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SUMMARY
The Supper System Code of KAERI (SSC-K) is a best-estimate system code for
analyzing a variety of off-normal or accidents in KALIMER which is a pool type LMR. It is
developed at Korea Atomic Energy Research Inititution on the basis of SSC-L developed at
BNL to analyze loop-type LMR transients.

Because of inherent difference between the pool and loop design, the major
modification of SSC-L is required for the safety anmalysis of KALIMER. The major
difference between KALIMER and general loop type LMRs exists in the primary heat
transport system. In KALIMER, all of the essential components consisted of the primary
heat transport system are located within the reactor vessel. This is contrast to the loop type
LMRs, in which all the primary components are connected via piping to form loops attached
externally to the reactor vessel. KALIMER has only one cover gas space. This eliminates the
need for separate cover gas systems over liquid level in pump tanks and upper plenum. Since
the sodium in hot pool is separated from cold pool by insulated barrier in KALIMER, the
liquid level in hot pool is different from that in the cold pool mainly due to hydraulic losses
and pump suction heads occuring during flow through the circulation pathes. In some
accident conditions, the liquid in the hot pool is flooded into cold pool and it forms the
natural circulation flow path. During the loss of heat sink transtents, this will provided as a
major heat rejection mechanism with the passive decay heat removel system. Since the pipes
in the primary system exist only between pump discharge and core inlet plenum and are
submerged in cold pool, a pipe rupture accident becomes less severe due to a constant back
pressure exerted against the coolant flow from break. The intermediate and steam generator

systems of both designs are generally identical.

To adapt SSC-K to KALIMER design, the major modification of SSC-L has been
made for the safety analysis of KALIMER. Test runs have been performed for the qualitative
verification of the developed models. The present work would make it possible to use SSC-K
for the priliminary safcty analysis of KALIMER. However, the further validation of SSC-K

is required to be used for real applications.
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1. INTRODUCTION

The Supper System Code of KAERI (SSC-K) is a best-estimate system code for
analyzing a variety of off-normal or accidents in KALIMER which is a pool type design (Fig.
1.1). It is developed at Korea Atomic Energy Research Inititution (KAERI) on the basis of
SSC-L developed at BNL to analyze loop-type LMR transients. Because of inherent
difference between the pool and loop design, the major modifications of SSC-L has been
made for the safety analysis of KALIMER.

The major difference between KALIMER and general loop type LMRs exists in the
primary heat transport system as shown in Fig. 1.2, In KALIMER, all of the essential
components consisted of the primary heat transport system are located within the reactor
vessel. This includes reactor, four EM pumps, primary side of four intermediate heat
exchangers, sodium pools, cover gas blanket, and associated pipings. This is contrast to the
loop type LMRs, in which all the primary components are connected via piping to form
loops attached externally to the reactor vessel. KALIMER has only one cover gas space.
This eliminates the need for separate cover gas systems over liquid level in pump tanks and
upper plenum. The IHX outlet is directly connected to cold pool instead of the piping into
pump suction which is a typical configuration in loop type LMRs. Since the sodium in hot
pool is separated from cold pool by insulated barrier in KALIMER, the liquid level in hot
pool is different from that in the cold pool mainly due to hydraulic losses and pump suction
heads occuring during flow through the circulation pathes. In some accident conditions the
liquid in the hot pool is flooded into cold pool and it forms the natural circulation flow path.
During the loss of heat sink transients, this will provided as a major heat rejection
mechanism with the passive decay heat removel system. Since the pipes in the primary
system exist only between pump discharge and core inlet plenum and are submerged in cold
pool, a pipe rupture accident becomes less severe due to a constant back pressure exerted
against the coolant flow from break. The intermediate and steam generator systems of both

designs are generally identical (Fig. 1.3).

The SSC-K is designed to predict plant response under various off-norrmal and



accident conditions until sodium boiling occurs. This code can also perform the steady-state
initialization. This feature is provided so that user can easily obtain the various preaccident

initial conditions based on user-specified design parameters and minimum operating values.

A comprehensive description of models is given in following Sections; the models for
the steady-state initialization is described in Section 2 and the transient modeling is
discussed in Section 3. In Section 4, the verification results to illustrate the code modeling
capability against pool-type LMR have been included. In last Section, the conclusions and
action items for further development effort are discussed. Appendices presents a summary of
additional input requirements compare to SSC-L and the cautions needed for KALIMER
modeling. Since SSC-K is developed on the basis of SSC-L, many portions of SSC-K
utilized the same methods and models as its parent code SSC-L. Therefore, the primary
emphasis in the development and its description in the report has been focus on the

differences between the two codes.
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2. STEADY-STATE MODELS

In the initial part of the transient calculation, a stable and unique steady state or pre-
transient solution for entire plant must be obtained. As a result, the continuity, energy, and
momentum conservation equations in time-independent form are reduced to a set of
nonlinear algebraic equations. These equations are solved in two steps. First, the global
parameters are obtained. More detailed characterization is achieved by using the global
conditions obtained in the first step, as boundary conditions. Since the SSC-K is developed
based on SSC-L, the most of the steady-state routine in SSC-L is used with minimum
changes. Some modifications are required due to including the cold pool model into SSC-K.

The flow chart for steady-state solution routine is in Fig. 2.1.

2.1 Global Heat Balance (PBAL9S)

At steady state, the fluid and metal in the core inlet plenum are assumed to be thermal
equilibrium. The temperatures are then equal to the user specified fluid temperature at the

inlet nozzle, i.e.,

1, = Tretar = Tgim

iplermum me

The core inlet temperature is specified as input. The hot pool sodium enthalpy and

temperature can be obained using known values of core power and mass flow rate:

héourl = hsmn( Tsmn )+ P core /W,

6tot

7;0«” = f(h(:oull)

The IHX inlet and outlet temperatures are determined according to the location of pump in

order to account the temperature rise due to pump heat generation.
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Tny = Tiouy + AT,y if pump is between hot pool and IHX
Toix = Lioun if pump is located after [HX
Tovix = Ty — AT,y if pump is between IHX and core inlet plenum

if pump is located before IHX

Tovnx = Loy

The total heat removal rate by IHX can be calculated as following:

Qromrr = W;oop [h ( T;NIHX )—h( Touux )]

2.1.1 Steady State Calculation in IHX (PBAL9S - IHX1S)

To start the steady state calculations for IHX, the boundary temperatures at one end of
IHX, in this case ;. Lywo and W, must been known. 7)., is known from
global thermal balance calculations. The IHX outlet temperature and flow rate for

intermediate side are guessed for first pass:

W, =W, +10

2loop 1loop .

Lixo = Tiwny — 20 where T, = known

The iteration procedure for the temperature distribution of IHX is as following:

Step 1. Find out the node length and heat transfer areas for tube and shell sides:

Ax : length of IHX node



A, :primary side (shell sidc) heat transfer area for each IHX node
= - (IHX tube outer diameter)- Ax - (# tubes)

A, intermediate side (tube side) heat transfer area for each IHX node

Step 2. Compute the constants for computation of Peclet numbers:

-d
Ay = (diameter )(velocity )(density) = P, -k / ¢, = e
1IHX
-d
A, = (diameter )(velocity )(density )= P, -k / c,= 2loop 2
2IHX
) ‘T’” / Shell wall (assumed insulated)
(W) — (T, PimaryFlow — p [Ty | —+ (W,
ST 74 Tube wall
o - v T c T
( w) «— (T, Sccondary Flow P [Ts‘,,, —( W

x ) Known ( ] Unknown

Fig. 2.2: Steady state conditions for an IHX nodal section

Step 3. Guess the tube structure temperature (Fig. 2.2):

Step 4: Calculate the node average sodium temperatures:



B
I
3
Q

Step 5: Find out the non-dimensional numbers for heat transfer coefficients:

Peclet numbers for primary and intermediate sides

F,=A4pp-c, 'k,, F, =Aps-c, /k,
Nusselt number
Nu,=a+b-Ff Shell side (primary)

Nu =6.0+0.025-(FP, )** Aoki’s correlation for tube side (intermediate)

0.014(1—e7*%)
X

where W=

1
Re0.45.Pr0.2
Re =P _ Aws

oo

X =

Step 6: Calcualte the overall heat transfer coefficients:

1

= D
h.p
ﬁ;;_ + rwall, P + ’jfoul. P
P P

-10 -
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5

st D
h,
+r,, tr
Nu k all,s Joul,s

5 5

Step 7: Calculate the node outlet temperatures for primary and intermediate sides:

+A2-Up,(TT—Tp)

[4 =e
! g u/lloop
o = 4 A ULIT-T)
I4/210017
Tm, = T(em,)

Twl = T(e:ol)

Step 8: Calculate the node average sodium temperatures and tube temperature based on the

calculated node exit temperatures:

7 T, +1,
d 2
T - 7.;ol + 7;:
: 2
TT = AIUSIT; + A2Up!7;7
l AIUSI + A2Upl

Step 9: Perform the convergence test for the node:

T;o - 7;ol

if |7, ~7,,|>¢ and >£and |TT - TT)|> £ then

11 -



r,-T,, T

pol po sol 50
go to Step 4 and iterate again.

Step 10: Reset the node exit temperatures into the inlet temperatures for next node until

i =nihx!:

r,—171,, T,

sol

— T,,, T1T, > TT and go to Step 4 and continue for next node.

Step 11. Perform the error checking if the energy gain is equal to energy loss:
Toumxy = T(e pu)
Lowux = 1(e,,)
Ottoss = Wuoap (€pin—€p)

Q2gain = u/ﬂoop(es,au! - es.in)

O g
[-==2"1s ¢ error

1loss

Step 12. Check for convergence based on total energy balance:
The heat rejection from IHX should equal to the reactor heat plus heat addition at the

pump within specified limits:

if |QTOINT B Q2gain
| Oromr

| <& quit interation

-12 -



Step 13. If not, the secondary outlet temperature and flow rate have to be reselected and the

computation repeated until convergence is obtained:

Log-mean temperature difference

AT = (Tiovix = Lownxe )~ (TuNHx — Toovsx )
ln[( Tovix = Loniie )/ ( Tt — Dopnx )]

UA=Q,,,. AT

Assuming UA constant, determine new /md guess

Ame = QTOIN‘T 1UA

AT:« = T;OUHX - T;INHX

~ AT, - AT,

ew = ——————-— P Find A7, using root finding scheme.
In[AT, / AT,]

Eouux = T;INHX - ATB

Or
Wior = OINT Return to Step |
i [e( TzotJHX ) - e( EINHX )]

After calculating the temperature distribution of IHX, the similar process is performed for

the energy balance for steam generator.
2.2 Hot Pool Pressure Distribution (PINT1S)

Subroutine PINT 1S calculates the interface pressure between the hot pool and THX.

-13-



Piir = Pcoas + P(Tsour) 8(Zsupin = Zsonoz)

where Z,,, . : relative height of sodium in vessel upper plenumto Z

6 REF
Z sonoz - clevation of vessel outlet nozzle above Z,p,..

Timr = Tsoun

P

sour. = Ptz
— o

1)6INTL - P6OUTL + IIPDRV

where P, : pressure drop between core inlet and IHX inlet

2.3 Thermal-Hydraulics for Fuel Assembly Region (COOL6S)

2.3.1 Core Thermal-Hydraulics (COREG6S)

The core region is divided into N6CHAN parallel channels. These channels represent
either fuel, blanket, or control rods. The flow rate for each channel is obtained by user

specified flow fraction of the total flow through these channels.

u/ﬁcHANJ = u/amr : Fan,owj

u/6CHAN )

61, =
NaRODs, ) A6R0D)

where Us; , - mass flux of channel j
srops, : number of rods in channel j

Asrop, - sodium flow area per rod in channel j

- 14 -



Each of the flow channels is divided into a user-controlled number of axial slices. The axial

distributions of coolant enthalpy and pressure in all channecls are determined in this

subroutine.
E _ ParPow'EsrPowj
CONS! — Z W
6CHAN "V 6CHAN,
where F6TP0W, . Total normalized power fraction in channel j from fission and decay
heating
0 dh Az = I Fapow EsrPowj 'P;SNPWAJ , ZaoELrj,
P d T W, Zscnan
6CHAN J 6CHAN

= Feonsi 'Fah/PqujJ 'ZaoELrj,

where QFACT,-., - enthalpy change in axial slice i of channel j
Fo npwa ,+ - normalized axial power in axial slice i of channel j

ZﬁDELTL,- - length of axial slice 7 in channel j

Tour = T, +QFACTH 1C o (Thrs)

where T, : inlet temperature of axial slice i in channel j (known)
T,,, : outlet temperature of axial slice i in channel j (unknown)
T,,r :calculated outlet temperature of axial slice / in channel j

if the temperature difference between initial guessing value and calculated value.
ITE,UT - 72,w| , is greater than user specified limit, 7, is reseted to 1,,, and 7, 1is

calculated again unitl lTour - 7;)w| is less than the limit. Then, the friction and heat transfer

- 15 -



coefficients are calculated based upon the new outlet temperature of the axial slice.

famc,, = f[Dh’GtSl_,’:u(TOUT)’(P/D)md’(P/D)wirzwrap’LﬁATYP]

Nu[DhﬁGtSlj’EVG,(P/D)M]‘K(TAVG)

h6NODEj ;o D
h

After completing the calculations for the current axial slice, the same calculations performs

for the next axial slice.

2.3.2 Core Pressure Distribution (PRES6S)

Because the current version of SSC-K simulates single phase flow, the flow is
assumed to be incompressiable. The axial distributions of coolant pressure in all channels are

determined by momentum equations.

The pressure of the core bottom is obtained from the pressure of core inlet plenum by

substracting the pressure drop due to form loss and gravitational loss:

GLPLN = Wﬁror / Aoy

AP;:V =g (Zspcor — Zsoz)

where G, :mass flux of lower plenum
AP, - gravitation pressure drop from inlet nozzle to bottom of core
AP pressure drop due to form loss from inlet nozzle to bottom of core

- user specified pressure drop due to form loss from inlet nozzle to bottom

-16 -



of core

_ LP LP
PaBCOR - PalNLT - APIoss - 4P, grav

Ko p= ZP'API::: 1(Grpin '|GLPLN|)

where P, ;.,; : Pressure of the core bottom

K,,;» :equivalent form loss coef. from inlet nozzle to bottom of core

The pressure of the core top is obtained from the cover gas pressure by adding the pressure

drop due to form loss and gravitational loss:

GUPLN =Wror ! Asuprr
Apgli.l:v = Pg (Zsurin — Zsrcor)

up _
AP, = F:SPKUP

loss

where G, : mass flux of upper plenum

aprr gravitation pressure drop from top of core to top of hot pool

grav

AP pressure drop due to form loss from top of core to top of hot pool

loss

F,

s pxup - user specified pressure drop due to form loss from top of core to top of

hot pool

+APF + APYP

I)ISTCOR = [)GCGAS grav loss

Koyp = 2p- AP, 1 (Gupry |Gupn I)

loss

-17 -



where Py, : Pressure of the core bottom

K » :equivalent form loss coef. from inlet nozzle to bottom of core

Before calculating the pressure distribution for the active core region, the pressre drop in

inlet orifice zone has to be estimated:

woz _
APgmv = pgAZ,

Weror - Fan,ow,
Winoz, =
’ N

5ASSY,

where AP;::? ? . Pressure drop for inlet orifice zone
Winoz , : flow rate per subassembly for channel j

Fm,ow, - flow fraction for channel ;

Because the pressure drop due to friction in inlet orifice zone is given by user, the hydraulic

diameter for orifice zone can be found by Bisection or Newton’s method (YHYD6S).

1. Guess the initial value for D;

3. Calculate the pressure drop due to friction

AZ, ., GlG|
APcalc — D ,G, 6INZ
Sfrc f( h /u) Dh 2p

4. Find the difference between user specified pressure drop and calculated pressure drop

n+l INOZ calc
AP™! = APNO? . Apeeh

-18 -



5. Reset the upper and lower limits for Bisection method.

APYP = Ap™! if AP™'>00
APLOW :APrHI lf AP'HI <00

6. Convergence test

if AP"' <10 then  D/°? = D, and terminate the iteration

7. Find the hydraulic diameter for next iteration:

D' -D;

D' = D] + AP —h
AP" — AP"

8. Testif D)’ is within the bounds.

Reset the values and return to step2 if D" <D < DEF
D,H] _ thw +D’1,/P
g 2 else

Reset the values and return to step2

Because the form loss coefficient due to expansion and contraction in inlet orifice zone is

given by user, the pressure drop in orifice zone can be obtained such as:

Mass flux for inlet orifice zone is obtained from the calculated hydraulic diameter:

4 WINoz

G =
INOZ INO
T DhN Z

The pressure drop drop to form loss:

-19-



APINOZ =F . GINOZ 'IGlNozl
loss — 1 6Ls4
2p

The pressure at the bottom of active core region is:

F

— _ ApINOZ _ 4pINOZ _ 4 pINOZ
6NODE;;, — Fypcor ARgmv AP, vald fric

The constant for calculation of the pressure distribution in active core region:

p;.: +pj,x+l

pj_Ai = 2

where p, , :average density for nodes i and i +/ in channel ;

AP;ZN = pj,AigAZ}.Al

AZ}'.AI G61 |G6ll

AP =
= feme D 20,4
i GJ GJ
AP]Z =6l 6l
pj,i+) pj,x‘

The pressure at node i+/ is:
_ _ grav _ fric _ mflux
PaNODE,,,, - })6NODE“ A])_],Ai AI)].AI alg

J.a

2.3.3. Upper Plenum Thermal-Hydraulics (UPLN6S)

-20-



The core region is divided into N6CHAN parallel channels. These channels represent
either fuel, blanket, or control rods. The flow rate for each channel is obtained by user

specified flow fraction of the total flow through these channels.

N6CHAN

Z e,

N6CHAN
Egyvmm = Z ( 6CHAN 6NODE) Weer

NECHAN
= Z 1, NODE, Ngenan
J

N6CHAN

Z ( 6CHAN, 6NODE,)

The temperatures for cover gas, internal structure, thermal liner and vessel closure head can

be found by solving the governing energy equations for hot pool region by iterative
procedure:

1. Guess thermal liner temperature, 7}, ,, same as hot pool sodium temperature:

Losiz = Toovr: Tor = Tour: Toow =—1-

E6BPUI = EGBPII' T;BPUI = T(Eaapw)

2. Compute the temperatures for cover gas, internal structure, thermal liner from user-

specified heat transfer coefficients and the assmued thermal liner temperature:

T;CGAS = 7;1\42 - UALMZ(T;OUTL - 7;1»12 )/UAGMZ
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Y;MJ = (UAGMJ Y;CGAS + UAGMJY;BPUI )/2 ) UAGMJ

T;Ml = (UALMIT:SOUTL + UAGMIT;CGAS )/(UALMI + UAGMI)

3. Compute 73,,,

UALGL( T;OUTL B T:SCGAS) + UAGMI(T;MI - T:SCGAS) + UAGMJ( T;MJ - T;CGAS)

UAGMZ

7;.1«42 = Ticoas —

4. If computed 7}, , is not equal to assumed 7},,,, reset and iterate.

In order to calculate the pressure drop for outlet module, the core outlet pressure has to be

found.

Fyovrt = Fycons + P(Tsoum, )g'(ZtSUPLN + Z60NOZ)

])6TCOR = 1)6OUTL +p(7t‘iOUTL)g.(Z6ONOZ + Z6TCOR)

where F,,,;, : IHX inlet pressure

P cor : core outlet pressure

2.3.4 Core Outlet Module Hydraulics (FLSA6S)

This subrutine calculates the pressure equalization loss coefficient at outlet module.

n,lNOZj = Weror 'Fan_owj /N.SASSY)
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Gouz, = PVINOZ/(A6RODJ "N 4rop,)

where Winoz ;- flow rate per assembly in channel ;

Gouz , : mass flux per assembly in channel ;

APCT =p 8 Aoy,

grav;

Gouvz f

Gouz f
o)

APOUT _ E’Wj

koss), — )

ouT
where ar, kiass; . pressure drop for outlet module zone in channel ; due to contraction and
expansion
Famj - k-loss factor for outlet module zone in channel j due to contraction and

expansion

— APOVT _ pApoOUT

grav; kloss ;

AP, = 1)6NODE,,,,,M = Frcor

)

Kour, = Forsas, = 2-4F, 'P/(Gouzj "Gouz,

where EsLSM,: k-loss factor for outlet module in channel j except k-loss due to

expansion and contraction

2.4 Loop Hydraulics (LOOPIS)
2.4.1 Hydraulics for IHX (HYDR1S)

This subroutine solves the steady state pressure drop and/or k-loss factor for the IHX.
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The pressure drop due to flow differnece:

AP :[ 1 _ 1 )VVIHXPVIHXI
frow Piixo  Piux. AIZHX
Re = W - De
A u
S =S(Re)

The pressure drop due to wall friction:

Ax Wopix Wi

AP, = f
i D, 2p'A12HX

The pressure drop due to gravitation:

N, nops
APgrav = g[leX,l “SING e Ay F Py o7 SING e 0 A% or + pr 'sm¢:Axi)
1

The pressure drop due to contraction or expansion at [HX inlet:

AI)Io.um = Kin w
' 2pin.A7

n

The pressure drop due to contraction or expansion at IHX outlet:

AP Wix |W1Hx |

loss.out = out 2
2 out Aour
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The total pressure drop except the pressure drop due to k-loss factor inside IHX:

loss,in

APgyy = APy, + AP, + AP, + AR, +AB,, ,
The total k-loss factor for IHX except k-loss due to contraction and expansion:

2
AIHX

Ky = zp]fL\’(PIPDHX - APSUMs)'W_]W—\
1ox |V 1

2.4.2 Hydraulics for Pipes (PIPE1S)

This subroutine solves the steady state flow equations for a pipe in the coolant loop. It
is assumed that the diameter is constant, and the pipe wall is in thermal equilibrium with the

coolant.

AX e = Axplpe/NlNODE

N nope —1

Silg,, = Z sing,

1

E,p, =(Roughness)/D,
S =S(Re Eyp)

The total pressure drop in a pipe can be expressed in two different forms depend on locations.
The pipe between IHX exit and pump inlet is not a real pipe and is used to minimize the
modification of the SSC-L. Therefore, the pressure drop for the pipe between IHX exit and
pump inlet includes the pressure drop due to gravitaion only. The density used in

gravitational force calculation is assumed as the cold pool sodium density.

APSYE = p - 8- Silgyy AX, g if pipe is between IHX exit and pump inlet
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APdrP;wliE = (f l)l”P‘ + K) WIWL; + pinlerg'SinSUM Axnode CISC

e xnler

2.4.3 Pump (PUMP1S)

The pump rotating speed is determined by matching pump head and total hydraulic
head.

The required pressure rise across pump is obtained from:

Nypire

— pipe
A'Ppp - ZA'Pdrop + I)IPDRV + I)IPDCV

where AP : pressure drop for pipe i
P, ppry : pressure drop from core inlet to IHX inlet

P, ppey - pressure drop in check valve
The pump head:
H oy = AF,, [(0-8)
h=H,,,[H,
V=W / P)Q,
a=8/Q,

The o is found based on the value of h/v’ from pump homologous curve using root

finding scheme and pump rotational speed is obtained from:
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L=a-02

r

2.4 .4 Pressure Distribution of Pipes (PRES1S)

This subroutine set the pressure at the pipe end point.

PIOUT,I = PIIN,I - PDROP,I

where P, , : outlet pressure for pipe 1 in primary loop
B v, :inlet pressure for pipe | in primary loop (IHX inlet pressure)
Prop.; : Pressure drop in pipe 1

For pipe 2 to NIPIPE, the P, , is set to zero except the pipe after pump.

P, = 4P if i = pipe index for the pipe after pump
Py, =0 else

Then, the pressure at a pipe inlet equals the sum of pressure at the previous pipe outlet and

pressure drop due to any device (i.c., pump) between the pipes.

PllN.i = PllN,i + PIOUT.i-I fori=2, Nippe

Puour..' = PuN.: - PDROP.:‘ fori=2, Nppe

2.4.5 Cold Pool Hydraulics (RES1S)

The sodium enthalpy in cold pool is assumed to the IHX exit enthalpy.

=h

cp "' Xout
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The liquid level in cold pool is obtaincd from pressure difference between the cover gas

pressure and the pump inlet pressure.

P, - P.

Pin gas

me'g

Z =7

cp Pin

Then, the cold pool sodium mass is obtained from the sodium level in cold pool by assuming

that the cold pool can represented by two distinct regions with different cross-sectional area:

Vb—pmp + Acldp—c ’ chdp—c + on:f(Zcp - ZXa) lf Zcp > ZXa
M, =
I/l‘r pmp + Acldp»—c ’ (Zcp - Zl’m) lf Zcp < ZXa
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3. TRANSIENT MODELS

The dynamic response of the primary coolant in a pool-type LMR, particularly the hot
pool concept like KALIMER, can be quite different from response in the loop-type LMR.
The difference arises primarily from the lack of direct piping connections between
components in the hot and cold pools. Even through there are free surfaces in the reactor
vessel and pump tank of loop-type designs, the direct piping connections permit the use of
basically a single momentum equation to characterize the coolant dynamics in the primary
loop, except in a transient initiated by pipe rupture or similar asymmetric initiator. In
KALIMER, both hot and cold pools have free surfaces and there is direct mixing of the
coolant with these open pools prior to entering the next component. At least two different
flows would have to be modeled to characterize the coolant dynamics of the primary system.
During steady-state the two flow rates can be obtained by a simple algebraic equation.
During a transicnt, however, the flow from the pump to hot pool would respond to thec pump
head and losses in that circuit including losses in the core; the IHX flow would respond to
the level difference between the two pools, as well as losses and gravity gains in the IHX.
The gravity gain could be significant for low-flow conditions, particularly if the IHX gets
overcooled due to a mismatch of primary and secondary flows. The flow chart for transient

routine 1s in Fig. 3.1.
3.1. Flow Equations

Since the primary system of KALIMER has same number of pumps and IHXs, the
first version of SSK-K has developed with constraint that the number of pumps has to be
same as the number of [HXs. In SSC-K, the concept of flow paths (Npa,h) 1s introduced and

each flow path includes one pump and one IHX.
3.1.1. Intact System

For an intact system, volume-averaged momentum equations can be written as

follows:
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Fig. 3.1: Flowchart for Transient Calculation
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Pump Flow

daw (k) 2 L(k) _

=P, (k)-P, —> AP. (k) k=1 N 3-1
dt ~ A(k) Po( ) Rin ; f.g( ) path ( )

In above equation, the pump exit pressure, P,_, is obtained from
PPO = PPin + meg H (3'2)

where H is the pump head, obtained from the pump characteristics.

IHX Flow
aw, , (k Lk
L;l( )ZAEk; Xl _PXo—ZAPf.g(k)’ kzl"""Npalh (3-3)
X

The IHX inlet and exit pressures, P,, and P, , are obtained from static balance as

PXin = })gas +phg(ZHP - Z.\’in) (3"4)

Py, = Py +p.8(Zcp—2Zy,) (3-5)

The core inlet pressure, P, ., is obtained from a complicated algebraic equation and the

derivation will be discussed later.
3.1.2. Damaged System

In KALIMER, the pipe rupture can only happen in pump discharge line to reactor core.
For the broken path, Eq. (3-1) has to be modified to:
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aw, — L
dtp ZZzPPo—Hin_EAPf,g (3'6)

uob

An additional equation is needed to describe the flow downsteam of the break:
aw,, ~ L
———E——-:P—P.—EAP 3-7
dt o A bo Rin e f.g ( )

The inlet and outlet pressures at break locatioon, A, and £, respectively, are
calculated by break model. The break model in SSC-K is same as that in SSC-L. The
external pressure for the break, which is needed to compute these pressures, is obtained from

static balance as
Po=Pu +p-8(Zcp—2,) (3-8)

This pressure acts as the back pressure opposing the flow out of the break. The value
of this pressure is much larger than that for loop-type design, which is generally equal to
atmospheric pressure until the sodium in guard vessel covers the break location. This will

make the pipe break in pool-type designs less sever relative to loop-type designs.
3.2  Pump Suction Pressure

Fig. 3.1 shows a schematic of SSC-K Modeling for KALIMER. As you may be
noticed, there is a pipe after [HX which does not exist in KALIMER. This pipe is included to
minimize the modification of loop type version of SSC-K. This pipe is used to make the
elevation of IHX exit same as the elevation of pump inlet. The pump surge tank model in
loop-type version of SSC is used as a basis of the cold pool model in KALIMER. Pump
surge tank in a loop-type LMR has similar characteristics with cold pool in pool-type LMR
in many aspects. Both components include two distinct regions. In one region, the sodium is
present in lower part while the second region is filled with noncondensable gas on the top of
the sodium. The sodium levels in both components are changing with mass balance between
[HX exit flow and pump inlet flow. However, some differences exist between two

components. First, cover gas in pump surge tank is separated by cover gas in vessel while
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cover gas in cold pool is in common with cover gas above hot pool. Second, enthalpy in
pump surge tank is assumed to be same as enthalpy of IHX exit flow. This is a reasonable
assumption for pump surge tank because of its small volume. However, it is not true in cold
pool, which has relatively large sodium inventory. Therefore, energy equation is added in
cold pool model to account the energy stored in sodium. And it is assumed that the entire
pump inlet flow is from cold pool and no direct flow from IHX exit. The energy balance in

cold pool will be discussed in later section.

PQas.HV
N e
HOT
1—e POOL
P\
| A6OVRF IHX ZBNALYV
@
o . S - ! T
N 1
|
S [ ABHE W
P p Same as CORE
o e “«—¢"7 pump inlet INLET
o] Wy, elevation ®P.y }PLENUM
Wz Pous veapmp!

"D .

Fig. 3.2: Schematic of SSC-K Modeling for KALIMER

As seen in Fig. 3.2, a few variables are newly defined to model a cold pool and their

descriptions are as follows:
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- V6BPMP: Volume below pump inlet

- Z6IHXP: Elevation change from pump suction to IHX exit
- AGIHXP: Average flow area from pump suction to IHX exit
- A60VREF: Average flow area for overflow path

- B6CLDP: Sodium mass of cold pool

- E6CLDP: Sodium average enthalpy of cold pool

- T6CLDP: Sodium average temperature of cold pool

- D6CLDP: Sodium average density of cold pool

The pump inlet pressure is obtained by adding cover gas pressure with elevation head of cold

pool:
PPin = Pga.t +pcg(ZCP - ZPin) (3'9)
3.3 Liquid Levels in Pools

The liquid levels in cold and hot pools can be obtained by mass balance at each pool.

The total flow through all the IHXs and all the pumps can be determined from:

N pah
WXIal = ZWx(k) (3-10)
k=1
and
N path
Wow = D W, (k) (3-11)
k=1

Total sodium mass in cold pool is obtained by mass balance at the cold pool:

d
— (V) ep =Wy - W,

dt Prot + W

A (3-12)
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Note that the break flow, H,, is zero for an intact system and the overflow from hot pool,
W, . is zero if the hot pool level is below the top of thermal liner. Then, the cold pool level
can be obtained from the sodium mass in cold pool by assuming that the cold pool can

represented by two distinct regions with different cross-sectional area:

.

P {prmp + Apxp  Zipxe + Aoy '(Zc =~ Zyxp )}

i (PV )ep > Py (Vigmp + Aitixe * Zinixe )
(¥ Jer = G-13)
pcp {I/bmp + AIHXP ' Zcp}

if (PV)er <Py Vipmp t+ Axe * Ziyxp )

\

where V. Cold pool volume below flow skirt
A, Average cold pool cross-sectional area between flow skirt botton
and IHX exit
Z,x» :Height from flow skirt botton to IHX exit

A, : Average cold pool cross-sectional area above IHX exit

The time rate change of sodium mass in hot pool is obtained by mass balance at the hot pool:

d
Ayp J(P Z)pp =We — Wy — Wovf (3-14)

Eq. (3-14) assumes that all the level changes likely to occur during the transient are confined
to a constant cross-sectional arca. When equations (3-12), (3-13) and (3-14) are solved
simultaneously with the flow equations, the sodium levels for hot and cold pool during the

transient can be obtained.
34 Reactor Intemal Pressure

The reactor internal pressure, P, , for both an intact and a damaged system is

in *
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derived in the following section.
3.4.1 Intact system

Mass conservation at core inlet yields

N pan
W.= ZWP(k) (3-15)
k=1

Differentiating both sides with time yields

dW, _ & dW, (k)

(3-16
= dr )
The core flow can be expressed in terms of channel flows as
Nch
We=2W, (3-17)
J=1

where N_, represents the number of channels simulated in the core. Differentiating both

sides with time gives

dw, _zdW,
= 3-18
a5 G

Time rate of core flow change for each channel can be written from momentum balance

dW, (< L

dt (ZZ), :PR'"“PRO'(ZAPf,g), (3-19)
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Pry =P+ py8(Zy - Zp,). (3-20)

Combining Egs. (3-16), (3-18) and (3-19) gives

FPein = Fro _(Z Apf.g),
{ (ZL/A)J }

& dW, (k)
d 2

k=1 j

g

(3-21)

Substituting Eq. (3-1) into the left hand side of Eq. (3-21) gives

(3-22)

2 705
k=1 7@ L/ A
I (XL74)

P

N pen PPo(k)—PRin_ZAPf-S(k) {PRm_PRo—(ZAPf-X)}

Simplifying Eq. (3-22) yields the core inlet pressure as

p _A+B

= 3-23
Rin C+D ( )

where

o

(3-24)

Fro +(ZAPJ.3),}
(ZL/A)J

N poui PPo(k)—ZAPf_g(k)
5=2, > {L(k)/ Ak}

P

(3-25)

-3 {m} b0
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N par 1

D:
Z,: S {L(k)/ Ak))

(3-27)

3.4.2 Damaged System

In case of a pipe rupture in one of the pump discharge lines, mass conservation at core

inlet has to account for the downstream flow of break to core.

N path

We= Y W.(k)+W,, (3-28)
k=1

zbrk

Differentiating both sides with time yields

dW,. _ f AW, (k) , AW,

(3-29)
dt & dr dt
zbrk
Combining Eqgs. (3-19 and (3-29) gives
Nf AW, (k) AW, _ 5 Po = Pr— (2 APf.x)j (3.30)
= dt dt - (z L/ A),-
Substituting Egs. (3-1) and (3-7) into the left hand side of Eq. (3-30) gives
W | PoolE) = oy = Z APrs k)| Bok)= B = 2 AP (K)
+
E > L(k) > L(k)
o > A(k) “ A(k) (3-31)
_ Z PRin - I)Ra _(ZAPf_g)j
- (> L A)J
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Simplifying Eq. (3-31) yields the core inlet pressure as

> A+B+C 532
D+E+F
where
4o Z B, +(Z APf,g)j .
7| (XLr4)
N pan PP"(k) - Z APfg(k)
b= LZ’.M > {L(k) ! A(K)} (3-34)
B’o(k)"ZAPf.g(k)
C= Y (3-39)
g{L(k)/ A(k)}
1
b= 3-36
;{(Z L/4) l (3-36)
N par 1
E_,% > {L(k)/ A(k)} (3-37)
1 (3-38)

F =
> {L(k)/ A(k)}
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3.5 Energy Balance in Hot Pool

Thermal stratification can occur in the hot pool region if the entering coolant is colder
than the existing hot pool coolant and the flow momentum is not large enough to overcome
the negative buoyancy force. Since the fluid of hot pool enters 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 its contribution to the net buoyancy head.

During a normal reactor scram, the heat generation is reduced almost instantaneously
while the coolant flow rate follows the pump coastdown. This mismatch between power and
flow results in a situation where the core flow entering the hot pool is at a lower temperature
than the temperature of the bulk pool sodium. This temperature difference leads to

stratification when the decaying coolant momentum is insufficient.

The stratification of the core flow in the hot pool is represented by a two-zone model
based on the model for mixing in the upper plenum of loop-type LMRs in SSC-L (Fig. 3.3).
The hot pool is divided into two perfectly mixing zones determined by the maximum
penetration distance of the core flow. This penetration distance is a function of the Froude
number of the average core exit flow. The temperature of each zone is computed from energy
balance considerations. The temperature of the upper portion, 7,, will be relatively
unchanged; in the lower region, however, 7, will be changed and somewhat between the
core exit temperature and the temperature of upper zone due to active mixing with core exit
flow as well as heat transfer with the upper zone. The temperature of upper zone is mainly
affected by interfacial heat transfer. Full penetration is assumed for flow with positive

buoyancy.

The two-zone model in SSC-L has some difficulties to maintain the mass and energy
conservation in the hot pool because it does not account for the mass and energy change due
to the variation of penetration height. Therefore, the following equations for energy balance

is adopted in SSC-K.
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Fig. 3.3: Two mixing zone model for hot pool

The non-conservative form of energy balance equations which determine the various

temperatures in the hot pool are given below:

3.5.1. Lower mixing zone B:

dz.
3511 Casel: —>0
dt

Mass conservation

Npath

d dz.
E(pV)a 27;/).4‘4"'"/6 - /5 Z"/lﬁx(k)

k=1
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Energy Conservation

d dz} Npath
E(pEV)B :EPAAEA*"VCERD—fB ;‘/VIHXEB (3-40)
_UAbmz(Ila - az)"UAmx(l'f)(Yla - 7;‘\)_hAba(7;a - TA)
Expand derivative in energy equation for total mass and enthalpy:
dE, . d dz, Yt
V),—2+E,—(pV), =—+p AE +W.E, — w, E
(V) o Bdt(p ) o PaALy +Welip, fakzzl mxLp (3-41)

_UAtmz(E - 7;"2)—UAhml(1_f)(TB - al)_hAba(E - TA)

Combine above equation with mass conservation equation and rearrange the nonconservative

form of energy equation:

v, s _H L ME - E) 4 Wo(Ey - E,)
PpVp di p P4 a B c\Lpo ~ L (3-42)

_UAbMZ(TB - nz)_UAhml(l‘f)(Y;a_ T])_hAba(Tl‘! -TA)

m

dz.
3512 Case2: —L <0
dt

Mass conservation

d dZ» Npath
E(pV)B = dtj PrA+We— 13 Zn/IHX(k) (3-43)
P

Energy Conservation
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d( EV) _dz} AE, +W_.E fohW E
a P L PpALy cLro Bk:l rx L (3-44)

_UAme(Tl; - T...z)—UA;....l(l—f)(Ta - 7;11)—Mba(7;9 - 7:4)

Expand derivative in energy equation for total mass and enthalpy:

(pV) 5 +E d V Lo AE, +W.E fN hW E
— 2L E, — =1 + ~f2 2
PY)g ! 2 (PV)s di PpALg ¥Welig, ~ Jp £ xLep (3-45)

—UAme(Tl; - nz)_UAMI(I_f)(E - al)_Mba(T;? - 7:1)

Combine above equation with mass conservation equation and rearrange the nonconservative

form of energy equation:

dFE
V., =2 =WJ(E, -E
Pr¥s di e (Eg, 5) (3-46)
"UAbmz(];a - 7;.2) _UAhml(l_f)(];? - ]:rrl)_hAba(T;? - TA)
3.5.2. Upper mixing zone A:
dz.
3521.Casel: —£>0
dt
Mass conservation
d dZ Npath
—(pV)A = —_JPAA_fA Zmﬂx(k)_}ilmf (3-47)
dt dt k=1

Energy Conservation
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Npath

Loy, =-E1p AE, S Wy B, W, E
dt A dt A A A poe IHX A orf A (3-48)

_UAMZ(T; - az)_UAMIf(T; - El)_UAhg(n - 7;)+hAba(7;9 - 7:4)

Expand derivative in energy equation for total mass and enthalpy:

(V)dE‘+Ed(V)—dz’ AE fohWE W _E
P T Adtp 4= dtpA 4 Akzl mx g —Worley (3-49)

'UAamz(E —7;2)_UAhm1f(TA - T;rl)—UAhg(TA - Tg)+hAba(TB - 7:4)

Combine above equation with mass conservation equation and rearrange the nonconservative

form of energy equation:

dE
(V)= = ~UA (T, - T2) - U f(T, - T,,) (3-50)

~UA, (T, ~T,) +hy (T, - T,)

£l

dz
3.522 Case2: L <0
dt

Mass conservation

d dz, Npath
;;(pV)A =- di psA- 1, ZWIIHX(k)_u{nf (3-51)
k-1

Energy Conservation

d ckj Npath
—(pEV), =——L p  AE, — W...E,-W _ E
di (pEV), di ppAE, - £, ; x4 orr g (3-52)

~ Ul T, ~ 1) = Udyo S(T, = 1)~ UAy (T, - T) + 4 (T, - T,)
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Expand derivative in energy equation for total mass and enthalpy:

(V)dE”+Ed(V)—dz’ AE fo:hWE W _E
P AT Adtp A= dth B Ak:I 1 Loq = Wor L4 (3-53)

~UA Ty — T ) = UA (T, = T ) - Uy (T, = T) + 1A, (T3 - T,)

Combine above equation with mass conservation equation and rearrange the nonconservative

form of energy equation:

dE dz
V 4 -_ Iy ME,—-E))-UA _(T,-T
0V), i i pA(E, - E,) am2( 4 m2) (3-54)

~UAy (T, = T,,) ~UAy (T, - T,) + b4, (15~ T,)

3.5.3. Other temperatures in hot pool

Upper internal structure (metal m1):

ar,
ml mf?ml:UAhml[fT:d+(1_f)TB_7:nl]_UAgml(7:nl_7;) (3-55)

Barrier (metal m2):

dar A T, + T
MMZCMZ —f = UAM:I: o ':4 Atmz £ 7;,2] - UAmz(an - 72‘?) (3-56)
hm?2

U,,., is not very sensitive to changes in sodium temperature, and so this equation is derived

assuming U, ., =U_,.

Roof (metal m3):
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dT
Mm3Cm3 ’f’ = UAgma(Tg - 7;,3) (3-57)

The heat transfer from the roof to the ambient has been neglected.

Cover gas:

d,
M,C,—E = UA (T, ~T,) - Uy (T, ~ Tor)

g8 (3-58)
+UA, (T, —T)-UA,, (T, - T,;)
The auxiliary equations required by the above govemning equations are
A, =nD'l4 (3-59)
[ =120 (Zyp ~ Za,) (3-60)

3.6 Energy Balance in Cold Pool

Currently, perfect mixing of the IHX flow with the cold pool sodium is assumed.

Energy balance equation for cold pool is derived as:

Mass Conservation
d
E(pV)cp: ZW/IHX_ZW[JM[J*—WM-FZ"{"# (3-61)
N et N ek N paeh
Energy Conservation

d
Z(phV)cp = Z PVIHXhIHX - Z mephcp + Wmfhhp + Z Mrkhbrk (3'62)
N pasn N pa

N’,,,
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Expand derivative in energy equation for total mass and enthalpy:

dh,,
(pV)cp g +h, —t(pV)cp = ZWIHthHx
(3-63)

Z PMP m’f hp + Zmrkhb,t

m

Combine above equation with mass conservation equation:

dh,
(pV)cp d —* +hcp( ZLVIHX Zu/pmp +W )

(3-64)
= Z pVIHXhIHX Z 4 omp T W . Z mrthbrt
N pah N pony
Rcarrange the nonconservative form of energy equation:
cp Z LVIHX hIHX hcp Z PVIHX
N pan (3-65)

+ Wa\fhhp - Wmfhcp + Z mrthbrt - hcp Z ”2,*
A pouk

N patn

Above equation can be expressed into two different equations depend on the direction of

break flow.
(pV) .,
PV a4 =
Z u,lfu’hlﬂx - hcp Z LVIHX 4 Wa\f (hhp - hcp)
N poth N
Y Wb —hy YW, i Wiu >0 (3-66)
{ N g N et
S Wb — Py S Wy + W, (B ) if W,, <0
LA.P"" N paun

Discretize above equation in time:
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1+l t
hCP _hCP_

(pV)p[E i P hc’;NNz:Wle"‘W h,,

_Wog‘hcl;m"'z;%rkhbrk_hc‘;A’ZMrk ¥ W >0
3 Nk N ot (3-67)
_hH-Al W
(pV)Cp [sz:‘ IHX IHX cp - IHX

Worhy, W ™ i W, <0

K, {l+(pV)cp[Zm"x+W +Zu{,ﬂ)}

N g

: At .
=h,+ { Z Wixhix + W chy, + Z WP } i Won >0

( V)cp N puh N i
1 (3-68)
k™ Wi +W,
e [NZ,., e )
ifwW,. <0
=h W + W, ih, brk
k Cp (o V)cp {sz 11x P ax }

Solve for hc';A' :
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]
. A
+ Cj N N .
hc‘pN = pA = = if Wou >0
1+ (V)(ZWM+W +ZW@]
¢ p cp \ Npan N par (3-69)
At
by = - if Wiou <0
At
1+ W,.+W
Lower structures (metal m4):
dTl’
(MO),, d’t"" =UA,,(T,-T,) (3-70)

It should be noted that the heat transfer between structures and cold pool sodium is ignored

in current version of SSC-K. The above equation will be adopted in later version.
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4. Model Verifications

Test runs were made using SSC-K for the qualitative verification of the simulation
capability of the pool version of SSC-K. Because the simulations were performed to
investigate that the specific features for pool-type reactor is modeled as intended, the input
utilized in these tests was not based upon a reference plant. Therefore, the analysis for

verification is not focused on the values from the simulations, but the trends of the results.

4.1 Null Transient Calculation

To illustrate the steady-state calculation capability of SSC-K, the null transient
calculation has been made for a full power operation condition of KALIMER. The null
transient has been terminated after 2000 seconds. The results for this simulation are
summarized in Table 4-1. The maximum change during 2000 seconds transient occurs in
core power calculation with the range of ~1.2 % and all the remaining system parameters
changes within ~0.5 % of their initial values. However, the computed values for the major
parameters are stable enough and satisfies the standard for nuclear power plant simulators for
use in operator training, ANSI/ANS-3.5-1979, which requests not to vary by more than 2%

of the initial values during a continuous 60 minute period of operation.

Table 4-1: Major Parameters for Nominal Operating Condition

SSC-K Predictions

Descriptions KALIMER
Os 2000 s % change

Core power, MWt 3922 3922 3875 1.2

Primary Heat Transport System

Primary flow rate, kg/s 2143.1 2143.10 2143.02 0.0

Core inlet temperature, °C 386.2 386.2 386.2 0.0
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Core outlet temperature, °C 530.0 530.42 529.82 0.11

IHX iniet temperature, °C 530.42 529.82 0.11
IHX outlet temperature, °C 386.2 387.36 0.30
Max. fuel temerature *, °C 593 71 592 .43 0.21
Cover gas pressure, Pa 10133 10133 10125 0.08
Cover gas temperature, °C 513.61 513.39 0.04
Cold pool level, m 12.52 12.52 12.52 00
Hot pool level, m 15.92 15.92 15.92 0.0
Pump head, m 66.07 66.07 66.07 0.0

Intermediate Heat Transport System

Intermediate flow, kg/s 1803.6 1794 47 1794.58 0.01

IHX inlet temperature, °C 3397 339.69 340.31 0.18

IHX outlet temperature, °C 511.0 511.13 510.65 0.09
Reactivities

Sodium reactivity, ¢ 0.0 -0.00960685

Doppler reactivity, ¢ 0.0 0.00719491

* fuel channel 1, 8" axial slice

4.2 Transient Simulations

4.2.1 Unprotected Loss of Heat Sink (ULOHS)

This event is assumed that the sodium in intermediate loop is dumped into the
intermediate heat transport system dump tank to mitigate a sodium-water reaction, so that all
heat generated is retained in the primary system. The primary pumps are assumed to operate
normally, and the plant protection system is assumed not to scram the reactor. In order to

simulate this event using SSC-K, the heat transfer coefficient between primary and
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secondary systems was set to zero at 0 s.

The two cases of simulations have been performed to illustrate the cold pool effect
during ULOHS accident. In first case, the small volume of cold pool is used to minimize the
effect of cold pool. The second case is performed for larger volume of cold pool to examine
the pool effect. As shown in Figs. 4.1 and 4.2, the sudden decrecase of the heat transfer
coefficient of IHX raises the cold pool sodium temperature slowly to the hot pool sodium
temperature. Because of the small cold pool volume in the first test run, the cold pool sodium
temperature changes more rapidly than the larger cold volume case. Figures 4.3 and 4.4
shows the sodium levels for hot and cold pools. In case 2, both hot and cold pool sodium
levels increase while the levels in the case with smaller cold pool volume are stabilized. The
main reason is that the less negative reactivity is inserted in case 2 due to lower cold pool

temperature (Figs. 4.5 ~ 4.6).

900 - T T T v T Y T T
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¢ 8009
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® 700
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600 i 1 — 1 " ] 1 N 1 —
0 100 200 300 400 500 600

Time, s

Fig. 4.1: Temperature for case 1
(V6BPMP: 0.1 m’, AGIHXP: 0.2 m?, AGOVFR: 0.1m?)
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Fig. 4.6: Reactivity for case 2

4.2.2 Overflow Simulation

The liquid in the hot pool can be flooded into cold pool and forms the natural
circulation flow path in some transients. During the loss of heat sink transients, this will

provided as a major heat rejection mechanism with the passive decay heat removel system.

The transient was initiated by setting the heat transfer coefficient between primary and
secondary systems to zero at 0 s. The primary pumps are assumed to operate normally, and
the plant protection system is assumed not to scram the reactor. The height of the thermal
barrier between hot and cold pools has been lowered to make easy to flood. In this test run,

the passive decay heat removal system is not included.

Figure 4.7 shows the reactivity versus time during the transient. All the reactivity
coefficients except sodium reactivity become negative due to temperature increases of
sodium and fuel rod. Because there is no heat removal in IHX, the ITHX exit sodium

temperature immediately becomes to hot pool sodium temperature and cold pool sodium
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temperature increases slowly due to large sodium inventory (Fig. 4.8). At ~200 s, hot pool
sodium is flooded to cold pool and cold pool sodium level increases rapidly (Fig. 4.9).
Figure 4.10 shows the flow rates for various flow paths. The pump flow is almost constant
because pump are operated normally throughout the transient. But IHX flow starts to

decrease as soon as the overflow from hot pool to cold pool starts.
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Fig. 4.7: Reactivity
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Fig. 4.10: Mass flow rates

4.2.3 Overflow/Break Simulation

The simulation has been performed to illustrate the simulation capability of SSC-K for
the pipe break and the overflow transients during ULOHS accident. The pipes in the primary
system exist only between pump discharge and core inlet plenum and are submerged in cold
pool in pool-type LMRs. The value of the external pressure is much larger than that for loop-
type design, which is gencrally equal to atmospheric pressure until the sodium in guard
vessel covers the break location. This makes the pipe break in pool-type designs less sever

relative to loop-type designs.

The transient was initiated by setting the heat transfer coefficient between primary and
secondary systems to zero at 0 s and by assuming the pipe break in the pump discharge line
at 10s. The primary pumps are assumed to operate normally, and the plant protection system
1s assumed not to scram the reactor. The height of the thermal barrier between hot and cold

pools has been lowered same as the test run for overflow simulation.
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Figure 4.11 shows the sodium temperatures at various locations. The trends are similar
to ULOHS transient. The main difference is the increase rate of cold pool sodium
temperature due to less core flow rate and larger cold pool sodium inventory. Figure 4.12
shows the sodium levels for hot and cold pools. As soon as pipe break occurs, the cold pool
level starts to rise because break flow discharges to cold pool. At ~350 s, the hot pool
sodium is flooded into cold pool and the cold pool sodium level rises more rapidly. As
shown in Fig. 4.13, the pump discharge flow increases due to smaller pressure loss when
pipe break occurs. The discharge flow from break reaches to some values and starts to
decrease because of the increase of cold pool sodium level. As overflow starts to occur, the

IHX flow rate decreases the same amounts of overflow rate.
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Fig. 4.11: Sodium temperatures
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5. Conclusions and Future Work

The best-estimate system code SSC-K for analyzing an variety of off-normal or
accidents in a pool type design LMR has been developed on the basis of SSC-L developed at
BNL to analyze loop-type LMR transients.

Because of inherent difference between the pool and loop design, the major
modifications of SSC-L has been made for the safety analysis of KALIMER. The cold pool
model has been developed by including mass and energy conservation equations for the cold
pool region, which does not not exist in a loop-type LMR. In a pool-type LMR, the liquid in
the hot pool can be flooded into cold pool and it forms the natural circulation flow path
during the loss of heat sink transients. The momentum path has been added to calculate the
flooding rate and mass and energy equations for hot and cold pools modified to account the
mass and energy changes due to overflow. Since the pipes in the primary system exist only
between pump discharge and core inlet plenum and are submerged in cold pool, a pipe
rupture accident becomes less severe due to a constant back pressure exerted against the
coolant flow from break. The break model has been modified to account the differnce of a
pool-type LMR with a loop-type reactor. The steady state routine for initialization of plant
initial condition has been modified to calculate the initial state of cold pool, i.e., sodium level,

temperature, and mass.
Test runs have been performed for the qualitative verification of the developed models.

However, the further validation of SSC-K is required to be used for the safety analysis of a

real plant.
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Appendix A. Input Changes

A.1 File VESSEL

RECORD |

LO6RTYP  Reactor type

N6CHAN
NSRTYP

1: Pool-type LMR

Number of channels being simulated
Number of rod types

NS5SASEC(L)Number of axial slices of each rod type (L=1, N5SRTYP)
NSNFR(K) Number of radial fuel nodes of each channel (K=1, N6CHAN)

RECORD 27

Z6REF
Z6INOZ
Z6BCOR
Z6TCOR
Z6UPLN
Z60NOZ
Z6UPTL
Z6VSTP

Reference elevation of reactor vessel [m]

Elevation of vessel inlet nozzle above Z6REF [m]

Elevation of bottom of core above Z6REF [m]

Elevation of top of core above Z6REF [m]

Elevation of initial upper plenum sodium level above Z6REF [m]
Elevation of vessel outlet nozzle above Z6REF [m]

Elevati ; 1l Li I Z6REF [m]

Elevati E c I Z6REF [m]

A.2 File NALOOP

RECORD 112

ZIHEDR
UIOMGR
QIFLOR
T10RKR
ZIRTOT

AIRES

Rated head of primary pump [m]

Rated speed of primary pump [RPM]

Rated volumetric flow rate of primary pump [m’/s]

Rated torque of primary pump [N-m]

Height of primary pump tank if L6RTYP # 1 [m]

Height of cold pool region " ‘ Lif
L6RTYP =1

Cross-sectional area of primary pump tank [m?]

-63 -



Dummy value if L6RTYP = |
QIPYTQ Pump torque under pony motor operation [N-m]
V6BPMP  Cold pool volume below pump inlet if LORTYP = 1 [m’]
Dummy value if L6RTYP # 1

Z6IHXP  Height from pump inlet to IHX exit if LORTYP =1 [m]
Dummy value if LGRTYP # 1

if LERTYP =1 [m’]

Dummy value if LORTYP # 1
(]

Dummy value if LRTYP # 1

RECORD 11YY : YY stands for pipe number of primary loop, YY = 0, NIPIPE
FILOSS  Loss coefficient for YY-th pipe in primary loop
XI1PIPE Length of YY-th pipe in primary loop [m]
Y1PIPE Inner diameter of YY-th pipe in primary loop [m]
Note: For IHX, enter primary side hydraulic diameter.
YITHIK  Thickness of YY-th pipe wall in primary loop [m]
Note: This value is ignored for IHX primary pipe.
RISIN(I) Angle of primary flow at each node in YY-th pipe of loop [deg],
(1= 1, NINODE(NIPIPE(YY)))

RECORD 8004 :
S8MANP(J) Time at which pumps are to be tripped manually [S]
(J=1,(4*NI1LOOP+1))

SSMANX(DT; hich IHX be tripped ly [S] (=

Note: Parameters are assigned on a subsystem/component basis. That is, data
assignments are made for the pump in primary loop 1, the pump in primary loop
2 (if needed), and so on, up to the pump in primary loop "N1LOOP". The data
for all "N1LOOP" primary loop pumps is followed by corresponding series for
the secondary loop(s) and each of two dummy steam generator pumps. Data for
the last pump is assigned to the turbine. Pump trips for the steam generator and
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turbine must be set through record 3401.

XI1PIPE/NINODE.
One half nodes of both ends of each pipe holds in common with adjacent pipe. Table

Note: Length of each node is calculated by X1PIPE/(NINODE-1) instead of

below shows as an example by applying with sample input data.

PIPE J-1

PIPE ]

PIPE J+1

Node 4 of
PIPE J-1

Node 1 of PIPEJ ]

PIPlF J-1

1 Nodd § of

Node 2 of PIPEJ 5 Node3 qof PIPEJ

Node 1 o

PIPE J+1 1 Node 2 of PIPE J+1

NINODE(NIPIPE(J-1))=5

o Sample Input
0.6858, 1.13, 0.02, 0.0, 0.0/

1101D 0.0,
1102D 0.0,
1103D 0.0,
1104D 0.0,
1105D 0.2,
1106D 0.0,

5.8674, 8.068E-3, 0.0, ~90.0,
1.397, 0.6572, 0.0190, -90.0,
4.9276, 8.1175, 0.025, -90.0,

NINODE(NIPIPE(J)) =3

Fig.

A.l: Pipes

14rR/
SR/
10R/

NINODE(NIPIPE(J+1))=9

5.4864, 0.94266, 0.051, -45.0, 4R, 0.0, 7R, 45.0, 4R/
4.9276, 1.9283, 0.051, 90.0, 10R/
1107D 0.13, 4.963995, 0.58, 0.051, 90.0, 10R/
1108D 0.90, 10.8196, 0.8621, 0.051, 0.0, -90.0, 10R/

Table A.1: Elevation of Each Pipe Exit for the Primary Loop

PI:‘;E XIPIPE | NINODE | DX Height (A Z) Elevation, m
Z60ONOZ : Elevation of vessel outlet nozzle 12.6644
1 0.6858 2 0.6858 0.0 12.6644
- 045133 -
2 5.8674 14 2> | 13*DX*SINRISIN)=-5.8674 |  6.797
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3 1.397 5 ] 034925 | 4*DX*SIN(RISIN)=- 1397 54
4 | 49276 10 0'5417 SU 1 gspX*SIN(RISIN)=4.9276 | 04724
5 5.4864 15 0’396‘ 88 | DX*SIN(RISIN)=-0277105 | 0.195295
6 | 49276 10 0'5417 SU | gepX*SINRISING=4.9276 | 5.122895
7[99 10 |91 | o+DX*SINRISIN=4.963995 |  10.08689
8 | 108196 | 11 | 108196 | 9*DX*SIN(RISIN)=9.73764 | 0.34925
Z6INOZ : Elevation of vessel inlet pipe 0.34925
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Appendix B. Code Modification List

Table B-1: Code modification List

Subroutine Name Changes
CRDRYR Inconsistent subroutine arguments: GENRD
Inconsistent data type with subroutine argument.
DCODNC ¢ IVLU been set ttgrr,eal(S) from integer =
ENDIT Inlet/Outlet enthalpy of pipe segment in cold pool has been changed
No pump surge tank option
* head due to liquid level to zero
* matnx element for head due to liquid level to zero
EQIVIT ¢ pump speed change rate to zero
¢ liquid level change rate to zero
Bypass flow calculation has been corrected
Integrated values related to pool model has been changed
No pump surge tank option
* head due to liquid level to zero
EQIV2T * matrix element for head due to liquid level to zero
* pump speed change rate to zero
¢ liquid level change rate to zero
ERRMSG 2nd argument of EXIT9U to 8 characters
FLOWIT No pump surge tank option has been added
FLOW2T No pump surge tank option has been added
GENRD Inconsistent data type with subrqutine argument.
¢ IVLU been set to real(8) from integer
GVSLIT External pressure for break flow calculation
HEADIT Discontinuity in pump head homologous curve removed
HYDRIS Pressure drop calculations corrected
IHXIT LOHS actuation at specified time by user
Initialization for no pump surge tank case
* pump inlet pres. to vessel outlet pres.
* head due to liquid level to zero
INITIT Initialization for cold pool variables
¢ Cold pool sodium mass
¢ Pump inlet pressure
Cover gas volume calculation
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Cold pool enthalpy calculation

INIT2T

Initialization for no pump surge tank case
* Pump inlet pres. to preceeding pipe outlet pres.
¢ Head due to liquid level to zero

INTGIT

Inconsistent data type with subroutine argument.
* IVLU been set to real(8) from integer

ISETHM

Character variables can not be set to real variables directly.
* Character vanables are set to real variables using write statement.

LOOPIT

Cold pool enthalpy calculation

NSKIP

Inconsistent data type with subroutine argument.
¢ IVLU been set to real(8) from integer.

PBAL9S

ERR9U arguments been changed
* sequence of arguments has been changed

PIPE1S

Enthalpy and pressure drop calculation routine for cold pool added

PIPWIT

Pressure drop calculation routine for cold pool added

PRUP6T

Calculation for IHX inlet pressure been corrected

PUMPIS

Discontinuity of head homologous curve been corrected

PUMPIT

Discontinuity of head homologous curve been corrected
EMP coastdown at specified time
No enthalpy rise across EMP assumed

READIR

GENRD arguments been changed : 19 places
* 4th arg.: integer(id2) to real(d2)

READ7R

GENRD arguments been changed : 43 places
* 4th arg.: integer(id2) to real(d2)

READSR

GENRD arguments been changed : 1 place

¢ 4th arg.. integer(id2) to real(d2)

GENRD arguments been changed : 1 place

¢ 3rd arg.: real(dum) to integer(idum)

* 5th arg.: real(dum) to first real array element{a(1))
¢ 6th arg.: real(dum) to first int array element[ia(1)]

READSR

int. array for data containment[ia(1)] been included
GENRD arguments been changed : 7 places
* 4th arg.: integer(id2) to real(d2)

READOT

equivalence statement (A(1),IA(1)) been removed

GENRD arguments been changed : 1 place

* 3rd arg.: real(dum) to integer(idum)

¢ 5th arg.: real(dum) to first real array element{a(1)]

¢ 6th arg.: real(dum) to first int array element[ia(1)]
GENRD arguments been changed : 3 places

* 4th arg.. integer(id2) to real(d2)

error message for excess of max. table length been removed

READHM

Character variables can not be set to real variables directly.
» Character variables are set to real variables using write statement.

REPEAT

Inconsistent data type with subroutine argument.
* IVLU been set to real(8) from integer.

RESIS

Steady state calculation for cold pool
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RESIT

No pump surge tank option has been added
¢ liquid level in pump tank to zero

* pump inlet presssure to vessel outlet pres.
¢ liquid level change rate to zero

Cold pool option added

* Time derivative of cold pool sodium mass
* Cold pool level calculation

¢ Pump inlet pressure

RES2S

No pump surge tank option
* gas mass in surge tank to zero
* liquid level in surge tank to zero

RES2T

No pump surge tank option

* liquid level in pump tank to zero

* pump inlet pres. to vessel outlet pres.
* liquid level change rate to zero

RITE6U

int. vanables HY, HI been defined
definition for character STRINGI been changed

UPLS6T

* Overflow model added
* Mass, energy equations changed to include overflow effect
* Time derivative of enthalpy difference due to overflow modified

VERRIT

Dimension for character NAME been changed to character*6

VESLIT

Overflow rate calculation
Cover gas volume

VRFY9T

character NC been defined

VERR9T arguments been changed : 11 places
¢ 4th arg.: integer(+0) to character(NC)
VERRST arguments been changed : 1 place

* 4th arg.: null character to character(NC)

WIMPLT

Cover gas volume calculation
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Abstract (15-20 Lines) |

The Supper System Code of KAERI (SSC-K) is a best-estimate system code for analyzing an varicty
of off-normal or accidents of a pool type design. It is developed at Korea Atomic Energy Rescarch
Inititution on the basis of SSC-L developed at BNL to analyze loop-type LMR transients. -

Because of inherent difference between the pool and loop design, the major modcfications of SSC-L is
required for the safety analysis of KALIMER. The major difference between KALIMER and gencral
loop typc LMRs exists in the primary heat transport system. In KALIMER, all of the esscntial
components consisted of the primary heat transport system are located within the reactor vessel. This
is contrast to the loop type LMRs, in which all the primary components are connected via piping to
form loops attached externally to the reactor vessel. KALIMER has only onc cover gas space. This
eliminates the need for separate cover gas systems over liquid Icvel in pump tanks and upper plenum.
Since the sodium in hot pool is separated from cold pool by insulated barrier in KALIMER, the liquid
level in hot pool is different from that in the cold pool mainly duc to hydraulic losses and pump
suction heads occuring during flow through the circulation pathes. In some accident conditions the
liquid in the hot pool is flooded into cold pool and forms the natural circulation flow path. During the
loss of heat sink transients, this will provided as a major heat rcjection mechanism with the passive
decay heat removel system. Since the pipes in the primary system cxist only between pump discharge
and core inlet plenum and are submerged in cold pool, a pipe rupturc accident becones less severc
duc to a constant back pressure exerted against the coolant flow from break. The intermediate and
steam generator systems of both designs arc generally identical.

To adapt SSC-K to KALIMER design, the major modification of SSC-L has been made for the safety
analysis of KALIMER. Test runs have been performed for the qualitative verification of the developed
models.

The present work would make it possible to use SSC-K for the priliminary safety analysis of
KALIMER. However, the further validation of SSC-K is required to be used for real applications.
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