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Abstract
The PBR_SIM (Pebble Bed Reactor_ SIMulation) code is developed for thermal-hydraulic system

dynamic analysis for system control, operational transients, and depressurization accident with/without
passive or active concrete cooling system. The primary system including the containment and soil is
divided into 12 axial divisions and 20 radial divisions. Radial and axial conduction including radiation, and
axial He convection are considered in the core region. In and through the air gap region we consider axial
convection and wall convective heat transfer by combination of both air natural convection and forced
convection, and radial radiation transport between the reactor vessel and the containment. Radial radiation
transport between solid walls is considered through the He gap regions between the core barrel and the
inner surface of the reactor vessel, and between the outer surfaces of the reflectors to the inner surface of

the reactor vessel. In the containment and soil region only radial conduction heat transfer is considered.

The predictions by PBR_SIM for MPBR at 100% power are compared with those by VSOP. It turns out
that the temperature in the upper region in the second channel predicted by PBR_SIM is higher than that by
VSOP while that in the lower region is pretty close to each other. The transient capability of PBR_SIM is
validated through HEATING-7 analyzing the in stantaneous depressurization accident. The fuel
temperature reaches a maximum one of 1679 C at 108 hrs, while the reactor vessel and containment

temperatures continue to increase up to 200 hrs.

The effect of the air velocity in the gap region on thermal response during the depressurization accident
is investigated. While its effect on the maximum fuel temperature is very small, the maximum reactor
vessel and containment temperatures are very significantly affected by the air velocity. For ém/s, the
maximum containment temperature drops below the containment limiting temperature, while the reactor

vessel temperature is slightly above the reactor vessel limiting temperature.



1. Model Description

1.1 Description of Primary Thermal-Hydraulic Model

The calculation domain is divided into several major regions: pebble bed region, bottom region, side

region and top region. Figure 1 shows the calculation domain including heat transport mechanisms

involved in each region.
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Fig. 1: Calculation domain and heat transport mechanisms involved in each region

(1) Pebble bed region

Let us to use the staggered mesh scheme for the energy conservation equation of the fuel region and the

LUIILahIIIICIIl
bottom sail

grid scheme for that of the gas coolant as depicted in Fig.2.
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Fig. 2 : Nodal scheme in the pebble bed region

In the staggered mesh scheme and the grid scheme, primary variables calculated by the governing
equations are defined at the node and the grid, respectively. In the former interaction between the solid wall
and the fluid and the temporary term are better treated, while the primary variables at the outlet are better
treated in the latter. Considering the conduction and radiation heat flow in the radial and axial directions
and heat exchange between the fuel and coolant gas, we can set up the following governing equation in the

pebble bed region:

(Mgy)/ ;dT;;/dt=(Ak/dn ., j T i —T5)+(AKIdDy i (T i -15)
+ (Ak/dz)ifj-llz(—ri,fj—l -1 +(Ak/dz)ifj+1/2(Ti,fj T +ANI TR T )+ M

Neglecting radial energy mixing but considering the axial convection and the heat exchange between

the fuel and coolant gas, we use the following governing equation in the gas region:
fg - f
(Mep)? a5 /dt=Wey)? 1/ 0T ~WGp)? a2 T + (AN (T =)

where

subscripts i and j: indications of nodes in the r and z directions

superscripts f, g, and fg: indications of fuel and He gas, and interface between fuel and gas
dt, dz, dr: time step size, axial and radial node sizes

k: thermal conductivity including both conduction and radiation

h: convective heat transfer coefficient between fuel and gas



MCp : energy capacity in the nodal volume
A and V: surface area and volume

T, W, q... : temperature, primary mass flow rate of gas, volumetric heat generation

Ti?ja : gas temperature in the node (i,j) averaged between the grids, defined as

T =Sy +TY) /2
(2) Reactor vessel, air gap, containment, and soil in the bottom region

To simplify the calculation, it is assumed that heat flux through the bottom containment and soil from
the bottom surface of the bottom reflector is the same as that through the side containment and soil from the
side surface of the bottom reflector. Here, the bottom region includes reactor vessel, air gap, containment
and soil related to the radial path of the heat flux from the side and bottom of the bottom reflector. We
estimate the averaged temperature of each radial layer belonging to the bottom region. Based on this

simplification, we can set up the following governing equations for each region:

bottom reactor vessel region(BRV)

dTBRV rad conv rad
gt UBR->BRV ~ (dgrv->BGA *YBRV->BC1)

(Mcp) grv
bottom air gap region(BGA)

dTBAG conv conv
(Mcp)gac gt 9BrRv->BeA *BCI->BGA

first node of the bottom containment(BC1)

dT BC1 rad conv cond
(Mcp)ger gt UBRV->BCL ~ (dpci->Bea +dpci->ac2)

where

subscripts, BRV, BR, BGA, BCL1: indications of bottom reactor vessel, bottom reflector, bottom air gap,
and the first node of the containment, and the bottom region is represented by the first axial node except in
the bottom air gap in the PBR_SIM

Here, for simplification, the averaged bottom reflector temperature is used to calculate the radiation
heat transfer rate:
d - 4 4
0BR->BRV = ABrEBRO (TBR ~ TaRV)
where

the averaged temperature of the bottom reflector is defined as



7
TBR = ZT(l, NJ)/? .
i=1l

The governing equations in the second node in the bottom containment and soil is treated using those in
the radial direction.

(3) Top reactor vessel, air gap, and containment regions

Heat transfer from the top reflector to the environment above the top containment is dealt with using the
following governing equation in each region:

top reactor vessel region(TRV)

dT
TRV _ ~rad conv rad
(Mcp )TRV dt = Orr->tRV ~ (qTRV >1a6 Tt Urv ->1C

top air gap region(TAG)

dTrac
(Mcp)tac dt = q'I(Egr\]/v—ﬂAG + Q'|(Eg;nl/>TAG +Wair (Tair (NJ) =Trag)

top containment(TC)

d
TC _ qrad conv cond rad
(Mcp )TC . ~Urvoste ~ (qTC —>1a6 T Urc->ea + Orc—sest

dt

where
Tair (NJ) : air temperature in the top grid of the side air gap region,

EST and EA: external structures and external air flow above the top containment, respectively.

In the same way as in the bottom reactor, the averaged top reflector temperature is used to calculate the
radiation heat transfer rate:

rad - 4 4
qTR=>TRV = ATRETRO(TTR —TTRV )

where the averaged temperature of the top reflector is defined as

7
TTR = ZT(l,l)/7 .
i=1

(4) Bottom and top reflector regions

The top reflector region is divided into the same radial nodes as those in the fuel and side reflector

regions. The governing equation in each region, (i,1) of the top reflector region is expressed as



(Mg,);. dTth(l Y = (AK/ A} (Tra (i =11 —Tr (D) + (AK/ )y o (Trg (i —1D) — T ()

+(Ak/ dZ), 312 (Trr(1,2) —Trr(1)) + (Ah)sz)—>TRV(TTRV —Tr(iD)

where

(i,1) and TR denotes the cell index of the top reflector in the r and z directions and the top reflector,

respectively.

For radiation heat loss from the top reflector to the top reactor vessel, the region surrounded by both is
approximately enclosured and the surface of the i-region in the top reflector is much smaller than that of the

top reactor vessel. Then, the radiation heat loss rate is expressed as
rad rad H — H 4 4 H
q(. 1)->TRV — (Ah)(i,l)—>TRV ( TRV TTR (I,l)) - A(Irl)agTR (TTR _TTRV (' ,1))
Also, the coefficients of the conductive heat transfer rates is expressed as

(AK/dR)®,, = A” ., Jdr( -1 /2K, ) + dr (i) /(2K )]

(AKI QD)% 5 = Ao, oz @) (2K, ) + d2(2) /(2K )]

The bottom reflector region is treated in the similar way to the top reflector region. The governing

equation in each radial node, (i,NJ) of the bottom reflector region:

dTge (i

(M%)iv’\” dt, i :(Ak/dr)B 2na(Ter(l =1 NJ) =T (i, NJ))+(Ak/ dr); 2N

(Tagi 1 NI) ~Tor i, N3))+ (AK/ 2R, 1 (T iy NI=D) =Ty G NI+ (AR s (Tory ~Toris N))

where NJ, BR,BRV denote the axial index of the bottom reflector region, and indication of the bottom

reflector and bottom reactor vessel, respectively.

(5) Side reactor vessel region

As the thickness of the side reactor vessel is thin enough compared with its length, only heat transfer in

the radial direction is dominant over that in the axial direction:

dTSRV (i: J) _ rad conv rad
(Mcp)srv at =0cg->srv ~ (dsry—>sea +dsrv->sc)

where



rad rad conv

deg—ssry * Asry —ssc » Aspy —ssga denote radiation heat transfer rates from the core barrel to the side

reactor vessel, and from the side reactor vessel to the side containment, and the convective heat transfer

from the side reactor vessel to the side air gap, respectively.

(6) Core barrel region
As the thickness of the core barrel is thin enough compared with its length, only heat transfer in the

radial direction is dominant over that in the axial direction:

dTCB (i! J) - cond

d
(Mcp)ce o GSR->CB ~ dCB->SRV

where

q§%@>CB,qéaE§j_>SRV: conductive heat transfer rate from the side reflector to the core barrel and

radiation heat transfer rate from the core barrel to the side reactor vessel defined as
rad =o(Tds -Teby ) eca / +(1- / A
deg—>srv =0(Tce —Tsrv ) /fce /(EcB Acg) + (L —Esrv ) /(Esry Asry )

qg‘;"_‘LCB =(Ak/dr)i2,j(Tsr (=1 j)=Tca (i, i)

(7) Side containment and soil region
As the thermal gradient in the radial direction is much higher than that in the axial direction, only heat

transfer in the radial direction is considered:

first node of the side containment

dTSC (L J) _ ~rad

conv cond
(Mcp)sc gt USRv->sc ~Osc->sea UsC

The three terms in the left-handed side represent the heat transfer rate by radiation from the side reactor
vessel to the side containment, convection from the side containment to the side gap air, and conduction

from the first node of the containment to the second node of the containment, defined as

qgﬁ%»sc =0(Tshy (-2, 1) =Tsc (i, D)) /fesry /(esry Asry ) +L=esc ) I(Esc Asc )]

qg%n_V>SGA = Asc (i, j)h(s:gn_v>5(;/.\ (TSC () _TSGA(i -1 )

qsn =(Ak/dr)isy 2. (Tsc (i )) =Tsc (i +1, j))
general relationship in the remaining nodes of the side containment and soil

dTSC (i! J) cond

d
(Mcp)i j @ =02072,j ~dis1r2,j



where

Aty = (Ak/dr)izgy2,(TG=1 1) -T G, j)

(8) Air gap region

Let us use the grid scheme for the energy equation of the air gap region shown in Fig.3.

The air in the air gap flows from its bottom to its top. Then, the governing equation is expressed as

(Mcp)i; dTyy /it =(ch)fj'_1,2Ti,gj—1 ~Wep)?

. T9 +
ij+r2 bIFL

(AT T AT T
oL b

where

the superscripts, g,rg,cg represent the air, heat transfer from the reactor to the air and from the

containment to the air.

The subscripts, i,i-1,i+1 represent the index of the air, the reactor vessel, and the containment, and
j'the same axial plane counted from the top because the axial index, j, in the reactor and the containment

is counted from the top and the bottom, defined as
i =NI-j+1.
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Fig. 3: Grid scheme in the air gap region



1.2 Description of Core Neutronics Models
The point reactor kinetics equations for the one effective group of delayed neutrons becomes

dQ/dt = (p-B)Q/A+AC
dC/dt = BQ/A-AC

where

B, p,/\ : total yield fraction, reactivity, mean neutron generation speed
Q, C : total reactor thermal power, precursor concentration
The rate equations for Xenon and lodine are given by
di/dt=y,Z;@-A,l
dXe/dt =y, .S @+ A, 1 =(Ay, +0 @) Xe
The reactivity from Xe concentration is estimated by
Ap=-0Xelz,
The temperature coefficients of reactivity is estimated using the data of the MGR-GT reactor(1).

Considering the dependence of decay heat production on reactor power level prior to shutdown, the
history of the operation, and the shutdown period of time, the following KFA formula(1) is used to

approximate the decay heat generation:

Qdecay 1Qo = A((ts_a —(to +ts)_a)

1.3 Solution Scheme
The solution scheme is based on the explicit time scheme:
dy/dt=f(x)->y™ =y" + f(x")dt

Let us take the example of the governing equations in the fuel region to explain the numerical scheme.
The energy equations for the fuel and coolant gas in the pebble bed region are converted into the following
numerical equations:

(Mcy); j (ri,fj’n+1 ‘Ti,fj'n)/ Bt =(AK/dnLy, i (Tiiinj ‘Ti,fj'n) +(AK/ Ay, i (I—i-]:-inj ‘Ti,fj'n)
A2 (R0 =T ™) +(AKT 60 0o (G0 =T + AN S =T M 0 W

ij g N

n+l , _ , , fi f, )
(Me)?; (™ =T 8t =Wep)? 1/ 2Ti% L = W) s T + (AR " - T™)



The above equations are expressed in terms of time constants:

4 f, ,
UN )/At (1/T'—1/21)(T—1,1 —Tijj n)+(1/T|+1/21)0—|+1, ‘n)

+WT 1-1/2)(T| =TI+ )G T + @IS TN 4o

(TS =TSN At =S TS — W TS + WM @S -T8"

where the various time constants are defined as

f,n _ f £
Tistyz,j = (Mcp)j j [(AK/dr); 5 |
f,n _ f f
Tis12,j =(Mcp)ij I(AK/dr) s |
f, ; .
rf o = (Meg) (Ak T d2) |y,

f,n _ f f
Tj w2 = (Mcp)i j (AT dz)j 540/0

f, f f
ri,j“ =(Mcp); /(Ah)i?j

fn_ " f f
a,j" =dijVij /(Mep)y

9N _ g g

Tijs2 = (Mep)ij IWe p)ii 2
gn - g g

Ti iz = (MCp )i IWE )i 402
19" = (Mcp)?; f(An)S

As the explicit numerical scheme is used, the time step size should be limited by two conditions,
convective limit and conductive limit to maintain numerical stability, defined as

Courant limiting condition: At <min(Az/vS Az /v@

axial’ axial )

Conduction limiting condition: AtcgngL < min(ar? /a, 022 lar)

1.4 Physical models

(1) Pebble bed region

Pebble bed effective thermal conductivity

For Pebble bed effective thermal conductivity, k(T), the following simplified correlation developed by

General Electric(3) is used:

k (T) = 11536X1O_4 (T - 173-16)1'6632

where k(T): temperature dependent thermal conductivity of pebble bed, W/m-k

Convective heat transfer coefficient between fuel and gas



The following heat transfer correlations are used to calculate the heat transfer from the fuel and to the
gas: Here, the heat transfer coefficient, h, for forced convection is calculated based on the correlation
developed by KFK(2):

h=(k/d)Nu
where
Nu =1.27 Prg-3%3 Reg 3%/ £118 +.0.033PrJ° Re g/ 107
where
Q.faJ = (Ah)if,gj (Ti,fj _Ti,gj)
Reg = (\Ngdball)/(&ug)
dyy : diameter of the ball(m)

f .
A and A 9 : empty-core cross section area and total surface ball area

€: porosity estimated using the following empirical relationship (4):

£ =0.78/(D,,, /d,,,)? +0.375

(2) Radiation heat transfer
Radiation heat transfer through the gas gap is estimated using the following basic radioactive heat
transfer equation (5):
4 4
Qriji+1j = A, jo€ij,i+1j (Ti;j =Tisa,j) = Aijhijiaaj (T j —Tise )
where

QRij,i+1j : radioactive heat transfer rate between nodes, (i,j) and (i+1,))
h: effective heat transfer coefficient between nodes, (i,j) and (i+1,j) defined as
hRij,i+1j = O€ij i+l (Ti,zj +Ti-2I-1,j)(Ti‘j +Tisgj)
Emittance from nodes (i,j) and (i+1,j) is defined as
Eij,i+l] =1/l(1'€i+1,j)/(5i+1,jAi+1,j)+1/(Aij Fij,i+1j)+(1'€i,j)/(Ei,in,j)J
where

Fiji+1j : View factor between two planes, (i,j) and (i+1,))



(3) Convective heat transfer coefficient by air in the air gap

h, =k,Nu, /drg
where

Nu, = (Nu; +Nu,)"”?
Nu,, =0.023Re;* Pr,"
Nu, =C, [T, - T ) /T, + T}
The Nusselt number for natural circulation flow, NU,, is obtained using the well-known correlations

for the horizontal and vertical plates(6) defined as:

C,= 0.15[2gcpp§ I(ky 1, )]1/3 for the horizontal plate

= O.l[Zngps Ik, 1 )]1/3 for the vertical plate

The properties for the convective heat transfer coefficients are estimated at the averaged temperature of

the gas and the wall.

The total Nusselt number for gas flow, Nu_, is combined by two contributions, forced convective,

g’

Nuj, , and natural convective, NU, :

Nu, = (Nuj +Nu?)"®

2. Simulation and Validation of PBR_SIM

For the simulation of PBR_SIM the actual geometry of the pebble bed region of MPBR is
approximated into the cylinders of 5 channels with the ten axial divisions with the initial and boundary

conditions of Table 1.
At 100% power MPBR is simulated using the following power distribution at equilibrium fuel cycle

HEATING-7(Heat Engineering and Transfer In Nine Geometries-7)(10) is a multidimensional, general-
purpose heat transfer code written in FORTRAN 77. HEATING solves steady-state and/or transient
problems in one-, two-, or three-dimensional Cartesian, cylindrical, or spherical coordinates. The code can
deal with the conduction and radiation problem only. However, it can not deal with any convective problem.
Therefore, in case of no air flow in the air gap region, predictions by PBR_SIM are compared with those by
HEATING-7 for the V&V of PBR_SIM. After then, the effect of air velocities on thermal response of
MPBR is investigated.



Tablel: boundary and initial conditions simulated in PBR_SIM

parameters initial conditions
total core power 265 Mw(th)
total core flow rate 118.87 kg/s
primary pressure 8 MPa
He coolant inlet temperature 445C
pressure vessel temperature 280 C
external air and structures 3C
concrete 50C
earth 35C
parameters boundary conditions
external air and structures 35C
outer most boundary of earth 35C

1200

The predictions by PBR_SIM for MPBR at 100% power are compared with those by VSOP(Very
Superior Old Program) for computer code system for reactor physics and fuel cycle simulation. The input
for VSOP is produced for PBMR of ESKOM. The inlet and outlet temperatures are 536C and 900C. Two
cases are compared as shown in Figs. 4 and 5: axial temperature distribution in the second channel and the
radial distribution in the axial plane of 6.53m from the top of the pebble bed region. It turns out that the
temperature in the upper region in the second channel predicted by PBR_SIM is higher than that by VSOP
while that in the lower region is pretty close to each other. The lower predictions by PBR_SIM may be
caused by absence of He region between the top reflector and the top of the pebble bed region in PBR_SIM.
In the same way, the temperature in the center reflector predicted by PBR_SIM is lower than that by VSOP.
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Fig. 4 : Axial temperature distribution in the 3™ channel at 100% power
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Fig. 5: Radial temperature distribution in the axial plane of 7.125m from top at 100% power

The instantaneous depressurization accident, in which shutdown and complete depressurization at the
start of transient take place, is simulated using PBR_SIM and HEATING-7. The operational requirements

of MPBR are as follows:

According the DOE report performed by Bechtel, the concrete temperatures should be less than 65 C
during normal operation and 177 C for off-normal transients and the reactor vessel temperatures should be
less than 427 C during normal operation and 482 C for off-normal transients. As shown in figure, the fuel
temperature reaches a maximum one of 1679 C at 108 hrs the 7" node in the second channel from the top
of the core region when the heat loss from the reactor vessel is higher than heat generation in the pebble
bed region. However, the reactor vessel and containment temperatures continue to increase up to 200 hrs.
Figure 6 shows comparison of predictions by PBR_SIM and those by HEATING-7. There is in good

agreement among them.

The effect of the air velocity in the gap region on thermal response during the depressurization accident
is investigated. As shown in Fig.7, while its effect on the maximum fuel temperature is very small, the
maximum reactor vessel and containment temperatures are very significantly affected by the air velocity.
For 2m/s of the air velocity, the peak temperatures and times of the fuel, reactor vessel, containment are
reached at 1663 C and 89 hr, 593 C and 47 hr, and 305 C and 128 hr, respectively. For 6m/s, the maximum
containment temperature drops below the containment limiting temperature, while the reactor vessel
temperature is still above the reactor vessel limiting temperature. In order to protect the reactor vessel, we
need to install the thermal shield with lower thermal conductivity such as carbon material than graphite

between the side reflector and the reactor vessel.
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Fig. 7 : Trends of maximum temperature for 0.2, 4.6 m/s of air velocity in the air gap region

3. Conclusions

The PBR_SIM code is developed for thermal-hydraulic system dynamic analysis for depressurization

accident with/without passive or active concrete cooling system.

Through VSOP the steady-state capability of PBR_SIM is validated. It turns out that the temperature in
the upper region in the second channel predicted by PBR_SIM is higher than that by VSOP while that in
the lower region is pretty close to each other. Also, the transient capability of PBR_SIM is validated
through HEATING-7 analyzing the instantaneous depressurization accident. The effect of the air velocity
in the gap region on thermal response during the depressurization accident is investigated. While its effect

on the maximum fuel temperature is very small, the maximum reactor vessel and containment temperatures



are very significantly affected by the air velocity. For 6m/s, the maximum containment temperature drops
below the containment limiting temperature, while the reactor vessel temperature is slightly above the

reactor vessel limiting temperature.
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