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APPLICATION OF THERMIX-KONVEK CODE TO ACCIDENT ANALYSES OF 
MODULAR PEBBLE BED HIGH TEMPERATURE REACTORS (HTRS) 

J. C. Cleveland 
S .  R. Greene 

ABSTRACT 

The THERMIX-KONVEK code w a s  used t o  model t h e  s t e a d y  
s t a t e  and dynamic thermal behavior of t h e  U.S. pebble bed 
modular HTR concept and t r i a l  c a l c u l a t i o n s  f o r  acc ident  con- 
d i t i o n s  were performed. R e s u l t s  of t h e s e  t r i a l  c a l c u l a t i o n s  
a r e  compared with o ther  p r e d i c t i o n s  by ORNL and by indus- 
t r i a l  proponents. 

The b a s i c  equat ions ,  assumptions,  and c a l c u l a t i o n a l  ' 
technique employed i n  THERMIX-KONVEK a r e  presented. Code 
v a l i d a t i o n  e f f o r t s  conducted a t  Kernforschungsanlage-Jclich 
(KFA) are summarized, and t h e  a p p l i c a b i l i t y  of t h e  code t o  
t h e  U.S. pebble bed modular HTR i s  assessed.  

It was concluded, t h a t  t h e  code i s  a p p l i c a b l e  t o  
ana lyses  of t h e  s a f e t y  behavior of t h e  U.S. modular pebble 
bed HTR. S i g n i f i c a n t  code v a l i d a t i o n  has  been conducted 
using out-of-reactor test  loops a t  KFA. Pred ic ted  r e s u l t s  
a g r e e  well wi th  measured d a t a  except f o r  t es t  c o n d i t i o n s  
lead ing  t o  asymmetric behavior which cannot be p r e d i c t e d  
w i t h  t h e  two-dimensional THERMIX-KONVEK model. Suggest ions 
a r e  made f o r  a d d i t i o n a l  code development inc luding  cornpari- 
son of code p r e d i c t i o n s  wi th  r e a c t o r  o p e r a t i n g  data.  

1. INTRODUCTION 

This  r e p o r t  p r e s e n t s  r e s u l t s  of O R N L ' s  i n i t i a l  a p p l i c a t i o n  of t h e  

THERMIX-KONVEK thermal f l u i d  dynamic code t o  acc ident  ana lyses  of t h e  

pebble bed modular High Temperature Reactor (HTR). The code has been 

developed by Kernforschungsanlage J z l i c h  (KFA) dur ing  t h e  p a s t  t e n  years  

and i s  used i n  Germany f o r  r e a c t o r  design and l i c e n s i n g  assessments of 

pebble bed r e a c t o r s .  THERMIX-KONVEK was r e l e a s e d  f o r  s a f e t y  s t u d i e s  of 

HTRs under t h e  USNRC program by t h e  German Minis t ry  f o r  Research and 

Technology (BMFT) wi th in  the frame of t h e  Technical Exchange and Cooper- 

a t i v e  Agreement between t h e  USNRC and t h e  BMFT i n  t h e  f i e l d  of Reactor 

Safe ty  Research and Development. 
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The o b j e c t i v e s  of t h i s  i n i t i a l  e f f o r t  have been t o  

(1) develop a model of t he  U.S. pebble bed modular HTR and complete 

i n i t i a l  t r i a l  c a l c u l a t i o n s  of l o s s  of flow and l o s s  of hea t  s i n k  

a c c i d e n t s ,  and i f  poss ib l e ,  r e a c t i v i t y  i n s e r t i o n  acc iden t s .  

( 2 )  assess code development and v a l i d a t i o n  needs. 

This r e p o r t  summarizes the  b a s i c  assumptions and c a l c u l a t i o n a l  

techniques  used i n  THERMIX-KONVEK. A model of t h e  U.S. modular pebble 

bed r e a c t o r  w a s  developed and i n i t i a l  c a l c u l a t i o n s  f o r  a loss of flow 

and loss  of hea t  s i n k  acc iden t  and f o r  a dep res su r i zed  co re  heatup acci- 

dent are repor ted .  Resu l t s  are compared with o t h e r  r e s u l t s  a v a i l a b l e  

f o r  pebble bed modular HTRs. 

The e x i s t i n g  THERMIX-KONVEK v a l i d a t i o n  work has been summarized and 

assessed  r e l a t i v e  t o  a p p l i c a t i o n  of t h e  code t o  t h e  U.S. modular pebble 

bed r e a c t o r  concept. Recommended s t e p s  f o r  a d d i t i o n a l  v a l i d a t i o n  are 

presented. F i n a l l y ,  recommendations f o r  a d d i t i o n a l  ana lyses  of modular 

HTRs are presented  and r equ i r ed  code development e f f o r t s  are d iscussed .  

A reques t  t o  KFA has been made f o r  t he  KINEX neutron k i n e t i c s  

module of THERMIX which provides t h e  c a p a b i l i t y  f o r  ana lyses  of reac- 

t i v i t y  i n s e r t i o n  t r a n s i e n t s .  A suggested next s t e p  i n  O R N L ' s  app l i ca -  

t i o n  of the  code involves  t r i a l  c a l c u l a t i o n s  of r e a c t i v i t y  i n s e r t i o n  

t r a n s i e n t s  us ing  KINEX coupled t o  THERMIX-KONVEK. 

. 
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2. SUMMARY OF MODELING APPROACH, ASSUMPTIONS, 
AND CALCULATIONAL TECHNIQUE 

THERMIX-KONVEK calculates the temperature and flow conditions with- 

in the pebble bed HTR for steady state conditions and for transient con- 

ditions which follow shutdown of the reactor. The KINEX module couples 

with THERMIX-KONVEK to perform neutron kinetics calculations required ' 

for analyses of "at power" transients including changes in reactivity. 

Different aspects of the THERMIX-KONVEK modeling approach, assumptions, 
and calculational technique are presented in Refs. 1-3. Because this 

documentation is spread out and incomplete, the following description of 

the THERMIX-KONVEK modeling technique has been written as a first step 

to bring together a more complete description of the modeling approach 
and to fill in certain gaps not explicitly discussed in the existing 

documentation. 

The pebble bed thermal fluid dynamic model is based on representa- 

tions of the solid .and of the flowing fluid as follows: 

heat transfer and heat storage in the pebble bed are considered on 
a two-dimensional macroscopic scale for partial bed volumes; 

0 the temperature distribution within representative individual fuel 
pebbles at specified locations is computed; 

the coolant gas flow is treated as two-dimensional flow through a 
porous media. 

The calculation of temperatures within the pebble bed, and of tem- 
peratures within representative individual pebbles, is coupled to the 

calculation of the gas flow and temperature distribution as shown in 

Fig. 2.1. 

2.1 Basic Equations for Modeling Solid and Gas 

The basic equations which are solved by THERMIX-KONVEK are pre- 

sented below, and the sections which follow provide a summary of the 

solution technique. 
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Fig. 2.1. Flow scheme for the THERMIX-KONVEK code. (F igure  taken 
from Ref. 2.) 

2.1.1 Pebble bed temperature distribution (two-dimensional, 
r-z, macroscopic representation of the temperature 
distribution within the pebble bed) 

Conservation of energy, dynamic representation: 

where r,z are the coordinates of a point in the pebble bed, and 

T = bed temperature 

= volumetric heat capacity of homogenized bed 

and radiation) independent of coolant flow 

pcP 
Xe = effective bed conductivity (which includes thermal conduction 

. 
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iiO#= nuclear  heat source rate d e n s i t y  . 
convect ive  hea t  source  ( s i n k )  r a t e  dens i ty .  qi?= 

2.1.2 Temperature d i s t r i b u t i o n  w i t h i n  t h e  pebbles ( r a d i a l l y  
symmetric, one dimensional,  temperature d i s t r i b u t i o n  
w i t h i n  t h e  pebble) 

Conservation of energy, dynamic r e p r e s e n t a t i o n :  

where . 
qO” is t h e  nuc lea r  hea t  source  ra te  d e n s i t y  n 

R = d i s t a n c e  from pebble c e n t e r  

k = pebble c o n d u c t i v i t y  

= pebble volumetr ic  hea t  capac i ty .  
pcP 

2.1.3 Gas temperature and flow d i s t r i b u t i o n  
(2  dimensional,  r-z q u a s i - s t a t i c  r e p r e s e n t a t i o n  
of pressure  and flow f i e l d )  

Conservation of mass: q u a s i - s t a t i c  r e p r e s e n t a t i o n  (V I = $1 

a -- l a  ( r G r ) + - G  = $ ,  
r ar a Z  z 

where Gr and G, are the  components of t h e  flow v e c t o r  1. 
kg/s/m2.) E = p:, and 

(G has u n i t s  

4 = mass source  r a t e  d e n s i t y  (kg/s/m3) (e.g. mass source  in t roduced  
i n t o  lower plenum). 

Note t h a t  t i m e  dependent mass s t o r a g e  i s  neg lec t ed  i n  Eq. 3. 

Conservation of momentum, q u a s i - s t a t i c  r e p r e s e n t a t i o n  n e g l e c t i n g  

i n e r t i a  and s p a t i a l  a c c e l e r a t i o n :  

v ~ + i t - p 2 = 0 ,  o r  

and 
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where 

8 = f r i c t i o n a l  f o r c e  per u n i t  volume and, accord ing  t o  Ref. 4, is  
rep resen ted  as 

P = s t a t i c  p r e s s u r e  

p = gas  d e n s i t y  

JI = p r e s s u r e  l o s s  c o e f f i c i e n t  f o r  flow through pebble bed (g iven  i n  

d = pebble diameter.  - 
Conservation of energy, q u a s i - s t a t i c  r e p r e s e n t a t i o n :  Given the  

s o l i d  body temperature d i s t r i b u t i o n  and the  gas flow f i e l d  (from Eqs. 3 ,  

4a and 4b)  t h e  gas  temperature f i e l d  is determined by: 

Ref. 4 a s  a func t ion  of t h e  Reynolds number) 

o r  

a 
ar az 

a (r  T G + C p x  ( T ~  cZ> = - -  r ar c -- 
p r ar g r  

+ ‘p 0 Tsource  

where 

Tg = gas  temperature 

X = e f f e c t i v e  thermal conduc t iv i ty  of t h e  gas due t o  d i spe r -  

c = gas  s p e c i f i c  hea t  c a p a c i t y  

* 
s i o n  

P 
= temperature of gas sou rce  

6 = mass source  rate dens i ty .  
Tsource 

The terms on t h e  l e f t  hand s i d e  of t h e  above equa t ion  r e p r e s e n t  t h e  con- 

v e c t i v e  hea t  t r a n s p o r t  rate whi le  t h e  terms on t h e  r i g h t  r e p r e s e n t  t h e  

d i s p e r s i v e  hea t  t r a n s p o r t  rate,  and t h e  rate of energy i n t r o d u c t i o n  by a 

mass source.  Note t h a t  time dependent energy s t o r a g e  terms and compres- 

s i v e  work terms are neglec ted .  
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The dispersive heat transfer is a function of local conditions and 
is treated by means of an effective thermal conduction. In the flow 
direction it is generally negligible relative to the convective heat 

flow. 

A s  discussed above, the gas temperature, flow, and pressure fields 

are obtained by solving the steady state quasi-static form of the equa- 

tions for conservation of energy, mass, and momentum. Mass storage 

effects due to the variation of the gas density profile over time are 
disregarded. This is permissible because 

- the heat storage in the coolant gas is not significant compared 

with heat storage in the solid, and thus changes in mass con- 

tent of a given fluid node need not be computed to formulate 

the energy balance; and 

- changes in gas density resulting from changes in solid tempera- 

ture occur slowly due to slow changes in solid temperature. 
The following simple example illustrates the unimportance of energy 

storage in the helium for the determination of core temperatures (even 

in the depressurized case). Consider 1 m3 of a pebble bed core with the 
helium content initially at 75OOC and 70 bar. The helium volume is 

0.39  m3 (the pebble bed void fraction). A 5OOOC decrease in helium 

temperature results in a decrease in helium internal energy of 1.8 MJ. 
If the pressure also drops to 1 bar, the internal energy change of the 
helium in the 1 m3 of core volume is 2.2 MJ. However, a 5OOOC drop in 

the solid temperature (for example from 1000°C to 500°C) results in a 

change in energy storage in the solid of 1200 W; thus the energy change 
of the gas has an insignificant effect on solid temperature. 

In the conservation of momentum equation for the gas flow through 

the pebble bed (Eq. 4 ) ,  acceleration losses are neglected. The insig- 
nificance of acceleration losses through the pebble bed relative to 

frictional losses can be seen by the following example using modular HTR 

conditions. The pressure loss due to gas acceleration through the bed 

is 



a 

F r i c t i o n a l  l o s s e s  i n  the  bed can be r ep resen ted  as (see Sec t ion  

2.1.3) 

G2 9 

1 - €  1 1  JI--- Apf 
AH € 3  d 2P 
- =  

where J I  is  a f u n c t i o n  of Reynolds number. For modular HTR f u l l  flow 

c o n d i t i o n s ,  JI i s  f a i r l y  cons t an t  through t h e  co re  ranging from 2.0 a t  

t h e  core i n l e t  t o  2.1 a t  the  co re  o u t l e t .  Using 2 as an approximate 

va lue  f o r  J I  and i n t e g r a t i n g  over core  he ight  g i v e s  

where i t  has been assumed t h a t  t h e  gas  d e n s i t y  v a r i e s  l i n e a r l y  wi th  d i s -  

tance through t h e  core. For f u l l  flow cond i t ions  i n  t h e  U.S. pebble bed 

modular HTR, t h e  above r e l a t i o n s h i p s  g ive  

APf IJ 500 APa . 
Clea r ly ,  a t  f u l l  flow cond i t ions ,  a c c e l e r a t i o n  l o s s e s  i n  t h e  bed can be 

neglec ted .  For n a t u r a l  convection cond i t ions  (both  p re s su r i zed  and 

depres su r i zed )  neg lec t ing  a c c e l e r a t i o n  l o s s e s  is  even more a c c u r a t e  

since IJJ i n c r e a s e s  with decreas ing  Reynolds number. 

To a c l o s e  approximation the  flow is i n  equ i l ib r ium wi th  the  dr iv-  

ing  p res su re  d i f f e r e n c e s ,  s ince  f r i c t i o n  accounts f o r  t he  l a r g e s t  por- 

t i o n  of t he  p r e s s u r e  drop and a c c e l e r a t i o n  l o s s e s  a r e  small .  Thus the  

i n e r t i a l  term i n  t h e  momentum equat ion  is  small  and is  neg lec t ed  in 

THERMIX-KONVEK a l lowing  the flow to be c a l c u l a t e d  i n  s t eady  s t a t e  

( s e e  Eq. 4 ) .  

2.2 So lu t ion  Technique f o r  Temperature 
D i s t r i b u t i o n  Within t h e  Pebble Bed 

2.2.1 D i s c r e t i z a t i o n  of h e a t  t r a n s p o r t  equa t ion  

To solve f o r  the  macroscopic temperature d i s t r i b u t i o n  wi th in  the  

pebble bed, Eq. 1 is  m u l t i p l i e d  by the  volume element dV = 21rr dr dz,  
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and the  term r a T / a r  i s  r ep resen ted  a s  aT/a(ln r) t o  g ive  

aT a ( A  a~ ) d r  dz +a (A z) 2ar  d r  dz =P dV = 2 n ~  e a f i n r  a Z  e a Z  

Th i s  equat ion  is  then i n t e g r a t e d  over the  volume element shown i n  

Fig. 2.2. The volume i n t e g r a l s  of t he  f i r s t  two terms on the  r i g h t  hand 

s i d e  of t he  above equat ion  a r e  t r e a t e d  a s  follows: 

ORNL-DWG 85-4901 ETD 

1 TI-l ,N 

A3 

I I 
I 

b Z l + l  
'N+1 

TI+ l  ,N 

I 
Fig. 2.2. S p a t i a l  d i s c r e t i z a t i o n  of t h e  s o l i d  model. (F igu re  

taken from Ref. 1.) 



and 

dTI , N  
d t  

/I 2nr (Ae E) dz d r  = 2n. 

- 9 - ? 

A t '  j+1 /2  

10 

Z ar t o p  

['e GI z bottom 
d r  9 

where rin and rout a r e  the  inner  and ou te r  r a d i i  of t he  volume element 

and Zbottom and z a r e  the  d i s t a n c e s  t o  the  bottom and top  of t h e  vol- 

ume element shown i n  Fig. 2.2. Then 
top  

r TI ,N+1 - T I , N  ou t  

i n  
dz = 2aAz ' e , E  in ( rN+l / rN)  

a T  
['e a r l l r  

T -  I , N  T I , N - l  - 
' e , Z  ~ln ( r N / r w l )  

and 

TI-l , N  - T I , N  

I - 2  I- 1 2m I r (he %)Iz d r  = 271 r N A r  A e , E  z 
aT Z t o p  

bottom 

- TIIN - TI+l , N  
9 

I+ 1 ' e , E  z - z I 

where, f o r  example 

Having performed the  s p a t i a l  i n t e g r a t i o n  y i e l d i n g  t h e  lumped node 

model, an i n t e g r a t i o n  over time is  c a r r i e d  out  accord ing  t o  the  Crank- 

Nicolson procedure. The hea t  t r a n s p o r t  equat ion  is  w r i t t e n  f o r  t i m e  

tj+1/2 = - (tj" + t j ) / 2  where tj+' r e p r e s e n t s  the  new t i m e  a t  which t h e  

temperature f i e l d  is t o  be c a l c u l a t e d  and t j  r e p r e s e n t s  t h e  o ld  t i m e  a t  

which a l l  temperatures a r e  known. The fo l lowing  approximations a r e  

made : 
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and all temperatures and source densities on the right hand side of the 
heat conduction equation at time t j+ll2 are approximated by their aver- 
age value during At j ; for example 

j+l T j + T  . I-1,N I-l,N 
1-1 ,N 2 . 

This results in a set of IMAX * NMAX algebraic equations involving the 

unknown nodal temperatures at the future time (tJ ) and known nodal 

temperatures at time tJ : 

'+1 

- 
'1,N LI,N - - 

At' I 2rr ArN Az (P~~)I,N N 

This set of equations has temperature dependent coefficients. These 

equations are solved iteratively for the nodal temperatures at the 

future time by means of a point relaxation method with successive over- 

relaxation. 
Future evaluations of the code (item 5 of Section 7 of this report) 

, at time tj+l is need t o  examine how the convective heat source, qk 

estimated in order for the code to compute the solid temperatures at 
time tj". This is not clear from the existing documentation or from 
the computational flow diagram of Fig. 2.1. 

0 0 b  

At the centerline (r = 0) the boundary condition that - =  dT 0 is 

Future evaluations of the code need to examine how this is in- 
dr 

applied. 
corporated into the above heat transfer equation. 

This homogenized pebble bed thermal model determines a local tem- 

perature value for each volume element in the macroscopic mesh. The re- 

sulting temperatures of the homogenized bed volume are representative of 

fuel temperatures for conditions involving small temperature gradients 



12 

w i t h i n  t h e  i n d i v i d u a l  f u e l  pebbles. For a n a l y s e s  of "at  power" t ran-  

s i e n t  c o n d i t i o n s ,  f o r  which t h e r e  are s i g n i f i c a n t  temperature  g r a d i e n t s  

w i t h i n  t h e  pebbles ,  a heterogeneous pebble model is provided t o  compute 

t h e  temperature d i s t r i b u t i o n  w i t h i n  r e p r e s e n t a t i v e  pebbles  a t  s p e c i f i e d  

l o c a t i o n s  w i t h i n  t h e  pebble bed. 

2.2.2 Pebble bed e f f e c t i v e  thermal conduct iv i tv :  

I n  Eq. 1,  X r e p r e s e n t s  t h e  e f f e c t i v e  thermal c o n d u c t i v i t y  f o r  t h e  e 
pebble bed. It accounts  f o r  t h e  fol lowing h e a t  t r a n s p o r t  mechanisms: 

1)  Thermal conduction through t h e  pebble 

2 )  Thermal conduct ion through t h e  c o n t a c t  p o i n t s  

3) Thermal conduction from s o l i d  t o  f l u i d  t o  s o l i d  

4 )  Radia t ion  between f a c i n g  pebbles  

The vers ion  of THERMIX-KONVEK provided by KFA t o  ORNL r e p r e s e n t s  X with  

t h e  c o r r e l a t i o n  
e 

where T = l o c a l  s o l i d  temperature  ("C), and X e  i s  i n  W/cm K. 

p r e s e n t s  a somewhat d i f f e r e n t  c o r r e l a t i o n  [ A  = 2.0 x 10'5(T-135) 

0.0031 which apparent ly  was used i n  ear l ier  v e r s i o n s  of THERMIX. See 

Sec t ion  5.1.1 f o r  a d i s c u s s i o n  of KFA e f f o r t s  t o  exper imenta l ly  d e t e r -  

mine c o r r e l a t i o n s  f o r  A e  and t o  o b t a i n  a n a l y t i c a l  formula t ions  f o r  Xe .  

Ref. 1 
1.29+ 

e 

2.3 S o l u t i o n  Technique f o r  Temperature D i s t r i b u t i o n  
Within Fuel Pebbles 

A t  s e l e c t e d  l o c a t i o n s  w i t h i n  t h e  pebble  bed, a heterogeneous pebble 

model i s  provided. Temperatures of each of f i v e  s p h e r i c a l  s h e l l s  w i t h i n  

t h e  pebble are determined numerical ly  from Eq. 2. Heat g e n e r a t i o n  i n  

the  i n d i v i d u a l  f u e l  microspheres i s  homogenized wi th in  t h e  f u e l e d  zone 

of t h e  pebble. The fol lowing boundary c o n d i t i o n s  are a p p l i e d  t o  Eq. 2: 

0 (where R i s  t h e  d i s t a n c e  from t h e  pebble  c e n t e r )  a t  R = 0,  - =  
aT  
a R  

a t  R = R 4 IT R2 k - a T  = (GAS + 6,) , 
P' P a R  
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where Q, r e p r e s e n t s  t h e  r a t e  of hea t  removal from t h e  pebble by convec- 

t i o n  and 6 is t h e  rate of hea t  removal from t h e  pebble due t o  t h e  e f -  

f e c t i v e  conduc t iv i ty  wi th in  t h e  bed. [Note t h a t  t h e  two means of hea t  

removal from the  pebble s u r f a c e  (R  = R ) are by convection and by a n  

e f f e c t i v e  conduction (which inc ludes  r a d i a t i o n )  through t h e  bed.] 

i s  determined from t h e  e f f e c t i v e  conduc t iv i ty ,  A,, and t h e  temperature 

f i e l d  of t he  macroscopic mesh used i n  t h e  homogeneous bed model. 

ob ta ined  as fo l lows:  The n e t  ra te  of hea t  f lowing i n t o  t h e  c o n t r o l  ele- 

ment of t he  macroscopic mesh shown i n  Fig. 2.3 i n  which the  pebble i s  

loca ted  is represented  as 

AS 

P 

4 s  . 

4 s  is 

where dV = 2nr d r  dz and t h e  i n t e g r a t i o n  i s  c a r r i e d  ou t  over t h e  macro- 

s c o p i c  c o n t r o l  element whose volume i s  AV. i s  t h e  f r a c t i o n  of 

t h i s  hea t  f lowing i n t o  one pebble i n  t h e  macroscopic c o n t r o l  element and 

t h e  c o n t r o l  element con ta ins  N pebbles 

S ince  6 
AS 

P 

1 
'AS N = - I V*(Ae VT) dV 

P 

and 

""pebble N = AV ( 1  - 
P 

Performing t h i s  i n t e g r a t i o n  over the  c o n t r o l  element shown i n  Fig. 2 . 3  

g ives  

T - T  T - T  
r 2  r1 

2 n Az 

T - T  
'pebble i 

'z) AV ( 1  - S )  ' 

2 z 

+ 'e,zi i=l 

To so lve  f o r  t h e  temperature of t h e  pebble s h e l l s  Eq. 2 is inte-  

g ra t ed  over each s h e l l  (see Fig. 2.3) r e s u l t i n g  i n ,  f o r  the  k th  pebble 
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A V  

Fig. 2.3. ( a )  D i s c r e t i z a t i o n  of t h e  homogenized pebble bed i n  
c y l i n d r i c a l  coord ina te s ;  (b)  s p h e r i c a l l y  symmetric d i s c r e t i z a t i o n  of t h e  
f u e l  element. (F igu re  taken from Ref. 2.)  

where wk and wk+l a r e  conductance terms: 

d e r i v a t i v e  t e r m  is  rep resen ted  by 

wk = 4 n ~ $ / ( % - ~  - The 

where T C 1  i s  t h e  temperature of the  k t h  pebble s h e l l  a t  t h e  new t i m e ,  

tj+l 9 and TL i s  the  temperature of t h e  k t h  pebble s h e l l  a t  t h e  o ld  t i m e ,  

The i n t e g r a t i o n  i s  performed e i t h e r  by i t e r a t i o n  o r  by ma t r ix  t 

s o l u t i o n  as r eques t ed  by the  user .  
j* 
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2.4 Solu t ion  Technique f o r  F lu id  Conditions - 

2.4.1 Quas i - s t a t i c  r e p r e s e n t a t i o n  of f l u i d  

The pebble bed flow f i e l d  model a p p l i e s  t o  a s u f f i c i e n t l y  l a r g e  

nonordered bed of equal  diameter pebbles t r e a t e d  a s  a homogeneous porous 

s o l i d .  The cond i t ion  of t he  gas i s  desc r ibed  by vec to r  flow v e l o c i t i e s  

and mass f l u x e s  and by a macroscopic p re s su re  f i e l d  and a macroscopic 

tempera ture  f l e l d .  The fo l lowing  technique is used t o  ob ta in  the  gas  

flow and temperature d i s t r i b u t i o n :  

a. Based on es t imated  gas temperatures,  a flow f i e l d  i s  de te r -  

mined. 

b. From the  r e s u l t a n t  flow f i e l d  and from the  s o l i d  s u r f a c e  tem- 

p e r a t u r e s  r e s u l t i n g  from the  THERMIX computation, a new gas  

tempera ture  f i e l d  is computed. 

C. The flow f i e l d  c a l c u l a t i o n  i s  repea ted  and the  procedure con- 

t i n u e s  u n t i l  convergence i s  achieved. 

To so lve  f o r  t he  flow and p res su re  f i e l d s  the  conserva t ion  of mass 

and momentum equat ions  (Eqs. 3 and 4 )  a r e  i n t e g r a t e d  over t he  mesh vol -  

ume of Fig. 2.4. The s p a t i a l  d e r i v a t i v e s  of p re s su re  i n  Eq. 4 a r e  rep- 

r e sen ted  by a c e n t r a l  d i f f e r e n c e  and a system of I M A X  x NMAX coupled 

a l g e b r a i c  equa t ions  f o r  the  p re s su re  f i e l d  i s  obtained. The system of 

equat ions  i s  so lved  by an i t e r a t i v e  po in t - r e l axa t ion  method with succes- 

s i v e  over-relaxa t ion .  Af t e r  each i t e r a  t i o n  the  f r i c t i o n  loss coef f ic- 

i e n t s  a r e  recomputed. 

The set of equat ions  is a l s o  used t o  determine flow i n  reg ions  

o t h e r  than t h e  bed region. Flow through v e r t i c a l  channels (e.g., i n  t h e  

s i d e  and bottom r e f l e c t o r s  i n  t h e  U.S .  pebble bed modular HTR concept) 

i s  determined by s e t t i n g  r a d i a l  flow r e s i s t a n c e  t o  i n f i n i t y  and us ing  

a p p r o p r i a t e  va lues  f o r  axial  flow r e s i s t a n c e .  For c a v i t i e s  such as t h e  

upper and lower p lena ,  t h e  f r i c t i o n a l  l o s s  is s e t  t o  zero  and a uniform 

p r e s s u r e  i s  assumed throughout t h e  cav i ty .  C i r c u l a t i o n  i n s i d e  t h e  

p l ena ,  which can only be determined by so lv ing  t h e  complete Navier- 

Stokes equat ion ,  consequently cannot be s imula ted  wi th  t h i s  model. 

To so lve  t h e  conserva t ion  of energy equat ion  f o r  t he  gas (Eq. 5) t o  

o b t a i n  t h e  gas temperature f i e l d ,  an e a r l y  v e r s i o n  of THERMIX used a 
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Fig. 2.4. Spatial 
taken from Ref. 1.) 

I I 

discretization for the flow model. (Figure 

system of difference equations which was obtained by integration of 
Eq. 5 over a mesh volume in similar fashion to the integration performed 

to derive difference equations for the solid temperature distribution. 
This process was abandoned however because it led to improper tempera- 

ture predictions where there were sharp gradients in gas temperature. 

That technique was replaced by a revised method described in detail in 

Ref. 2. 

In summary, this revised method uses an "exponential approach tech- 

nique" which is derived by considering the approach of the gas tempera- 

ture to the solid temperature for radial and axial components of mass 

flow. The solid temperature is assumed to vary linearly between the two 
known values of surface temperature at adjacent nodes. The procedure 

for computing gas temperature is as follows: consider node B which sees 
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g a s  flows from neighboring nodes. The temperature of gas flowing from 

node A t o  node B (which are sepa ra t ed  by a d i s t a n c e  I t ) ,  i s  determined 

from t h e  known mass flow hi from A t o  B (ob ta ined  by s o l v i n g  t h e  conser- 

v a t i o n  of mass and momentum equa t ions )  by 

(x )  is t h e  temperature a t  x of t he  gas i n  mass stream hi g a s , i  where T 
f lowing  from node A t o  .node B and x is  t h e  d i s t a n c e  from node A. I f  

A - B 

+ T s u r f a c e  T s u r f a c e  X 
A 

R (x)  = T Tsur  f ace s u r f a c e  

and 

TU(x) = T - Tsur face  ( X I  9 g a s  ,i 

t h e  above equa t ion  becomes 

1 A - B 
dTU(x) +-- h A  ' T ( x ) = -  (Tsu r face  T s u r f a c e  

dx R u  R 
mi cp 

I n t e g r a t i n g  t h i s  f o r  Tu(x) g ives  

- B - A "i Lp 
(Tsur face  T s u r f a c e )  h~ 9 

and e v a l u a t i n g  a t  x = R g i v e s  t h e  temperature of t h e  mass stream h a t  

node B ( r e fe renced  t o  t h e  s u r f a c e  temperature of node B).  
i 

Then an equa t ion  is w r i t t e n  f o r  t h e  en tha lpy  of t h e  gas  "mixture" 

a t  node B by summing t h e  e n t h a l p i e s  brought i n t o  "node" B by t h e  va r ious  
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mass streams and the enthalpies introduced into node B by dispersion and 
possible mass sources: 

+ GX* + 'source C p 

Note that the time dependence of the energy storage 

This equation, together with above equations 
all the flow paths leading to node B, form a system 
gas temperature field. This system is solved by an 

Tsource 

is neglected. . 

for Tgas,i(x=2) for 
of equations for the 

iterative procedure. 

2.4.2 Effective conductivity of the fluid 
* 

The effective conductivity, X , of the fluid (Eq. 5) is a charac- 
teristic of flow in beds and takes into account the heat transport 

through deflection of the fluid as it flows past the pebbles (turbulent 

flow). This is termed dispersion or dispersive thermal conductivity. 

According to Ref. 3 ,  the effective conductivity of the fluid, A *  in 
Eq. 5, is 

where X is the gas conductivity and K is an empirical constant. Ac- 

cording to Ref. 5, the value of K is anisotropic, being smaller in the 
flow direction than in the direction transverse to the flow. However, 

since the dispersive conductivity acting in the flow direction is only 

of secondary significance relative to convective heat transport, a dis- 

tinction is not made, and THERMIX-KONVEK applies the approximation 

that KI = K,,. 

G 

Reference 5 presents a correlation for K as 
1 

= 8 [2 - (1 - 2d/D)*] Kl 

where d is distance from the vessel wall and D is vessel diameter. 
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2 . 4 . 3  Helium equation of state 

Based on review by the Kerntechnischer Ausschuss (KTA) (Ref. 6 )  the 

equation of state used in THERMIX-KONVEK is 

with p in kg/m3, 
P in bar, and 

T in K. 

2 . 4 . 4  Pebble bed heat transfer coefficient 

Based on review (Ref. 7) by KTA of experimental results by various 
investigators of heat transfer in pebble beds, heat transfer (for a bed 

of equal diameter pebbles) is computed by: 

where 

T = surface temperature of a pebble in the pebble bed, and P 

with 
X = gas thermal conductivity 
d = pebble diameter 

and 

Pro 05 ReO 86 
pro. 333 

Nu = 1.27 + 0.033 - 
1.18 1.07 

€ E 

where 
;/A d Re = - 

rl 
and 

d = pebble diameter 

& = total mass flow (kg/s) 

A = empty-core cross sectional area 
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T-I = dynamic viscosity 
Pr = Prandtl number 

e = void fraction of the pebble bed. 

For each node the dynamic viscosity q and the gas thermal conductivity X 

are computed at the average of the pebble surface temperature and the 

gas temperature. As presented in Ref. 7, the range of application for 
this correlation is 

100 < Re < lo5 

0.36 < E < 0.42 

D/d > 20 

H > 4d 

where 

D = bed diameter 

H = bed height 

The restriction on the diameter ratio D/d is lifted if, in place of 

average values for the void fraction and Reynolds number, local values 
are used. 

According to Ref. 7 ,  the uncertainty band of the above correlation 

for Nu is *20% with a statistical certainty of 95%. 

2.4.5 Pebble bed pressure drop 

Based on review (Ref. 4 )  by KTA of experimental results obtained by 
various investigators the pressure drop in the pebble bed is determined 
according to 

with 

where 

p = gas density 

A = cross sectional area 
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e = void fraction 
m = mass flow rate. 
. 

For each node the dynamic viscosity used in computing the Reynolds num- 

ber (= is computed at the arithmetic average of the gas and the 

pebble surface temperature. The density is computed at the gas tempera- 

ture. Reference 4 gives an uncertainty band for the above correlation 
of i15% with a statistical certainty of 95%. 

rl 
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3. MODEL OF U.S.  MODULAR HTR 

The THERMIX-KONVEK code actually consists of two separate 
modules: one, named THERMIX, performs the steady state and transient 

heat conduction calculations, and the other, KONVEK, performs the quasi- 

static convection calculations. The user of the code must input two 

distinct model topographies into the code, one of which is employed by 

the THERMIX module and the other by KONVEK. These two models are de- 

scribed in the following subsections. 

The reactor design information (geometry and steady state core 

inlet temperature, pressure and flow rate) used in the THERMIX-KONVEK 

model of the U.S. pebble bed modular HTR concept were obtained from 

handouts provided to NRC at a briefing by the DOE HTR Program on 

July 3ldugust 1 ,  1985. Other information, such as axial power shape 

versus normalized core height, which was not provided for the U.S. 

concept, was taken from German information (for the Interatom pebble bed 

modular HTR) provided to ORNL in the THERMIX-KONVEK sample problem. 

Further, material properties (for example specific heats, conductivi- 

ties, and emissivities) used in the ORNL model are those provided with 

THERMIX-KONVEK and its sample problem. KFA has noted that this informa- 
tion should be considered preliminary and, in some instances, more 
accurate representations would be required for detailed analyses. ORNL 

judges the information to be appropriate for this stage of our analyses. 
Figure 3.1  shows a schematic of the U.S.  pebble bed modular HTR. 

With l o s s  of forced circulation (LOFC) because the steam generator 

is located below the core, the design does not encourage natural convec- 
tion through the main loop. Further, there is a main loop shutoff valve 

located in the circulator inlet which is of the Fort St. Vrain self- 

actuating flapper type. With l o s s  of circulator flow, this valve closes 

due to gravity. Therefore, in the analyses of events involving LOFC 

which are reported in the following sections, the assumption is made 

that after LOFC there is no net flow through the main loop. Natural 

convection within the region including the core and the upper and lower 

plena was computed by THERMIX-KONVEK. 
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Fig. 3 .1 .  Side-by-side s teel  v e s s e l  concept. 

3.1 THERMIX Model 

F igu re  3.2  is  a s i m p l i f i e d  schematic r e p r e s e n t a t i o n  of t h e  c u r r e n t  

ORNL THERMIX model of the  U.S. side-by-side HTR. The two-dimensional 

model ( r , z  coord ina te  system) extends i n  t h e  r a d i a l  d i r e c t i o n  from t h e  

core c e n t e r  l i n e  t o  the  r e a c t o r  c a v i t y  w a l l ,  and i n  t h e  a x i a l  d i r e c t i o n  

from t h e  upper r e f l e c t o r  suppor t  p l a t e  t o  t h e  lower co re  suppor t  p l a t e .  
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Fig. 3.2. Schematic representation of ORNL THERMIX model of U.S. 
pebble bed side-by-side modular HTR. 
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Although most of the major structural heat sinks- which interact 
with the reactor core are included in the model, the two-dimensional 

nature of THERMIX does not facilitate any treatment of the core but- 

tresses. A major simplification of this model is, therefore, that the 

core is treated as if the buttresses do not exist (i.e., the core is 

modeled as a perfect cylinder, with a height of 10.8 m and a diameter 

of 3 m). 

The model is comprised of seventeen major zones of distinct compo- 

sition. Zone 1 is the core, which is treated as a heterogeneous zone of 
fuel spheres. Zone 2 is the inner side reflector zone, which contains 

the control rods. Zone 3 is the middle side reflector zone which con- 

tains vertical channels in which the helium coolant flows in an upward 

direction through the graphite. Zone 4 is the outer side reflector 

zone. The gap between the reflector and the inner surface of the reac- 

tor vessel is treated by Zone 5, while the vessel wall itself is treated 

as Zone 6. Zone 7 represents the air gap between the outer surface of 
the reactor vessel and the reactor cavity cooling panels which are fixed 
to the vertical walls of the reactor cavity. Zone 8 represents the cav- 

ity cooling panels themselves, and functions as the outer radial bound- 

ary for the model. 

Zone 9 represents the void space between the top of the fuel 
spheres and the bottom of the upper reflector. The upper reflector it- 

self is divided into two zones, 10 and 11. The upper reflector support 

plate is designated Zone 12, and is treated as an adiabatic boundary. 

It should be noted that the configuration of the upper part of the 
THERMIX model is not identical to that of the actual design. In partic- 

ular, the exact geometry of the upper plenum (the void space above the 

fuel spheres) and the pathways by which the helium coolant enters it 
cannot be simulated by the current version of THERMIX due to its inabil- 

ity to accommodate horizontal flow channels and stacked void or plenum 

spaces. It is believed, however, that this limitation has little effect 

on the predicted behavior of the plant during the transients discussed 

in this report. 

The bottom reflector is divided into 2 zones (13 and 14) .  The 

lower or exit plenum is designated Zone 15. The graphite block in the 
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, .  

lower v e s s e l  r e g i o n  i s  Zone 16. F i n a l l y ,  t h e  co re  suppor t  p l a t e  i s  des- 

i gna ted  as Zone 17 ,  and, as is  t h e  case wi th  upper suppor t  p l a t e ,  i s  

t r e a t e d  as an a d i a b a t i c  boundary. 

3 . 2  KONVEK Model 

F igu re  3.2 is  a s i m p l i f i e d  schematic r e p r e s e n t a t i o n  of t h e  KONVEK 

model. This model employs 11 zones, most of whose boundaries p h y s i c a l l y  

co inc ide  wi th  those  of t he  THERMIX model. Zone 1,  which r e p r e s e n t s  t h e  

i n l e t  reg ion  of t h e  coolan t  channels through the  s i d e  r e f l e c t o r ,  s e r v e s  

as t h e  " i n l e t  plenum" f o r  t h e  helium coolant .  Zone 2 i s  a " v e r t i c a l  
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Fig. 3 .3 .  Schematic r e p r e s e n t a t i o n  of ORNL KONVEK model of U.S. 

pebble bed side-by-side modular HTR. 
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flow tube" zone which co inc ides  wi th  the  middle 

t h e  THERMIX model and con ta ins  v e r t i c a l  channels 

s i d e  r e f l e c t o r  

i n  t h e  g r a p h i t e  

zone of 

through 

which co ld  gas  flows upward t o  t h e  upper plenum. Zone 3 i s  t h e  upper 

plenum which corresponds t o  Zone 9 of t h e  THERMIX model. Zone 4 i s  t h e  

co re  zone, while Zones 5 and 6 r ep resen t  t h e  i n n e r  and o u t e r  s e c t i o n s  of 

t h e  bottom r e f l e c t o r ;  both Zones 5 and 6 con ta in  v e r t i c a l  flow chan- 

n e l s .  Zone 7 i s  t h e  lower ( h o t )  gas plenum and, w i th in  the  contex t  of 

KONVEK, r e p r e s e n t s  t h e  mass s i n k  f o r  t h e  system. 

Within the  KONVEK flow topology, helium e n t e r s  t he  loop a t  Zone 1 ,  

f lows  up through t h e  coolan t  channels i n  t h e  s i d e  r e f l e c t o r  (Zone 2) 

i n t o  Zone 3 (upper plenum), where i t  r eve r ses  d i r e c t i o n ,  flowing down- 

ward through the  core  (Zone 4 1 ,  and t h e  bottom r e f l e c t o r  (Zones 5 and 

6 ) ,  and out  through t h e  lower plenum (Zone 7)  t o  t he  steam gene ra to r  

( n o t  modeled). Zones 8, 9, 10, and 11 are "no flow" zones, which phys- 

i c a l l y  r ep resen t  t h e  carbon b r i c k  of t he  lower v e s s e l ,  t he  o u t e r  s i d e  

r e f l e c t o r ,  t h e  i n n e r  upper r e f l e c t o r ,  and t h e  i n n e r  s i d e  r e f l e c t o r ,  re- 

s p e c t i v e l y .  
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4.  TRIAL CALCULATIONS 

A complete THERMIX-KONVEK transient analysis involves two execu- 

tions of the code. In the first, the user provides the code with the 

basic information necessary to describe the model, as well as initial 

guesses for structural temperatures and coolant temperatures and pres- 

sures. Given this information, the code calculates a steady state 

temperature, pressure, and flow distribution for the entire reactor. 

The detailed initial temperature distribution is then incorporated into 

I the transient input data set and the transient is then executed. 

The following sections describe the results of the steady state 

calculation, the pressurized loss of forced convection (LOFC) transient, 

and the depressurized loss of forced convection (DPLOFC) transient 

analyses. 

4.1 Initial Full Power Steady State Analysis 

For the purpose of this calculation, the reactor was assumed to be 

operating at full rated power, flow, and pressure (250 MWt, 114 kg/sec, 

and 72 bars, respectively). The axial and radial core power density 

profiles (which are based on the German THERMIX sample problem input 

with appropriate modification for core height and total power) are 'shown 
in Figs. 4.1 and 4.2. As shown in Fig. 4.1,  the axial profile peaks 

just above the core midplane. For the purposes of this preliminary an- 

alysis, no attempt was made to modify the radial power density profile 

to reflect the presence of the core buttresses. Also ,  for these analy- 
ses, the power density in the top and bottom reflectors was set to zero. 

The results of the steady state run are shown in Figs. 4.3 and 

4.4. Figure 4.3 shows the predicted temperatures of the surface and 

center of the fuel elements and the coolant temperature as functions of 

core height (values displayed are those for the core center line). The 

maximum predicted fuel element center temperature is 782°C (axial core 

centerline at core outlet). In general, the coolant temperature is 20 

to 30°C cooler than the fuel element surface temperature, while the fuel 

element center temperature is higher than the fuel surface temperature 
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Fig.  4.1. Axial power d e n s i t y  p r o f i l e  ( a x i a l  c e n t e r l i n e ) .  
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Fig. 4 . 3 .  THERMIX steady state case results: axial core tempera- 
ture profiles (at core centerline). 

by 60 to 120OC. As expected, the maximum fuel element temperature dif- 

ferences (center-to-surface) occur in the region from 600 to 800 cm 

above the core bottom, which (as shown in Fig. 4.1) is the region having 

the highest power density. The latter behavior is more clearly shown by 

Fig. 4.4, which shows the predicted steady state fuel element internal 

temperature distribution (as predicted by THERMIX) at three locations 

along the core centerline - at the top of the core, the core midplane, 
and the core outlet. 

The steady state THERMIX case utilized 5-1/4 minutes of CPU time on 

the ORNL IBM 3033 system, with an associated cost of approximately $3 

when executed under the "WHENEVER" option (executes only on weekends at 

a cost of about 10% of the prime time cost). 
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4.2 THERMIX Transient Results: Loss of Forced 
Convection and Loss of Main Heat Sink 

The transient discussed in this section is an extreme example of 

the loss of forced convection (LOFC) transient, in which it is assumed 

that all forced flow into the reactor is instantaneously and permanently 

lost (i.e., there is no circulator coastdown), coincident with reactor 

scram. It is assumed that the reactor cavity cooling system continues 
to operate maintaining the reactor cavity wall temperature at 50°C. The 
THERMIX results for the first 44 h following initiation of the transient 

are shown in Figs. 4.5 through 4.8. 

Figure 4.5 shows the maximum fuel temperature (regardless of loca- 

tion) as a function of time during the transient. Following initiation 

ORNL-DWG 86-4526 ETD 
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1150 I 1 

TIME ( h r a )  

Fig. 4.5. THERMIX LOFC case results: maximum fuel temperature. 
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Fig. 4.6. THERMIX LOFC case results: axial fuel temperature pro- 
files (at core centerline). 

of the transient, the fuel temperature initially increases at a rate of 

about 65OC per hour and reaches a peak of 1131°C approximately 6.7 h 
into the accident. The location of the peak temperature is on the core 

center line, approximately 108 cm below the top of the core. Following 
this peak, the maximum fuel temperature begins declining, falling to a 

rather stable value of 1O6O0C, at approximately 10 h into the transient. 
Axial core temperature profiles for five different transient times 

are shown in Fig. 4 . 6 .  This figure clearly shows the shift in the lo- 

cation of the maximum fuel temperature from the core outlet to the top 

of the core. This rather dramatic shift is due to the robust intra-core 

natural circulation which is established in the high pressure (-72 bar) 
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p r o f i l e s  (a t  108 cm below top  of co re ) .  

environment. Although not dep ic t ed  i n  t h e  f i g u r e s ,  THERMIX i n d i c a t e s  

t h a t  a n a t u r a l  convection cel l  i s  e s t a b l i s h e d  i n  which hot  helium rises 

through t h e  i n n e r  125 c m  of t h e  co re  and f a l l s  through t h e  o u t e r  25 cm 

of t h e  core ,  along t h e  coo le r  r a d i a l  r e f l e c t o r  w a l l .  Typical va lues  f o r  

t h e  downward flow a t  core  midplane i n  t h e  o u t e r  25 c m  of t h e  co re  are 

0.3 t o  0.45 kg/sec. 

F igure  4.7 d e p i c t s  t h e  p r e d i c t e d  r a d i a l  t empera tures  p r o f i l e s  f o r  

t he  reg ion  108 cm below the  top  of t h e  co re  a t  f i v e  d i f f e r e n t  times dur- 

i n g  t h e  t r a n s i e n t .  It is apparent  t h a t  t h e  o r i g i n a l  f l a t t e n e d  tempera- 

t u r e  p r o f i l e  is  converted t o  a h igh ly  peaked p r o f i l e  dur ing  t h e  f i r s t  

two hours of t h e  t r a n s i e n t .  I n  p a r t i c u l a r ,  i t  i s  seen  t h a t  t h e  r a d i a l  
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Fig. 4.8. THERMIX LOFC case r e s u l t s :  maximum r e a c t o r  v e s s e l  t em-  
pe rat u r e  . 
r e f l e c t o r  temperature ( t h e  reg ion  between 150 and 250 cm) is  s e v e r a l  

hundred degrees  c o o l e r  than  t h e  inne r  reg ions  of t h e  co re  f o r  t h e  f i r s t  

s e v e r a l  hours of t he  t r a n s i e n t .  This temperature d i f f e r e n c e  i s  reduced 

a t  la ter  times, however, due t o  h e a t  t r a n s p o r t  from t h e  i n n e r  r a d i a l  

zones to  t he  o u t e r  zones of the  r eac to r .  

Conductive, r a d i a t i v e ,  and convective hea t  t r a n s p o r t  mechanisms 

r e s u l t  i n  a gradual  i n c r e a s e  i n  the  temperature of t h e  r e a c t o r  v e s s e l  

wall. F igure  4.8 is a p l o t  of t h e  maximum r e a c t o r  v e s s e l  wall tempera- 

t u r e  dur ing  the  f i r s t  44 h of the  t r a n s i e n t .  The temperature is seen t o  

i n c r e a s e  from an i n i t i a l  va lue  of 192OC a t  the  beginning of t h e  t ran-  

s i e n t  t o  395OC a t  44 h i n t o  the  acc iden t .  It should a l s o  be noted t h a t  

t h e  v e s s e l  temperature is  s t i l l  i n c r e a s i n g  a t  the  end of t h e  a n a l y s i s  

period. Fur ther  i n v e s t i g a t i o n s  should,  t h e r e f o r e ,  be conducted t o  
. ._ -~ -- 
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determine the maximum temperature in the vessel wall during this tran- 
sient, and whether such temperatures pose any threat of reactor vessel 

damage . 
4.3 THERMIX Transient Results: Depressurized Core 

Heatup with Loss of Forced Convection 

The reactor transient discussed in this section is a depressurized 

version of the LOFC accident discussed in Sect. 4.2. In particular, the 

reactor is assumed to scram coincidentally with an instantaneous loss of 
all forced flow and an instantaneous depressurization from 72 bars to 
1 bar. Again it is assumed that the reactor cavity cooling system con- 

tinues to operate maintaining the cavity wall temperature at 5OOC. The 

results of the THERMIX analysis of this accident are depicted in 

Figs. 4.9 through 4.12. 
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Fig. 4.10. THERMIX depressurized LOFC case results: axial fuel 
temperature profiles (at core centerline) . 

Figure 4.9  is a plot of the maximum fuel temperature as a function 

of time during the transient. Following accident initiation, the maxi- 
mum fuel temperature initially increases at the rate of approximately 

50°C per hour, and reaches its maximum value of 1603OC at 36.3 h into 
the transient. [Note that the initial rate of temperature increase for 

the pressurized LOFC was actually higher than for this depressurized 
case. For the pressurized LOFC case this behavior is due to convection 

of hot gas from the lower to the upper region of the core during the 

early phase (first 2 to 3 h) of the transient. The fuel elements in the 

upper core zones, which eventually become the hottest elements, are 

actually heated by the hot gas during this period.] 
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Fig. 4.11. THERMIX depressurized LOFC case results: radial reac- 
tor temperature profiles (at 432 cm below top of core). 

As depicted in Fig. 4.10, this maximum fuel temperature occurs at a 
point 432 cm below the top of the core (i.e., approximately 1 m above 

the core midplane). The maximum fuel temperature remains near 1600°C 

for approximately 10 h, but only 8 of the 77 THERMIX core nodes ever 
exceed 1550'C. The maximum fuel temperature begins to slowly decline 

after 46 h, reaching a value of 1502OC at 100 h into the accident. 
Figure 4.11 depicts the radial temperature profiles at five dis- 

tinct times during the accident (profiles depicted are for the zone 

432 cm below the top of the core). The smoothness of the plots can be 

attributed t o  the large heat capacity of the HTR core and good inter- 
cell heat transfer. The large core heat capacity is also responsible 

for the rather large time lag (approximately 9 h) between transient 
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Fig. 4.12. THERMIX depressurized LOFC case results: maximum reac- 
tor vessel temperature. 

initiation and the occurrence of any significant increases in the tem- 
perature of the radial reflectors (the region between 150 and 250 cm). 

Figure 4.12 displays the maximum reactor vessel temperature as a 

function of time during the transient. Following initiation of the 

accident, the vessel temperature rises at the rate of approximately 7OC 
per hour, reaching its maximum temperature of 432°C at 93.5 h into the 

transient. The plot also indicates that the temperature of the reactor 
vessel begins to decrease by 100 h into the transient. 

The depressurized LOFC THERMIX case utilized 20 min of CPU time on 

the ORNL IBM 3033 system, with an associated cost of approximately $11 

when executed under the "WHENEVER" option. 
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4.4 Comparisons with Results of Other Analyses 
of Modular Pebble Bed HTRs 

The design goals for the U.S. 250 MW(t) modular (side-by-side) 

pebble bed HTR are such that the maximum fuel temperatures remain below 

160OOC during depressurized core heatup accidents and below 120OoC for 

pressurized loss of forced circulation, LOFC, including loss of main 

heat sink, events. As noted in Sects. 4.2 and 4.3, the ORNL's analyses 

predict a maximum fuel temperature of 1603OC under depressurized core 

heatup conditions and a maximum fuel temperature of 1131OC under pres- 

surized LOFC including loss of main heat sink conditions. 

These results can also be compared with predictions for the same 

accident conditions for Interatom's 200 MW(t) modular (side-by-side) 

pebble bed HTR. This concept is quite similar to the U.S. modular 

pebble bed HTR. For example, core diameter, which is an important 
parameter in determining maximum fuel temperature, is the same as for 

the U.S. design. The Interatom design has a lower total power 

[200 MW(t)], a lower core power density (3.0 W/cm3), a slightly reduced 

core height (9.4 m), and operates at somewhat lower pressure (60 bar). 

The Interatom concept is modeled by the THERMIX-KONVEK sample problems 

(a steady state case and a depressurized core heatup case) provided by 
KFA to ORNL. (As noted in Sect. 3, KFA considers the representation of 
Interatom's design as provided in the sample problem to be preliminary 

and not completely accurate.) For the depressurized core heatup, the 

sample problem predicted a maximum temperature of 1520°C. This problem 

was then re-run with a higher initial power density and core flow rate 
corresponding to 250 MW(t). With this initial power level, a maximum 

fuel temperature of 169OOC was reached in a depressurized core heatup 

case. (This is to be compared with the prediction of 1603OC for the 

U.S.  250 MW(t) side-by-side modular pebble bed HTR. The somewhat lower 
temperature for the U.S. design is due to the slightly taller core and 
hence lower maximum power density.) 

A pressurized LOFC with loss of main heat sink case was also run 
using the model for the Interatom 200 MW(t) concept. This resulted in a 

maximum fuel temperature of 1055OC which is about 75OC lower than that 
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predicted by O m ' s  analysis of the U.S. 250 MW(t) concept for this 
accident. This is due to the lower core power of the Interatom concept. 

The above THERMIX results can also be compared with earlier ORNL 
results (Ref. 8) for a vertical-in-line 250 MW(t) pebble bed modular 

HTR. The ORNL result for peak fuel temperature during a depressurized 
loss of forced circulation accident for the vertical-in-line design is 

1549OC. Given the somewhat different core dimensions, power density, 
and power distribution for the vertical-in-line concept, this is not 

significantly different from the 1603OC value obtained in the THERMIX 

analyses of the side-by-side pebble bed modular HTR. For the vertical- 

in-line concept in the event of a pressurized LOFC including loss of 

feedwater flow to the steam generator, ORNL predicts a peak fuel tem- 
perature of 910'C. This is lower than the 1131'C THERMIX prediction for 
the side-by-side concept primarily because of the significantly larger 

natural circulation flows which are established with the vertical-in- 

line concept. While loss of feedwater can be made to be highly unlikely 

by incorporation of an auxiliary feedwater system, with the vertical in- 
line design it could result in damage to the steam generator since the 

hottest steam generator tubes would approach temperatures of 

approximately 800'C. 
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5. THERMIX-KONVEK VALIDATION 

5.1 Summary of THERMIX-KONVEK Validation 

This section summarizes KFA's validation efforts for THERMIX-KONVEK 

as well as their efforts to determine appropriate correlations for rep- 
resenting the effective conductivity of the pebble bed. These efforts 

are obviously coupled because the agreement of THERMIX-KONVEK predic- 
tions with experimental data depends in part on the appropriateness of 

the representation of the bed conductivity. 

5.1.1 Investigations of effective conductivity in a pebble bed 
without gas flow 

As is discussed in Sect. 2, the total thermal conductivity of the 

bed consists of the effective conductivity ( A  in Eq. 1) independent of 

coolant flow including pebble-to-pebble conduction, radiation and con- 

duction within pebbles, and the dispersive thermal conductivity of the 

gas ( A  in Eq. 5).  This section summarizes investigations of X A 
summary of investigations of dispersive heat transport is included in 

Sect. 5.1.3. 

e 

* 
e 

In examining various correlations for A (the effective bed conduc- 

tivity independent of coolant flow), several factors must be kept in 
mind. This effective conductivity is dependent (at least) on local tem- 
perature, pebble diameter, pebble emittance, local void fraction, pebble 

internal conductivity (matrix conductivity), fluid conductivity, and a 
local contact parameter (dependent on surface roughness and contact 

pressure of the pebbles). Thus 

e 

Also, it may be dependent on local temperature gradient. A increases 

with increasing temperature, emissivity, pebble conductivity, and the 

contact parameter. X decreases with increasing void fraction. 

e 

e 
The correlation used in THERMIX (see Eq. 6 ,  Sect. 2.2.2 of this re- 

port) is a simplification for at least the following reasons: 
1. The correlation is a function of temperature only. 
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2. A cons tan t  matrix g r a p h i t e  conduc t iv i ty ,  k, is b u i l t  i n  t o  t h e  

c o r r e l a t i o n .  I n  f a c t ,  matrix g r a p h i t e  conduc t iv i ty  is i t s e l f  a 

f u n c t i o n  of i r r a d i a t i o n  temperature,  f luence ,  and c u r r e n t  tempera- 

t u r e :  i.e., 

3. The c o r r e l a t i o n  assumes a void f r a c t i o n  of 0.39 and is  app l i ed  over  

t h e  e n t i r e  bed. I n  f a c t  t h e  void f r a c t i o n  v a r i e s  cons iderably  nea r  

t he  bed boundary (see Fig. 5.1). The dependence of void f r a c t i o n  

on d i s t a n c e  from t h e  w a l l  i s  c a r e f u l l y  examined i n  Ref. 9. As can 

be seen, t h e  s t a t i s t i c a l l y  mean void f r a c t i o n  of 0.39 is es tab-  

l i s h e d  a f t e r  about f i v e  pebble diameters.  High void f r a c t i o n  re- 

duces t h e  e f f e c t i v e  conduc t iv i ty  as presented  i n  Ref. 10 and d i s -  

cussed later i n  t h i s  s ec t ion .  

I n  Ref. 11, Brei tbach  and Bar the l s  d i s c u s s  t h e o r e t i c a l  models and 

experimental  r e s u l t s  f o r  the  e f f e c t i v e  thermal conduc t iv i ty  f o r  a bed of 

sphe res  i n  a vacuum. I n  t h e i r  paper, t h e o r e t i c a l  models developed by 

Zehner and Schluender and by Vortmeyer f o r  a p p l i c a t i o n s  t o  packed beds 

i n  t h e  chemical i n d u s t r y  are app l i ed  t o  pebble bed condi t ions .  Also, 

Breitbach and Bar the l s  desc r ibe  experiments performed a t  KFA us ing  t h e  

High Temperature Vacuum Oven (see Fig. 5.2). I n  t h e s e  experiments a 

ORNL-DWG 85-4910 ETD 
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Fig. 5.1. V a r i a t i o n  i n  void f r a c t i o n  nea r  bed boundary. (F igure  
taken from Ref. 9.) 
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J 

(1)  MODIFIED MODEL PREDICTION OF 
ZEHNER AND SCHLUNDER 

60- (2) VORTMEYER RADIATION MODEL 
CORRECTED BY EXPERIMENTAL 

t r a n s i e n t  measurement method w a s  used t o  determine t h e  e f f e c t i v e  thermal  

conduc t iv i ty  i n  beds of Zirconium oxide pebbles (4.5 cm diam) and i n  

beds of ( u n i r r a d i a t e d )  g r a p h i t e  pebbles (4.0 cm d i m )  at  temperatures  up 

t o  1000°C and 15OO0C, r e spec t ive ly .  ( Z r O p ,  which has an emi t tance  of 

0.4 at 725OC, w a s  used t o  test t h e  t h e o r e t i c a l  models because the  two 

models g ive  markedly d i f f e r e n t  p r e d i c t i o n s  of e f f e c t i v e  conduc t iv i ty  f o r  

pebble beds of materials with low emit tance.)  Comparison of measured 

r e s u l t s  w i th  t h e  t h e o r e t i c a l  model of Zehner and Schluender and wi th  the  

t h e o r e t i c a l  model of Vortmeyer showed d i sc repanc ie s  which l e d  Bre i tbach  

and Bar the ls  t o  suggest  c o r r e c t i o n s  t o  both models. Bre i tbach  and 

Bar the l s  used the  co r rec t ed  models t o  p r e d i c t  va lues  of Xe f o r  pebble  

bed HTRs (6 c m  diam pebbles,  void f r a c t i o n  = 0.40 and pebble e m i s s i v i t y  

= 0.8), with kmatrix = 15 W/mK (independent of temperature)  and f o r  

tempera tures  ranging from 1000 t o  2750OC. These p r e d i c t i o n s  are shown 

i n  Fig. 5.3. 

A more r ecen t  review by Schirenkrimer (Ref. 3) of t h e o r e t i c a l  

models and experimental  r e s u l t s  f o r  e f f e c t i v e  conduc t iv i ty  f o r  a bed of 

Fig. 5.3. E f f e c t i v e  conduct iv i ty  of a packed bed of g r a p h i t e  
pebbles. (F igure  taken from Ref. 11.) 



46 

1.905 cm d i m  steel spheres  (up t o  300°C) r e s u l t e d  i n  a modified repre-  

s e n t a t i o n  for e f f e c t i v e  conduc t iv i ty  of a bed of 6 c m  diam g r a p h i t e  peb- 

b l e s  : 

= 2.549 x 10-4 ~ 1 . 5 4 5  + 1.5 f o r  T < i300°c , 'e 

and 

= 2.0 x 10-3 ( T  - 135)1*287 for T > 1300°C , 

wi th  Xe i n  W/mK and T i n  "C. (The va lue  of Ltrix on which t h i s  corre-  

l a t i o n  by SchGrenkrimer i s  based is  f o r  NUKEM A3-4 g r a p h i t e  i r r a d i a t e d  

a t  850°C t o  a f a s t  f l uence  of 4 x 1021 EDN/cm2.) 

The e f f e c t  of t h e  inc reased  void f r a c t i o n  on h n e a r  t h e  r e f l e c t o r  

w a l l  of a pebble  bed r e a c t o r  i s  shown i n  Fig. 5.4 ( t a k e n  from Ref. 10).  
e 

d, = 0.06 (m) - p(HELIUM) = l(bar) 

ORNL-DWG 86-4904 ETD 
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Fig. 5.4. E f f e c t i v e  conduc t iv i ty  i n  t h e  i n t e r i o r  and a t  t h e  pe- 
r iphe ry  of a pebble bed core.  (F igure  taken from Ref. 10.) 
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I n  Ref.  10, Robold p resen t s  t he  v a r i a t i o n  i n  A e  (at 1 bar  p re s su re )  i n  

t h e  Inner  reg ion  of the  pebble bed (6 cm d i m  g r a p h i t e  pebbles ,  

t = 0.39) compared t o  t h e  region near  t h e  r e f l e c t o r .  Curve I i n  

Fig.  5.4 shows A f o r  t he  inne r  zone of t h e  pebble bed and curve I1 

shows Ae i n  t h e  r eg ion  
e 

I 

0 < x < 0.5 dpebble 

nea r  t h e  r e f l e c t o r  w a l l .  
I 

Curves I’ and 11’ show Robold’s r e s u l t s  with t h e  assumption t h a t  

t h e r e  is no con tac t  hea t  conduction. I n  de r iv ing  the  curves shown i n  

Fig. 5.4, Robold used values  f o r  matrix g r a p h i t e  thermal conduc t iv i ty  

and f o r  g r a p h i t e  e m i s s i v i t y  shown i n  Table 1. I n  comparison with ther -  

mal conduc t iv i ty  va lues  f o r  matr ix  g r a p h i t e  at va r ious  f luence  l e v e l s  

presented  i n  Ref. 12, t h e  va lues  i n  Table 1 appear t o  have been s e l e c t e d  

f o r  u n i r r a d i a t e d  NUKEM A3-3 graph i t e .  This would tend t o  r e s u l t  i n  

higher-than-expected va lues  f o r  Ae f o r  an a c t u a l  pebble  bed with i r r a d i -  

a t e d  fue l .  

Table 1. Graphite material properties used in 
deriving effective conductivities 

shown in Figure 5.4 

(Table values excerpted from Ref. 10) 

~ ~~ 

T(K) 300 500 700 900 1100 1300 1500 1700 1900 >1900 

k(W/mK) 52.0 40.5 33.7 29.2 26.0 23.3 21.2 19.2 .17.3 15.0 

E 0.7 0.78 0.85 0.88 0.88 0.90 0.89 0.89 0.88 0.88 

5.1.2 Experimental  v a l i d a t i o n  of THERMIX-KONVEK us ing  the  KFA Small 
Research Rig 

The f i r s t  experimental  tests of t h e  THERMIX-KONVEK program were 

conducted a t  KFA i n  t h e  I n s t i t u t e  f o r  Reactor  Components dur ing  

1975-1976 i n  the  Small Research Rig. A schematic of t h i s  f a c i l i t y  i s  
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shown in Fig. 5 . 5 .  The facility included 

I- 
U 
Y 
L 
5 
K 
LA c 
4 
3 

A pebble bed (40 cm high by 24.8  cm diam) consisting of steatite 
spheres (1  cm diam) was contained in a steel pressure vessel. The 

system could accommodate a gas pressure up to 40 bars. 

Above the surface of the pebble bed there was a void of 30 cm 
height. In a later series of experiments a top cooler (simulating, 

for example, an auxiliary heat removal system) was installed in the 

void. 

The steel pressure vessel was surrounded by a water circulating 

system in its jacket region by which the bed of steatite spheres 

could be initialized to a uniform temperature and allowing rapidly 

variable temperatures at the vessel wall. The vessel was insulated 
at top and bottom. 

I HEAT EXCHANGER 

INSULATION 

VOID 

PEBBLE BED 

TEMPERATURE MEASUREMENTS 

'E R 

ORNL DWG85 4912 ETD 

3 
Fig. 5.5. Small research rig at KFA. (Figure taken from Ref. 13 . )  
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0 Special steatite spheres into which thermoelements were inserted 

were placed at 23 different axial, radial, and azimuthal positions 
to record time varying temperatures. Thermoelements were also 
placed in the void region above the bed, at the vessel wall, and in 

the water jacket system. 

The goal of the tests (Ref. 1) was to examine heat transport within the 

bed of spheres by natural convection and by conduction and radiation. 
The effect of natural convection could largely be separated from that of 

conduction/radiation by adjusting system pressure and by changing the 
type of gas (options included air, N2, and COP). 

The various tests were typically conducted with the following pro- 

cedure : 

a) The system was charged with gas to a specified pressure. 

b) The pebble bed was brought to a uniform temperature (either ambient 

or a higher level up to 100OC) by circulation of water through the 

water jacket. 

c) The transient was initiated by introducing a rapid change in the 

temperature of the heating jacket, followed by maintenance of this 

temperature at the new level. Both heatup and cooldown transients 

in the bed were investigated. 
d) The time dependent temperature profile in the bed and gas pressure 

were measured, and results compared with THERMIX-KONVEK predic- 

t ions. 
Results are reported in Ref. 13 and code predictions are in fair 

agreement with measured results. Figure 5.6 shows typical results for 
the heat transport experiments. This figure presents a comparison of 

calculated and measured results for temperatures on the vertical axis 
for experiments using Nq at 1 and at 20 bars. In each experiment the 

initial temperature of the water jacket was at ambient and the experi- 
ment was initiated by rapidly changing the water jacket temperature to 

100°C. At 1 bar, heat transport by conduction/radiation dominates, and 

at 20 bars, heat transport by convection dominates. 

Figure 5.7 shows typical results for the time dependence of the 

temperatures in the periphery of the bed. The test shown was performed 
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Fig. 5 .6  . Time dependent temperature p r o f i l e  along v e r t i c a l  a x i s  
i n  bed of s t e a t i t e  spheres during heatup test. (Figure taken from 
Ref. 13 . )  
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Fig. 5 .7 .  T i m e  dependent temperature p r o f i l e  near the boundary of 
a bed of s t e a t i t e  spheres during heatup test. (Figure taken from 
Ref. 13 . )  
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with N2 at 4 bars. For this condition, the components of the heat tran- 
sport due to natural convection and due to conduction/radiation are 

approximately equal. Typically, the agreement between calculated and 

measured results was not as good in the peripheral region of the bed as 

it was along the axis of the bed. 

Experiments in this facility formed the basis for planning the con- 

struction of the large research rig and the subsequent tests. 

5.1.3 Experimental validation of THERMIX-KONVEK using the KFA Large 
Research Rig 

A schematic of the Large Research Rig (a l so  referred to as the high 

pressure test loop) at KFA's Institute for Reactor Components is shown 
in Figs. 5.8-a and 5.8-b. The facility includes 

0 A pebble bed (120 cm high by 70 cm diam) filled with steel pebbles 

(diam = 1.905 cm) contained in a 1 cm thick steel vessel. This 

steel vessel is enclosed by an external pressurizer steel shell 
which contains a water jacket. Between the internal vessel and the 

GAS FLOW METER ORNL-DWG 85-4899 E T D  

GAS FLOW METERS 

Fig. 5.8-a. Schematic of the large research rig at KFA. (Figure 
taken from Ref. 3 . )  
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Fig. 5.8-b. Test sec t ion  of the large research r ig .  (Figure taken 
from Ref. 3 . )  
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pressure shell in the funnel region there is insulation for the 
purpose of avoiding heat losses so that cooling of the bed 

essentially occurs radially through the annular gap. The system 
can accommodate pressure up to 40 bars and temperatures up to 3OOOC 

by means of a compressor and an electric heater. 

Gas flow enters at the top flowing downward through the bed. Above 

the pebble bed is a void. In some tests a "point source" of gas 
could be injected at a position on the axis 30 cm below the bed 

surf ace. 

Special steel spheres containing thermoelements were placed at 79 
selected locations in the bed to measure the time dependent tenr 

perature profile. Time dependent temperatures along the inner ves- 

sel wall and in the water jacket were also measured along with 

water flow rate. The measured temperatures on the inner vessel 

wall were input to THERMIX as boundary conditions. The forced 

helium flow was also measured. 

The objective of the experiments was to investigate heat transport 

in the pebble bed by natural and forced convection and by conduction/ 

radiation. 
Results of experiments conducted on this loop are reported in 

Refs. 3 and 5. Typically, the experiments were conducted in the 

following manner: 

0 The bed was brought to a uniform temperature (3OOOC) by forced flow 

of hot gas (air or helium). 
0 The system pressure was adjusted to the desired level (1  to 

30 bars). 
0 The gas circulator was turned off. 
0 The test section was isolated by closing valves at the inlet and 

outlet so that natural circulation was limited to the inner area of 

the test section. 

0 Water flow through the cooling tubes was adjusted to maintain the 

wall temperature at about 30" C. 

The factors investigated included: 

1 )  the extent to which a rotationally symmetric natural convection 

loop is established, 
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2) t h e  agreement of measured and p red ic t ed  t i m e  dependent temperature  

p r o f i l e s  . 
The experiments were not planned on t h e  b a s i s  of s i m i l a r i t y  theory ,  but  

r a t h e r  f o r  t he  c r e a t i o n  of i n t e n s i v e  n a t u r a l  convect ion flows t o  a l low 

v a l i d a t i o n  of t h e  phys ica l  models used i n  THERMIX-KONVEK. 

F igures  5.9-a and 5.9-b show t y p i c a l  r e s u l t s  f o r  a n a t u r a l  convec- 

t i o n  experiment us ing  a i r  a t  30 bars.  For t h e  n a t u r a l  convec t ion  exper- 

iments,  t he  b a s i c  procedure w a s  such t h a t  temperature  d i f f e r e n c e s  caused 

by r a d i a l  hea t  removal (from t h e  bed previous ly  heated t o  a uniform tem-  

pe ra tu re  by forced  convect ion)  set i n  motion a macroscopic i n t e r n a l  

n a t u r a l  convect ion loop. A t  t he  start of t h e  t r a n s i e n t  when t h e  bed w a s  

i s o l a t e d  and t h e  water j acke t  he ld  a t  law temperature  (-3OoC), t h e  edge 

of t he  bed cooled down by conduction and r a d i a t i o n  due t o  t h e  water 

cool ing of the ou te r  pressure  s h e l l .  The r e s u l t i n g  d e n s i t y  d i f f e r e n c e s  

set up a f r e e  convect ion flow t h a t  r e s u l t e d  i n  downward gas  flow along 
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Fig. 5.9-a. Comparison of c a l c u l a t e d  and measured r a d i a l  tempera- 
t u r e  p r o f i l e s  during n a t u r a l  convect ion experiment. (F igure  taken from 
Ref. 3.) 
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t he  cold w a l l  of t he  steel  v e s s e l  and i n  the  ou te r  reg ions  of t he  bed 

and upward gas flow i n  t h e  bed i n t e r i o r .  Measurements r epor t ed  i n  

Ref. 3 showed a v i r t u a l l y  r o t a t i o n a l l y  symmetric temperature d i s t r i -  

bu t ion  dur ing  t h e  tests. Devia t ions  from t h e  r a d i a l  symmetry occurred 

only in t h e  upper reg ion  of the  bed. 

The a i r  cooled i n  t h e  reg ion  ad jacen t  t o  t h e  w a l l  enters t h e  bed a t  

t h e  bottom and t h i s  b r ings  about a continuous cool ing  from t h e  bottom t o  

t h e  top ( s e e  Fig. 5.9-b). S ince  t h e r e  is l i t t l e  r a d i a l  temperature 

g rad ien t  i n  t h e  c e n t e r ,  no hea t  t r a n s p o r t  t akes  p lace  i n  t h i s  d i r ec -  

t i o n .  However, i n  t h e  p e r i p h e r a l  reg ion ,  because of t h e  l a r g e  tempera- 

t u r e  g r a d i e n t ,  t h e r e  is a cons iderable  t r a n s p o r t  of heat by conduction 

and r a d i a t i o n .  

Good agreement between c a l c u l a t i o n  and measurement was obta ined  

over a range of p re s su res  (1 t o  30 b a r s )  and wi th  both a i r  and helium, 

confirming t h e  appropr i a t eness  of t h e  THERMIX-KONVEK model. I n  

comparing t h e  p re s su r i zed  a i r  and helium experiments,  an i n t e r e s t i n g  but  
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expected result was the observation that at the same pressure, in spite 

of the lower circulation flows with helium (because of the lower den- 

sity), the measured rate of heat transport out of the bed into the cool- 
ing water was higher. This was due to the higher specific heat and 

thermal conductivity of the helium. 

The relative effects of convection and of conduction/radiation were 

analytically compared with measured results for a natural convection ex- 

periment involving air at 30 bars. Figure 5.10 shows that both are im- 

portant under these conditions. With increasing convective flow the 
becomes limited to the effect of the effective thermal conductivity, 

region of the bed adjacent to the wall which is characterized by a high 
radial temperature gradient. 

'e' 

Experiments to investigate the effective conductivity of the bed of 

steel spheres under depressurized conditions (1 bar air or 1.5 bar he- 

lium) at temperatures up to 3OOOC were also conducted. At these condi- 
tions, according to Rayleigh theory, the density differences established 

by the radial heat transport to the vessel wall were below the critical 

values required for inception of natural convection. Therefore, heat 
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Fig. 5.10. Measured and calculated time dependent temperature near 
bottom of bed of steel spheres during a natural convection experiment. 
(Figure taken from Ref. 3 . )  
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transport was limited to conduction and radiation. Results of these ex- 
periments led to the modified correlation for Xe by Schirenkrzmer for a 
bed of 6 cm diameter graphite pebbles which is presented in Sect. 5.1.1. 

Experiments were also performed to examine unstable temperature 

stratification. In HTRs, unstable temperature stratification occurs 

with a downflow core if the coolant flow is interrupted. For this con- 

dition, cool gas is above the hot gas in an unstable configuration. In 
the experiment, this condition was established by initially heating the 

bed to a uniform temperature and then by establishing an axial tempera- 

ture gradient in the bed by a forced downward flow of cool gas. When 

this flow was stopped, an unstable temperature stratification existed. 

The objective of this experiment was to determine if directionally 

stable natural convection flow is established and whether the solid tem- 

peratures can be accurately predicted with THERMIX-KONVEK. Results of 

this experiment are shown in Figures 5.11-a and 5.11-b. In this experi- 
ment, after initially heating the bed to a uniform temperature of 3OOOC 

Fig. 5.11-a. Comparison of calculated and measured results for 
temperatures along vertical axis of test section during experiment ini- 
tially involving unstable gas temperature stratification. (Figure taken 
from Ref. 3 . )  
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Fig. 5.11-b. Comparison of c a l c u l a t e d  and measured r e s u l t s  f o r  
r a d i a l  temperatures dur ing  experiment i n i t i a l l y  invo lv ing  uns t ab le  g a s  
tempera ture  s t r a t i f i c a t i o n .  (F igu re  taken from Ref. 3. ) 

by forced  convection of hot gas ,  a forced  downward flow of cool gas  w a s  

in t roduced  f o r  0.39 h. T h i s  e s t a b l i s h e d  an a x i a l  temperature g r a d i e n t  

i n  t h e  bed. With i n t e r r u p t i o n  of t h i s  forced  flow of co ld  gas  

( a t  t l  = 0.39 h r ) ,  t he  spheres  near t h e  boundary i n i t i a l l y  con t inue  t o  

cool down because of t h e  r a d i a l  hea t  removal from t h e  bed by t h e  coo l ing  

of t he  v e s s e l  w a l l  by cool water flowing i n  t h e  water j a c k e t .  The 

sphe res  i n  t h e  upper reg ion  of t h e  bed a long  t h e  v e r t i c a l  axis begin t o  

heat up due t o  t h e  macroscopic f r e e  convection which t r a n s p o r t s  hea t  

upward from the  lower reg ion  of t h e  bed which is s t i l l  a t  h igh  tempera- 

t u re s .  The t r a n s p o r t  of heat from t h e  bed i n t e r i o r  then  r e s u l t s  i n  a 

r e h e a t i n g  of t h e  boundary spheres.  The comparisons of p r e d i c t e d  and 

measured r e s u l t s  (Figs.  5.11-a and 5.11-b) show f a i r  agreement but are 

somewhat mis leading  because measured tempera tures  a t  t h e  same r-z 

coord ina te s  have been averaged a zimut ha1 1 y . I n  f a c t  s i g n i f i c a n t  

azimuthal d e v i a t i o n s  (up t o  100OC) occurred  du r ing  t h e  test. 

Another experiment examined s u p e r p o s i t i o n  of n a t u r a l  convection and 

fo rced  downward flow under p re s su r i zed  c o n d i t i o n s  (30 bar s ,  air) .  
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F i r s t ,  an i n t e n s i v e  n a t u r a l  convection flow was  e s t a b l i s h e d  i n  t h e  bed 

as i n  t h e  n a t u r a l  convection cooldown experiments. Then a flow of co ld  

gas was i n j e c t e d  from the  top  so t h a t  the f r e e  upward flow and t h e  

fo rced  downward flow were i n  oppos i t ion .  An example of a p p l i c a t i o n  i n  
the HTR is  t h e  delayed s t a r t u p  of a c t i v e  decay hea t  removal o p e r a t i o n  

wi th  forced  downward coolan t  flow. 

I n  t h i s  experiment, wi th  t h i s  s u p e r p o s i t i o n  of forced  and n a t u r a l  

flow, r o t a t i o n a l  symmetry was not achieved, and thus  t h e  2-D THERMIX- 

KONVEK code could not reproduce t h e  r e s u l t s .  The d e v i a t i o n s  from ro ta-  

t i o n a l  symmetry r e s u l t e d  from the  f a c t  t h a t  t h e  downward forced  flow of 

co ld  gas  favored t h e  c o o l e r  r eg ions  of t h e  bed which presented  the  lower 

flow r e s i s t a n c e  (due t o  t h e  lower v i s c o s i t y  and the  h igher  gas  dens i ty ) .  

S l i g h t  d e v i a t i o n s  from r o t a t i o n a l  symmetry which developed dur ing  t h e  

period of t h e  test which involved only n a t u r a l  convection provided t h e  

s t a r t i n g  po in t  f o r  t h i s  asymmetric behavior. Fu r the r ,  one would not 

expect t o  p r e d i c t  t he  asymmetry with a 3-D THERMIX-KONVEK r e p r e s e n t a t i o n  

because f a c t o r s  caus ing  d e v i a t i o n s  from r o t a t i o n a l  symmetry ( f o r  

example, d e v i a t i o n s  from a uniform f i l l  arrangement of t h e  pebbles) are 

n o t  e x p l i c i t l y  p r e d i c t a b l e  and t h e r e f o r e  could not  be accounted f o r  i n  

the inpu t  t o  t h e  3-D model. 

F u r t h e r  experiments were performed on t h e  l a r g e  r e s e a r c h  r i g  t o  in- 

v e s t i g a t e  d i s p e r s i v e  heat t r a n s p o r t  and t o  compare measured da ta  wi th  

THERMIX-KONVEK p red ic t ions .  Reference 5 d i s c u s s e s  t h e s e  experiments and 

compares code p r e d i c t i o n s  with measured data for a s t eady  s ta te  tempera- 

t u r e  p r o f i l e  under forced  flow condi t ions .  I n  these  experiments t h e  

s t eady  state temperature p r o f i l e  was  e s t a b l i s h e d  i n  t h e  bed of steel  

sphe res  ( 1 . 9  cm diam) by i n j e c t i n g  a "poin t  source" of c o o l e r  a i r  ( i n  
t h e  range of 140 t o  2 0 0 ° C )  i n t o  the  bed of spheres  while a main stream 

flow of hot  a i r  (-27OOC) was forced  downward through t h e  bed. F igure  

5.12 shows t h e  test s e c t i o n  wi th  t h e  cool a i r  i n j e c t i o n  p ipe  i n  place. 

Severa l  experiments were performed using d i f f e r e n t  r a t i o s  of co ld  t o  hot 

a i r  flow and d i f f e r e n t  cold a i r  temperatures.  Flows were s u f f i c i e n t  so 

of t h e  gas  dominated t h e  t h a t  t h e  d i s p e r s i v e  thermal conduc t iv i ty  X 
thermal conduc t iv i ty  term X e  of t h e  so l id .  Thus d i s p e r s i o n  and 

convec t ion  were t h e  major f a c t o r s  i n  determining the  hea t  t r a n s p o r t  i n  

Pe 
f K  
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Fig. 5.12. Schematic of l a r g e  r e s e a r c h  r i g  wi th  co ld  gas  i n j e c t o r  
i n s t a l l e d  i n  test sec t ion .  (F igu re  taken  from Ref. 5.) 

t h e  bed. 

s i o n l e s s  tempera ture  d i f f e r e n c e  

In comparing measured r e s u l t s  w i th  code p r e d i c t i o n s  t h e  dimen- 

That gas  - T b e d ( r , t )  
8 ( r , t )  = - That gas  Tcold g a s  

i s  p l o t t e d  a g a i n s t  bed r a d i u s  f o r  s e l e c t e d  axial  planes. R e s u l t s  of a 

t y p i c a l  experiment compared wi th  code p r e d i c t i o n s  are shown i n  

Fig. 5.13. In  gene ra l ,  t h e  c a l c u l a t i o n s  show good agreement wi th  t h e  

measured r e s u l t s  v e r i f y i n g  t h e  d i s p e r s i v e  model. 
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Fig. 5.13. Comparison of c a l c u l a t e d  and measured p r o f i l e  w i th  
"po in t  source" of co ld  gas in t roduced  i n t o  a pebble bed hea ted  by forced  
convection. (F igure  taken from Ref. 5.) 

5.2 App l i c a b i l i t y  t o  t h e  U.S. Pebble Bed Modular HTR 

THERMIX-KONVEK is a p p r o p r i a t e  f o r  s teady  s ta te  and t r a n s i e n t  analy- 

ses of t he  U.S. pebble bed modular HTR. The primary hea t  t r a n s p o r t  

mechanisms i n  t h e  co re ,  r e f l e c t o r s ,  r e a c t o r  v e s s e l ,  and r e a c t o r  c a v i t y  

... 
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ou t  t o  t h e  c a v i t y  cool ing  system can be modeled. Probably t h e  major 

v i r t u e  of t h e  code is its a b i l i t y  t o  c a l c u l a t e  t h e  two-dimensional mass 

flow and temperature f i e l d s  i n  t h e  pebble bed r eg ion  f o r  a f u l l  range of 

cond i t ions ,  even as the  r e a c t o r  is exper ienc ing  a t r a n s i e n t .  It is t h e  

only a v a i l a b l e  code f o r  performing such analyses.  THERMIX-KONVEK can 

perform t h e s e  c a l c u l a t i o n s  f o r  cond i t ions  ranging from forced  t o  n a t u r a l  

convec t ion  flow and f o r  p re s su res  ranging from depres su r i zed  cond i t ions  

t o  cond i t ions  invo lv ing  above normal ope ra t ing  p res su res .  

THERMIX-KONVEK has been v e r i f i e d  i n  small-to-medium scale out-of- 

p i l e  tests f o r  a range of cond i t ions  inc lud ing  depres su r i zed  cooldown, 

n a t u r a l  and fo rced  convection. Comparison wi th  measured d a t a  has v e r i -  

f i e d  the  s impl i fy ing  assumptions used i n  the  code such as semi-homoge- 

n e i t y  of t h e  pebble bed, q u a s i - s t a t i c  c a l c u l a t i o n  of t h e  f l u i d  s i d e ,  and 

d i s r e g a r d  of a c c e l e r a t i o n  fo rces .  While these  tests have been exten- 

s i v e ,  they have not covered t h e  complete range of c o n d i t i o n s  which are 

r e p r e s e n t a t i v e  of hypo the t i ca l  a c c i d e n t s  f o r  pebble bed modular HTRs. 

Summarizing t h e  experimental  work d iscussed  i n  Sect.  5.1 of t h i s  r e p o r t :  

The e f f e c t i v e  conduc t iv i ty  ( A  ) of a bed of spheres  has been exper- 

imen ta l ly  i n v e s t i g a t e d  by Brei tbach  and Bar the l s  (Ref. 11) f o r  a 

bed of ( u n i r r a d i a t e d )  g r a p h i t e  spheres  (4 cm diam) over t he  temp- 

e r a t u r e  range of 200°C t o  1500°C and f o r  Z r O p  (4.5 c m  diam) low 

emi t tance  spheres  over t he  range 400-1000°C. Resu l t s  of t h e s e  

experiments w e r e  used t o  modify t h e o r e t i c a l  models. These modified 

models were then used t o  p r e d i c t  Xe f o r  a packed bed of g r a p h i t e  

pebbles ( 6  c m  diam) over t h e  temperature range of 1000 t o  2500°C 

assuming a temperature independent va lue  f o r  mat r ix  g r a p h i t e  

conduc t iv i ty .  

0 Other i n v e s t i g a t i o n s  by Schi renkr imer  (Ref. 3) and by Robold 

(Ref. 10) a l s o  l e d  t o  p r e d i c t i o n s  of Ae f o r  6 c m  g r a p h i t e  pebbles. 

Robold f u r t h e r  i n v e s t i g a t e d  t h e  behavior of X nea r  t h e  r e f l e c t o r  

w a l l .  Both i n v e s t i g a t o r s  presented  p r e d i c t i o n s  of X f o r  6 c m  

g r a p h i t e  pebbles f o r  s e l e c t e d  mat r ix  g r a p h i t e  c o n d u c t i v i t i e s ,  based 

on t h e o r e t i c a l  models. 

e 

e 

e 

0 Experiments a t  KFA's small r e sea rch  r i g  which conta ined  a packed 

bed (40 c m  high by 24.8 cm diam) of steati te (1 c m  diam) sphe res  
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. 

validated THERMIX-KONVEK prediction for conditions involving 
natural convection heat transport and radiation/conduction heat 

transport with bed temperatures up to 100°C and pressures ranging 

from 1 to 20 bar (using air, Np and C02). 
Experiments at KFA's large research rig which contained a packed 

bed (120 cm high by 70 cm diam) of steel spheres (1.9 cm diam) 
validated THERMIX-KONVEK predictions for conditions involving na- 

tural convection, dispersion, and radiation/conduction heat trans- 

port. Tests were done at temperatures up to 300°C and at pressure 

ranging from 1 to 36 bars (with air and helium coolant). 

Results of experiments at 1 bar pressure (in which radiation 

and conduction dominated) were well predicted by THERMIX-KONVEK. 

Also, results of natural convection experiments were well predicted 

by THERMIX-KONVEK. Results of experiments initialized with unsta- 

ble temperature stratification were not predicted very well with 

THERMIX-KONVEK due to significant azimuthal deviations which 

occurred during the experiment. Fair agreement with the predic- 

tions by THERMIX-KONVEK could be obtained only by comparing code 

predictions with azimuthally averaged values of the measured tem- 

peratures. Another experiment involving superposition of downward 

forced flow and natural convection flow resulted in highly asym- 

metric temperature distributions. These azimuthal deviations 

obviously could not be predicted with the 2-D THERMIX-KONVEK (and 

resulted from physical conditions in the bed which probably cannot 
be precisely anticipated for modeling even with a 3-D model). Ex- 

periments were conducted with forced gas flow to test the modeling 

of dispersive heat transport in the gas and computed results agreed 

well with measurements. 

Because of the above fairly extensive and fairly successful valida- 

tion efforts in small-scale, out-of-pile tests, the major area of 

validation which is currently lacking involves more prototypic reactor 

conditions involving, for example, the following 

0 a packed bed of irradiated 6 cm diam graphite fuel pebbles (of 

varying degrees of irradiation) 

0 bed temperatures ranging up to somewhat higher than 1600°C 
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natural convection in helium at temperatures up to -1200°C at a 

pressure of 70 bar and somewhat higher 
temperatures of the reactor vessel internals (e.g. upper head 

region) 

reactivity changes (to validate KINEX neutron kinetics module). 

5.3 Recommended Additional Validation 

It is recommended that the next step in code validation focus on 

conditions more typical of actual reactor operation and of hypothetical 

accidents than have been possible with the tests performed to date at 

KFA. This could progress as discussed in the following sections. 

5.3.1 Comparison of THERMIX predictions with measured plant data 

As the next phase in THERMIX validation, code predictions should be 
compared with measured steady state and transient operating data from 

both THTR and AVR. This would test the accuracy of "HERMIX-KONVEK-KINEX 

over a range of actual conditions of temperature, pressure, fluence and ' 

internal heat generation rate not covered in the smaller scale out-of- 

pile tests. While measured information will not be as extensive as 

would be obtained from a specially designed test facility, experience 

has shown (for example, Refs. 14-16) that significant information rela- 
tive to validity of analytical tools under reactor conditions can be ob- 

tained by such comparisons. With the understanding derived from these 
activities, it is often possible to plan special tests or measurements 

at the reactors which can be performed with minimal disruption to the 

plant that can investigate some key feature for further validation of 

code predictions. 

5.3.2 Sensitivity analyses followed by potential special tests 

This effort would involve accident studies of modular pebble bed 

HTRs including sensitivity analyses to examine the importance that cer- 

tain parameters have on predicted results. Then, for those conditions 

for which it is judged that the existing validation of THERMIX-KONVEK- 

KINEX is insufficient (either by comparison with experimental data from 
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WA's s p e c i a l  test f a c i l i t i e s ,  o r  by comparison wi th  THTR and AVR oper- 

a t i n g  d a t a )  s p e c i a l  tests can be planned and conducted. 

5.3.3 Comparison of THERMIX r e s u l t s  w i th  o t h e r  a n a l y t i c a l  
r e s u l t s  t o  test special f e a t u r e s  

As is noted i n  Sect. 4.1, b u t t r e s s e s  used t o  provide channels f o r  

c o n t r o l  rods could not be modeled wi th  t h e  two dimensional THERMIX 

code. The e f f e c t  of n e g l e c t i n g  b u t t r e s s e s  should be examined by compar- 

i s o n  of THERMIX p r e d i c t i o n s  wi th  a s p e c i a l  3-D c a l c u l a t i o n  - f o r  exam- 

p le ,  wi th  HEATING-6 (Ref. 17)  f o r  depressur ized  condi t ions .  (HEATING-6 

can treat r a d i a t i o n  and conduction, but no t  n a t u r a l  convection so t h e  

comparison n e c e s s a r i l y  must be done f o r  dep res su r i zed  cond i t ions  where 

n a t u r a l  convec t ion  i s  negleg ib le . )  

Other s p e c i a l  tests a g a i n s t  a n a l y t i c a l  t o o l s  m y  be i d e n t i f i e d  i n  

t h e  f u t u r e .  

. 

. 
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6.  SUGGESTED FURTHER INVESTIGATIONS 
FOR MODULAR HTRs 

* 

As a result of ORNL's effort to model the pebble bed modular HTR 

and the initial trial calculations, further analyses are suggested to 

examine more closely the fuel, vessel and vessel internals temperatures 

during normal and accident conditions. In summary, these are 

0 investigate the effect of control rod channels and coolant channels 

on the effective conductivity of the side reflector blocks and the 

resultant impact on fuel temperatures during core heatup events 

(Note: this is a generic question also appropriate to prismatic 

fueled modular HTRs) , 
0 investigate the sensitivity of fuel and vessel temperatures under 

accident conditions to 
- 
- emissivities of steel and graphite surfaces 

- effective conductivity of the core 

reflector graphite conductivity (irradiated and unirradiated) 

0 investigate temperatures in the top reflector (which contains no 

coolant passages) accounting for heat generation by neutron and 

gamma heating, 

0 investigate the accuracy of the THERMIX-KONVEK modeling of 
- heat transport to the upper vessel head 

- heat transport to the top reflector 
- heat transport by free convection in the vertical annular gaps 

such as in the helium space between the side reflector and the 
reactor vessel. THERMIX accounts for this heat transport using 

the so called "thermal conduction by convection" which 

correlates a "conductivity" for the gap with the gas 

conductivity and the Grashof and Prandtl numbers. 
The first two items also apply to prismatic fueled modular HTRs. 

Note that conditions which can be considered conservative for calcula- 

tion of fuel temperature (for example assuming a low value for reflector 

graphite conductivity) are not conservative from the viewpoint of vessel 
temperature. 

. 
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7. RECOMMENDED CODE DEVELOPMENT 

While THERMIX-KONVEK is the best available 

WORK 

code for analysis of 
pebble bed HTRs, there are several characteristics of the code and its 

associated documentation which could be addressed to improve THERMIX- 

KONVEK. These code improvements are in the general areas of (a) im- 

proved documentation, (b) improved user interface, and (c) technical 
improvements. The following paragraphs present a brief description of 

desired enhancements to the code. 
0 

1. 

2. 

3. 

4. 

5. 

0 

1 .  

Documentation: 

Update of the User's Manual to provide concise and complete de- 

scriptions of each of the input variables in the current version; 

Translation of the output labels and warning statements from German 

to English; 

Translation of the code comment cards from German to English; 

Generation of a one page description of each subroutine in the code 

which would describe the subroutine input and output variables as 

well as a very brief description of the calculation performed by 

the subroutine; 

Generation of an English language THERMIX-KONVEK-KINEX Reference 

Manual, which would provide the technical basis for the calcula- 

tions performed by the code. This document would include the sub- 

routine descriptions from item 4 above, as well as descriptions of 
constitutive relationships, mathematical techniques, etc. 

Code Improvements - User Interface (I/O): 
The following code improvements would enhance the code's utility: 

Supplement the current fixed format input technique with a variable 
format or name list format input preprocessor. With the current 

fixed format input it is common for two numbers to be placed side 

by side on the input data cards with no intervening blank spaces - 
thus making it difficult to locate specific variables within the 

input data file. Use of a preprocessor would ease the task of 

generating input for the code while retaining the ability to trans- 

mit input decks between facilities for trouble shooting and other 

examinations. The input data processor should also check the 
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THERMIX and KONVEK input data streams for inconsistencies and com- 

mon errors. This would save much time during the model development 
stage, by flagging errors early, as well as providing the user as- 

sistance in locating syntax errors in the input data. 
The code currently requires that two distinct models be input (one 

for THERMIX and one for KONVEK). Since some of the information 

within these two models is either redundant or could be synthesized 

2. 

from the information input for the other module, it is recommended 
that an internal THERMIX/KONVEK interface be constructed which 

would allow KONVEK to utilize THERMIX input data where redundant 
input requirements exist, and to automatically synthesize as much 

of its input data requirements as is possible from the THERMIX 

input data. 

3. The general procedure for running THERMIX-KONVEK is to generate a 
steady state input data deck, execute the code (which generates and 

saves the steady state temperature distribution throughout the sys- 

tem), modify the input data deck to reflect the desired transient 

conditions and to incorporate the initial temperature distribution 

determined by the steady state run, and finally execute THERMIX- 

KONVEK for the transient. The modification of the steady state 

input data deck to set up a transient case can lead to errors due 

to the necessity of modifying variables which are located on dif- 

ferent cards in the THERMIX and KONVEK input data streams. The 
input data formats should be restructured to group all of the vari- 
ables which must or might be modified when converting from a steady 

state run to a transient run in one well defined region of the in- 

put data string. 

4. A graphics package should be generated which couples with THERMIX- 

KONVEK to efficiently display computed results. 

0 Code Improvements - Technical: 
The following technical modifications should be considered: 

1 .  Incorporation of "horizontal flow tubes" or channels in the 

model. This modi,fication is necessary to facilitate a realistic 

geometric treatment of the ducting of gas through the reflector 

into the upper plenum in the U.S. pebble bed modular HTR concept. 

. 
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3 

2. The code c u r r e n t l y  performs an i t e r a t i o n  a t  each t i m e  s t e p  t o  

determine t h e  two  dimensional s o l i d  body temperature d i s t r i b u t i o n  

and iterates each t i m e  s t e p  t o  determine t h e  two dimensional flow 

and temperature f i e l d s .  The amount of time consumed f o r  each type  

of i t e r a t i o n  should be determined, and o t h e r  methods - such as 

s p a r s e ,  banded mat r ix  s o l u t i o n  techniques which p o t e n t i a l l y  could 

speed up code execut ion  should be examined. 

3. The accuracy of t he  THERMIX s o l u t i o n  f o r  t h e  temperature d i s t r i b u -  

t i o n  wi th in  t h e  pebble should be examined. In  t h e  t r i a l  ca l cu la -  

t i o n s  repor ted  here ,  while t he  expected temperature p r o f i l e  from 

pebble c e n t e r p o i n t  t o  pebble s u r f a c e  was obta ined  a t  i n i t i a l  s teady  

s ta te  cond i t ions ,  r e s u l t s  f o r  decay power l e v e l s  a t  dep res su r i zed  

c o n d i t i o n s  were questionable.  While the  code d id  p r e d i c t  a very 

low AT of only 2 t o  3 O C  from pebble c e n t e r p o i n t  t o  s u r f a c e  as ex- 

pec ted ,  t h e  temperature p r o f i l e  i n  some cases showed a s l i g h t l y  

higher temperature (of approximately 1°C) i n  t h e  f o u r t h  s h e l l  (next  

t o  t h e  o u t e r  s h e l l )  of t h e  f i v e  s h e l l s  i n  the  pebble model. No 

p l a u s i b l e  exp lana t ion  f o r  this phenomenon could be i d e n t i f i e d .  The 

problem may be r e l a t e d  t o  an apparent  e r r o r  i n  a r e l a t i o n s h i p  

w r i t t e n  i n  Reference 2. This r e fe rence  p r e s e n t s  t h e  conserva t ion  

of energy equa t ion  f o r  t h e  temperature d i s t r i b u t i o n  wi th in  t h e  

pebble (equat ion  8 i n  Ref. 2) ;  however, i n  Ref. 2, f iAS and 6, ( s e e  

S e c t i o n  2.3 f o r  t h e i r  d e f i n i t i o n )  are added t o  t h e  nuc lear  power 

gene ra t ion  which is i n t e r n a l  t o  the  pebble. A review showed 

t h a t  GAS and ?) r e p r e s e n t  rates of hea t  t r a n s f e r  from t h e  pebble 

s u r f a c e  and not rates of hea t  gene ra t ion  i n t e r n a l  t o  the  pebble 

(see equat ion  2 and Sec t ion  2.3  of t h i s  r e p o r t ) .  

k 
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