative prediction than one- dimensional model. T he time delay can

alter the overall reactor system response, so that it is necessary to predict the hot

pool sodium temperature distribution with sufficient accuracy .

T able 1 Initial and key operating parameter s

Power (MWth)
Number of IHT S loops
Cover gas pressure (MPa)
Primary sodium flowrate (kg/ s )
Primary sodium core outlet temperature (℃)
Primary sodium core inlet temperature (℃)
Number of Primary pumps
Intermediate sodium flowrate (kg/ s )
IHX- IHT S inlet temperature (℃)
IHX- IHT S outlet temperature (℃)
Number of IHXs
Number of SGs
Steam flowrate (kg/ s )
Steam temperature (℃)
Steam pressure (MPa)

392.2
2

0.1013
2143.1
530.0
386.2

4
1803.6
339.7
511.0

4
2

155.5
483.2
15.5

Fig . 3 T wo- dimensional hot pool model



Fig . 4 Sodium velocity distribution in the hot pool during normal operation

Fig . 5 Hot pool sodium outlet temperatures



3 .2 U nprotected T rans ient Ov erpow er Ev ent s

An unprotected transient overpower (UT OP ) event result s when posit ive

reactivity is inadvertently inserted into the core and there is a failure to scram . T he

limiting case assumption is that all the control rods are accidently removed. T he

event is initiated from full pow er . T he control rods are assumed to begin

withdrawing with a speed of 0.67 cents per second. T he control rod stops are set to

limit the withdraw al w orth to 10 cents . T he UT OP transient result s for hot pool

temperatures, pow er and flow in both cases of one- and two- dimensional models are

shown in Fig . 6 through Fig . 8. As shown in Fig . 6, the power reaches a peak of

1.130 and 1.124 times the rated pow er at 34 and 27 seconds into the transient , and

begins to level off at 1.019 and 1.021 times the rated power in the case of one- and

tw o- dimensional model cases, respectively .

In the case of one- dimensional model, the hot pool inlet temperature increases

from a normal value of 530℃ to a peak of 551℃ and outlet temperature increases

from 530℃ to a peak of 543℃ and then the inlet and outlet temperatures are

reestablished at around 542℃, which is 12℃ above the initial temperature, as shown

in Fig . 7. On the other hand, in the case of two- dimensional model, the hot pool

inlet t emperature increases from 530℃ to 550℃ and outlet t emperature increases from

530℃ to 546℃, and then the inlet and outlet temperatures are reestablished at around

543℃, which is 13℃ above the initial temperature. T he outlet t emperature is not

affected by the inlet coolant until 25 seconds .

A s a result of this comparison, it is considered that the time delay effect of the

hot pool affect s the core inlet sodium temperature. And then core inlet sodium

temperature change affect s the reactivity feedback and reactor power also. T herefore,

it seems that the tw o- dimensional modeling of the hot pool can predict the overall

reactor system response more realistic than one- dimensional model.

Fig . 6 Pow er and flow during 10 cent
UT OP

Fig . 7 Hot pool temp. during 10 cent
UT OP
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Fig . 8 Hot pool temperature distribution during 10 cent UT OP

4 . Conclu s ions and Dis cu s s ion

It is necessary to predict the hot pool sodium temperature distribution with

sufficient accuracy to determine the core inlet t emperature conditions . T herefore,

two- dimensional hot pool model is developed and allpied to SSC- K pool- type LMR

transient analysis computer code. From comparative result s of predictions using the

developed tw o- dimensional model and existing one- dimensional model some

conclusions including recommendations for future works are as follow s:

① In two- dimensional model, the time delay effect appear s and is more actual

qualitat ive prediction than one- dimensional model.

② T he delayed time is a function of inlet flow conditions, i.e., flowrate and

temperature difference between inlet and hot pool sodium temperature.

③ T he time delay effect affect s the reactivity feedback and power change.

T herefore, it affect s the overall reactor sy stem response.

④ T o validate the two- dimensional model qualit atively , it is necessary to compare

the prediction result s with the experimental data .
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