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ABSTRACT 

CORTAP (Core Transient  Analysis Program) w a s  developed t o  p red ic t  

t h e  dynamic behavior of t he  High Temperature Gas Cooled Reactor (HTGR) 

core under normal opera t iona l  t r a n s i e n t s  and pos tu la ted  accident  condi- 

t i ons .  CORTAP is used both as a stand-alone component s imulat ion and as 

p a r t  of t he  HTGR nuc lear  steam supply (NSS) system simulat ion code ORTAP. 

The core  thermal neut ronic  response i s  determined by solving t h e  heat  

t r a n s f e r  equat ions f o r  t h e  f u e l ,  moderator and coolant i n  an average 

powered region of t h e  r eac to r  core .  

k i n e t i c s  equat ions are coupled t o  t h e  hea t  t r a n s f e r  equat ions through a 

rap id ly  converging i t e r a t i v e  technique. The code has  t h e  c a p a b i l i t y  

t o  determine conservat ive f u e l ,  moderator and coolant  temperatures i n  

t h e  "hot" f u e l  region. For t r a n s i e n t s  involving a r eac to r  t r i p ,  t he  

core  hea t  genera t ion  rate i s  determined from an expression f o r  decay 

hea t  following a scram. Nonlinear e f f e c t s  introduced by temperature 

dependent f u e l ,  moderator and coolant  p rope r t i e s  are included i n  t h e  

model. 

The space independent neutron 

CORTAP p red ic t ions  w i l l  be compared with dynamic test results 

obtained from t h e  F o r t  S t .  Vrain r eac to r  owned by Publ ic  Serv ice  of 

Colorado, and, based on these  comparisons, appropr ia te  improvements w i l l  

be made i n  CORTAP. 

Keywords: gas  cooled r eac to r s ,  dynamic response,  programs (computer), 

~ neutron k i n e t i c s ,  r eac to r  core .  
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NOMENCLATURE 

A - area 
4 - coefficient matrix 
a - temperature coefficient of reactivity 
B - delayed neutron fraction 

C - specific heat of solid 
C - specific heat of helium 
P 

P ,He 
C 

C' 

D 

E 

fZ 

G 

h 

I 

k 

..a 

R 

m 

M 

n 

N 

C 

Q 
Re 

RF 

- conductance (in heat transfer equation); delayed neutron precur- 
sor concentration (in neutron kinetics equations) 

- conductance accounting for combination of conductances in series 
- hydraulic diameter I 

- convergence criteria 
- axial peaking factor 
- mass flux 

- heat transfer coefficient 
- unit matrix 
- conductivity (in heat transfer equations); or neutron multipli- 
cation factor (in neutron kinetics equations) 

- average neutron lifetime from release to loss 
- mass 
- heat capacity 
- neutron density 
- number of neutron kinetics time steps per heat transfer time 
step 

- heat generation rate density 
- Reynold's number 
- radius of fuel stick 
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54 
P 

r 

S 

t 

A t  

T 

T 

lJ 

v 

W 

Z 

-h 

-+ 

- rad ius  of g raph i t e  moderator i n  u n i t  ce l l  

- dens i ty  ( i n  hea t  t r a n s f e r  equat ions) ;  o r  r e a c t i v i t y  ( i n  neutron 
k i n e t i c s  equations) 

- d i s t ance  measured from f u e l  s t i c k  c e n t e r l i n e  

- d i s t ance  measured from f u e l  s t i c k  c e n t e r l i n e  t o  ou te r  su r f ace  
of a node 

- time 

- time s t e p  

- temperature 

- vector  of nodal temperatures 

- v i s c o s i t y  

- volume 

- flow rate 

- forc ing  func t ion  vec tor  

Superscr ipts :  

a - a x i a l  

F - f u e l  s t i c k  

LR - lower r e f l e c t o r  

M - moderator 

r - r a d i a l  

R - r e f l e c t o r  

UR - upper r e f l e c t o r  

Subscr ipts :  

b - bulk coolant  

% - c e n t e r l i n e  

F - f u e l  

. 
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G - graph i t e  

gas  - denotes gas temperature used i n  determining hea t  flow rate from 
moderator 

HT - denotes heat  t r a n s f e r  time s t e p  

I M  - inner  sur face  of moderator 

I N  - i n l e t  t o  node 

INLET - i n l e t  t o  core  

i 

I 

j 

J 

M 

NK 

NUR 

NLR 

OUT 

0 

Ref 

S 

- r a d i a l  nodal index ( in  heat  t r a n s f e r  equat ions) ;  o r  delayed 
neutron group number ( i n  neutron k i n e t i c s  equations) 

- outermost r a d i a l  node i n  moderator 

- a x i a l  nodal index 

- lowest a x i a l  node i n  a c t i v e  f u e l  s ec t ion  of u n i t  ce l l  

- moderator 

- denotes neutron k i n e t i c s  time s t e p  

- number of axial nodes represent ing upper r e f l e c t o r  

- number of a x i a l  nodes represent ing lower r e f l e c t o r  

- o u t l e t  

- denotes va lue  of v a r i a b l e  a t  t i m e  = 0.0 

- re ference  va lue  

- s o l i d  
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1. INTRODUCTION 

CORTAP simulates  t h e  core  thermal and neut ronic  response of t h e  

HTGR t o  normal opera t iona l  t r a n s i e n t s  and t o  pos tu la ted  acc ident  condi- 

t i ons .  This response is  determined by coupling t h e  neutron k i n e t i c s  

equat ions t o  the  hea t  t r a n s f e r  equat ions f o r  t h e  f u e l ,  moderator and 

coolant  i n  an averaged powered region of t he  r eac to r  core. The model 

represents  a u n i t  c e l l  cons is t ing  of a f u e l  s t i c k ,  t h e  surrounding 

g raph i t e  moderator and coolant  channels i n  t h e  averaged powered region. 

The code a l s o  has  t h e  c a p a b i l i t y  t o  determine conservat ive vglues  of 

f u e l ,  moderator and coolant temperatures i n  t h e  "hot" f u e l  region. 

The present  vers ion  of CORTAP has t h e  following feature$:  

a )  Up t o  60 nodes may be used t o  represent  an average o r  ''hot" 

f u e l  s t i c k ,  t h e  surrounding g raph i t e  and coolant channels t h e  

top and bottom r e f l e c t o r  elements and the  core  support block. 

The model includes the  temperature dependence of t he  f u e l  and 

moderator conduct ivi ty ,  dens i ty  and s p e c i f i c  heat  and the  

helium t r anspor t  p roper t ies .  Therefore up t o  60 f i r s t  order ,  

nonl inear ,  inhomogeneous d i f f e r e n t i a l  equat ions are used t o  

represent  t h e  core  thermal response. 

b) Heat t r a n s f e r  from the  g raph i t e  t o  t h e  coolant  is ca lcu la ted  

based on the  helium flow regime ( turbulent- t ransi t ional- laminar) .  

c )  The neutron k i n e t i c s  behavior of t h e  core  i s  modeled using t h e  

space independent neutron k i n e t i c s  equat ions with s i x  groups 

of delayed neutrons.  The "prompt jump" approximation is  not  

made. 
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Fuel and moderator temperature c o e f f i c i e n t s  of r e a c t i v i t y  are 

considered t o  be temperature dependent. 

The neutron k i n e t i c s  equations are coupled t o  t h e  heat  t r a n s f e r  

equations through a, r ap id ly  converging i t e r a t i v e  technique so 

t h a t  co r rec t  f u e l  and g raph i t e  temperatures are used i n  deter-  

mining t h e  feedback r e a c t i v i t y  r a t h e r  than temperatures ex i s t ing  

a t  the  end of a previous time s t ep .  

A smaller computational time s t e p  is  used f o r  t he  so lu t ion  of 

the  neutron k i n e t i c s  equat ions than is used f o r  t h e  so lu t ion  

of t he  hea t  t r a n s f e r  equat ions s ince  the  response of t h e  r eac to r  

power t o  r e a c t i v i t y  changes is much f a s t e r  than t h e  response of 

f u e l  and moderator temperatures t o  changes i n  core  power. 

For t r a n s i e n t s  involving a r eac to r  t r i p  the  core  hea t  genera- 

t i o n  rate is determined from an expression f o r  power decay 

following a scram. 

Input t o  the  code includes the  coolant flow rate  and i n l e t  

temperature as func t ions  of time. 

f a c t o r s  are input  and assumed constant  during t r a n s i e n t s .  The 

time dependence of the  component of t he  r e a c t i v i t y  change due 

t o  con t ro l  rod motion must a l s o  be input .  

Axial r e l a t i v e  power peaking 

CORTAP w a s  developed both as an a i d  i n  the  evaluat ion of t h e  General 

Atomic system t r a n s i e n t  ana lys i s  code TAP’ and as an independent method 

of analyzing t r a n s i e n t s  a f f e c t i n g  t h e  HTGR core.  

This repor t  contains  a desc r ip t ion  of the  HTGR core ,  t h e  techniques 

used i n  t h e  CORTAP simulat ion,  comparisons of CORTAP r e s u l t s  with r e s u l t s  

I 

. 
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. 

obtained by General A t o m i c ,  input i n s t ruc t ions  and sample input .  A 

deck and a l i s t i n g  of t he  code are ava i l ab le  upon request .  

2 .  DESCRIPTION OF THE HTGR CORE 

The Fort  S t .  Vrain (FSV) hexagonal f u e l  elements and t h e i r  arrange- 

ment wi th in  the  r eac to r  core  are shown i n  Figs.  2 .1  through 2.4. 

FSV core design is q u i t e  s imi l a r  t o  the  l a r g e  HTGR core design. 

The 

Each 

hexagonal element (Fig. 2.1),  which is -14 in .  across  the  f l a t s  and -31 

in .  high, cons i s t s  of f u e l  s t i c k s ,  containing bonded coated f u e l  p a r t i -  

cles, and coolant channels. During r eac to r  operat ion helium flows 

downward through the  channels. 

The arrangement of the  hexagonal elements i n  the  FSV core is shown 

i n  Fig. 2.3. 

f u e l  elements i n  each l aye r  is r e fe r r ed  t o  as a re fue l ing  region. The 

c e n t r a l  hexagonal element i n  each l aye r  is a con t ro l  rod element (Fig.  

2.2) which contains  two cont ro l  rod channels and a channel f o r  t he  

reserve  shutdown spheres.  

and below each a c t i v e  f u e l  column as w e l l  as around t h e  circumference 

A s t ack  of six l aye r s  of f u e l  elements with seven hexagonal 

Ref lec tor  elements are located both above 

of the  a c t i v e  core.  The core is supported on support blocks (Fig. 2.3) 

which rest on core support  pos ts  located i n  the  lower core  plenum. 

The i n l e t  t o  each re fue l ing  region conta ins  an ad jus t ab le  o r i f i c e  

which is used t o  con t ro l  t he  coolant flow t o  the  re fue l ing  region so 

t h a t  the  power t o  flow r a t i o s  f o r  a l l  r e fue l ing  regions are e s s e n t i a l l y  

equal.  

reg ion ' s  o u t l e t  gas  temperature, which is monitored by thermocouples 

located i n  the  core  support  block. The f a c t  t h a t  the  coolant flow t o  

The o r i f i c e  is posi t ioned based on the  va lue  of each re fue l ing  
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F i g .  2 .1 .  HTGR f u e l  element, Fort S t .  Vrain reactor. 
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COOLANT HOLE 
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BURNABLE PO I SON 
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~ H E L I U H  
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‘DOWEL 
SOCKET 

SEC A-A 

Fig. 2 . 2 .  HTGR f u e l  element, showing holes  f o r  cont ro l  rods.  Design 
f o r  t he  For t  S t .  Vrain r eac to r  by t h e  General Atomic Company; s imilar  
designs are proposed f o r  l a r g e r  p l an t s .  
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each re fue l ing  region is  cont ro l led  by o r i f i c e s  and is  d i r ec t ed  through 

channels s i m p l i f i e s  HTGR core modeling compared t o  LWR core  modeling 

e spec ia l ly  i n  the  ca l cu la t ion  of peak f u e l  temperatures s ince  the  un- 

c e r t a i n t i e s  i n  pred ic t ing  the  coolant flow t o  the  "hot" region should 

be less f o r  t he  HTGR. 

3. MODEL DEVELOPMENT 

3.1 Active Core Heat Transfer  Model 

A s  can be seen i n  Fig. 2 .1 ,  except f o r  the'  devia t ions  around t h e  

f u e l  handling pickup hole  and near t h e  edge of t h e  element, t he  r egu la r  

hexagonal elements are composed of an a r r ay  of t r i a n g u l a r  cells as 

shown i n  Fig. 3.1-a. For condi t ions i n  which t h e r e  is  s u f f i c i e n t  

coolant flow so t h a t  t h e  hea t  flow between a r e fue l ing  region and 

adjacent  regions is  neg l ig ib l e  compared t o  the  hea t  removed by t h e  

coolant through forced convection, t he  th ree  lateral  su r faces  of t h e  

t r i angu la r  element shown i n  Fig. 3.1-a (and a c t u a l l y  t h e  sur faces  of 

t he  smaller element bounded by the  dot ted l i n e s )  can be modeled as 

sur faces  of zero hea t  f l ux .  I f  t h i s  approximation of an a d i a b a t i c  

cel l  is  made when determining peak f u e l  temperatures,  conservat ive 

r e s u l t s  are obtained s ince  i n  r e a l i t y  heat  flow t o  adjacent  regions 

would be away from the  hot  region. 

For the  coupled neutron k ine t ics -hea t  t r a n s f e r  c a l c u l a t i o n s ,  CORTAP 

determines the  f u e l  and moderator temperatures and t h e  axial  coolant  

temperature wi th in  a t r i angu la r  u n i t  cel l  containing an average f u e l  

s t i c k ;  i . e . ,  a f u e l  s t i c k  with a r a d i a l  r e l a t i v e  power dens i ty  f a c t o r  

of 1.0. The temperature feedback components of t h e  core  r e a c t i v i t y  are 
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determined based on changes in the average fuel and graphite temperatures 

within this unit cell. 

The deviation of the fuel stick and coolant channel geometry from 

a repetitive pattern of triangular cells near the edges of the hexagonal 

elements and near the control rod and reserve absorber channels results 

in a fuel to moderator volume ratio in the triangular cell that is 

greater than the fuel to moderator volume ratio on a refueling region 

basis.2 

in the unit cell is appropriately increased during long term transients 

to correctly depict the heat capacity effects of the graphite. 

modification does not change the steady-state temperature distribution 

within the fuel and moderator. For short term transients lasting no 

more than approximately 20 minutes, this modification is not made thus 

resulting in conservative predictions of fuel and graphite temperatures. 

For calculational purposes it is convenient to convert the triangu- 

To account for this difference, the density of the graphite 

This 

lar cell (Fig. 3.1-a) to an equivalent cylindrical cell shown in Fig. 

3.1-b. 

annular ring of graphite which is cooled on the surface by helium flow. 

The heat conduction equations can then be solved in two-dimensional 

(r-z) geometry rather than three-dimensional geometry. To ensure.that 

the equivalent cell representation adequately models the dynamic response 

of the triangular element the following modeling techniques are used: 

This equivalent cell consists of a fuel stick surrounded by an 

a) The volume of the moderator in the triangular element is con- 

served in the cylindrical cell due to the importance of the 

graphite heat capacity in transient calculations. 
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b) The film heat transfer coefficient is modified by the ratio of 

the actual moderator to coolant heat transfer area in the tri- 

angular element to the moderator to coolant heat transfer area 

in the cylindrical cell since the actual heat transfer area 

is not conserved in transforming to the cylindrical cell. 

A detailed steady-state temperature distribution is obtained 

for the triangular element outlined by the dotted lines in 

Fig. 3.1-a. This is done with the ORNL general heat conduction 

code HEATING3 

simulation. 

c) 

using approximately 400 nodal points for the 

d) The results of this calculation of the detailed temperature 

distribution within the triangular cell are compared with 

results of a calculation using the cylindrical model. The 

moderator conductance in the cylindrical model is then modi- 

fied by a "shape factor" to account for the change from the 

moderator's actual geometry. This "shape factor" forces the 

temperature drop across the moderator as calculated by the 

cylindrical model to agree with the difference between the 

average moderator temperatures at the surface of the fuel 

hole and the coolant hole respectively as calculated by 

HEATING3. Table 3.1 shows an example of the agreement obtained 

between the triangular and cylindrical representations for 

steady-state full power conditions. 

Comparisons of results obtained by the cylindrical model with re- 

sults obtained by the detailed HEATING3 representation of the triangular 

element for the transient response of fuel stick centerline temperature 
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Table 3-1. Triangular  c e l l  model 
v s  c y l i n d r i c a l  cel l  model. 

229 

113* 

56* 

129* 

228 

114** 

53 

139 .  

TOTAL ("C) 527 534 

Triangular  ce l l  Cyl indr ica l  ce l l  
(HEATING3) (CORTAP) 

*Calculated using average f u e l  and moderator sur f  ace 
temperatures. 

**Calculated using a "shape fac tor"  forc ing  agreement 
' with t h e  t r i angu la r  ce l l  ca lcu la t ion .  
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and changes of average f u e l  and moderator temperatures a t  an a x i a l  loca- 

t i o n  whose a x i a l  power peaking f a c t o r  is un i ty  are shown i n  Figs.  3.2, 

3.3, and 3.4 respec t ive ly  f o r  t h e  following t r ans i en t s :  

1. A 25% s t e p  increase  i n  r eac to r  power from f u l l  power condi- 

t ions .  

2. A 139°C (250°F) s t e p  increase  i n  bulk coolant temperature 

from f u l l  power condi t ions.  

3. A 50% s t e p  decrease i n  f i lm hea t  t r a n s f e r  c o e f f i c i e n t  

from f u l l  power condi t ions.  

It is important t h a t  t he  time response of t he  changes i n  average f u e l  

and average moderator temperatures as ca lcu la ted  using the  simpler 

c y l i n d r i c a l  c e l l  model agree with those ca lcu la ted  with t h e  more d e t a i l e d  

HEATING3 representa t ion  because these  temperature changes determine the  

temperature feedback r e a c t i v i t y  e f f e c t s .  

Figs.  3.2, 3.3, and 3.4 provides v e r i f i c a t i o n  of t he  approximations 

used i n  represent ing the  t r i angu la r  element with an equivalent  cyl in-  

d r i c a l  c e l l .  

The good agreement shown i n  

I n  order  t o  determine the  t r a n s i e n t  temperature d i s t r i b u t i o n  i n  t h e  

f u e l  and moderator, t he  two-dimensional c y l i n d r i c a l  ce l l  is divided 

r a d i a l l y  and a x i a l l y  i n t o  nodal volumes. 

node i n  an a x i a l  segment of t he  c e l l  between z and z+Az. The d is tance  

from the  f u e l  s t i c k  cen te r l ine  t o  the  outer  sur face  of node i is denoted 

s 

Figure 3.5 shows a t y p i c a l  

The equation f o r  heat  conduction i n  the  s o l i d  is i' 

Neglecting, f o r  t h e  time being, heat  t r a n s f e r  i n  the  a x i a l  d i r e c t i o n  
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and in t eg ra t ing  t h i s  over t h e  volume occupied by node i g ives  

ou te r  su r f ace  inner  surf ace 
of node i of node i 

- 1  where Ti = - ITdV , v, A 
' 

volume of 
node i 

and i t  has been assumed t h a t  both t h e  hea t  genera t ion  rate dens i ty  Q 

and t h e  volumetr ic  hea t  capac i ty  pc 

t h e  nodal volume. 

are independent of p o s i t i o n  wi th in  
P 

The f i r s t  term i n  t h e  above equation r ep resen t s  t h e  

rate of hea t  t r a n s f e r  from t h e  i t h  r a d i a l  nodal volume between z and 

z+Az t o  t h e  i+lst r a d i a l  nodal volume. Assuming t h a t  t h e  rate of hea t  

t r a n s f e r  pe r  u n i t  area from r a d i a l  node i t o  r a d i a l  node i+l, k(dT/dr),  

is  independent of z over t h e  ou te r  su r f ace  of node i, 

( 3 . 3 )  

o u t e r  sur face  
of node i 

It is  customary t o  de f ine  a r a d i a l  conductance C from node i t o  i+l 

such t h a t  t h i s  rate of hea t  t r a n s f e r  [Eq. ( 3 . 3 ) ]  is  equal t o  t h e  product 

of C 

i+lst r a d i a l  nodalvolumes,  i .e. ,  

i 

and t h e  d i f f e rence  i n  volume average temperatures of t h e  i t h  and i 
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It is possible to obtain an expression for C 

of geometrical quantities and conductivity by considering the steady- 

state values of (dT/dr) I si, Ti+l and Ti in Eq. ( 3 . 4 ) .  In addition to 

the assumption of uniform heat generation rate density, if it is assumed 

that the conductivity is independent of radial position, the steady- 

state radial temperature profile within the ith nodal volume in the ftel 

stick is parabolic, i.e., 

defined above, in terms i’ 

- 

T(r) = T - L r 2 .  
% 4kF 

- - 
Substituting for (dT/dr)lsi, Ti and Ti+l in Eq. (3.4) gives 

2 8km, Az 
I 

2 - 2 .  ci = 

i+l si-l S 
(3.5) 

If equally spaced intervals are used to define the nodal surfaces, i.e., 

if 

= s  + A r ,  i+l i S 

and 

= s  - A r ,  i-1 i S 

Eq. (3.5) reduces to the more familiar form 

where 

Ai = 2asi Az . 
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Therefore, i f  t he  user  selects nodal sur faces  which have a constant  

spacing A r ,  t he  hea t  t r ans fe r r ed  r a d i a l l y  from t h e  i t h  nodal volume t o  

the  i+lst nodal volume can be w r i t t e n  as (kAi/Ar) (Ti - Ti+l). 
- 

A similar technique i s  used t o  determine the  conductances i n  t h e  

bulk moderator. 

t he  power i s  generated i n  the  f u e l  s t i c k  and none i n  t h e  bulk moderator. 

Therefore the  s teady-state  temperature d i s t r i b u t i o n  i n  the  moderator 

is logari thmic r a t h e r  than parabol ic ,  i .e.,  

However, i t  is  assumed f o r  conservatism t h a t  a l l  of 

T ( r )  = T.(Rm) - - 

so t h i s  form of t h e  temperature p r o f i l e  i s  used i n  Eq. (3.4) t o  obta in  

conductances f o r  moderator nodes. For t r a n s i e n t  problems, CORTAP uses  

conductances obtained by the  above technique allowing t h e  conduct ivi ty  

t o  vary with temperature during the  t r a n s i e n t .  

For conservatism, a x i a l  conduction between re fue l ing  blocks is  

allowed only i n  t h e  moderator por t ion  of t he  u n i t  c e l l .  CORTAP r e s u l t s  

i n d i c a t e  t h a t  under f u l l  flow condi t ions,  axial conduction wi th in  t h e  

moderator por t ion  decreases  peak temperatures i n  the  average powered 

region a t  100% power condi t ions by only -2°C out  of -850°C and the re fo re  

could be neglected.  Also,  conservat ive r e s u l t s  are obtained by neglect ing 

a x i a l  conduction. However, a x i a l  conduction wi th in  the  moderator por- 

t i o n  of t h e  u n i t  cel l  may be included i n  CORTAP a t  the  opt ion of t h e  

use r .  The conductance between axial  nodes i s  C = (kA/Az) where A is  

the  area of t he  a x i a l  conduction pa th ,  and Az i s  the  axial  nodal spacing, 

taken t o  be the  height  of a hexagonal element. 
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Thus t h e  c y l i n d r i c a l  c e l l  is represented by a mesh of nodal po in t s  

represent ing the  masses assoc ia ted  with concentr ic  r i n g s  of t he  ce l l .  

Each node is  coupled t o  neighboring nodes according t o  the  equation 

of heat  conduction i n  nodal form ( j  increases  i n  t h e  downward d i r ec t ion ) :  

- - T  1 r r 
ci-l,i (Ti-l,j - T i , j )  + ci,i+l ( T i + l , j  i , j  

+ ca - + CJa, j+ l  (Ti,j+l - T  i , j  
i , j  j,j-1 (Ti,j-l 

dTi ,i 
+ Qi, j  = (pcpv)i , j  d t  ’ ( 3 . 7 )  

where t h e  terms represent ing  axial conduction are omitted f o r  f u e l  

s t i c k  nodes, and the  term containing Q i s  omitted f o r  moderator 

nodes. A t  t h e  opt ion of t he  use r ,  a va lue  f o r  r a d i a l  gap conductance 

between the  f u e l  s t i c k  and moderator may be input  and i s  included i n  

the  appropr ia te  conductance terms. 

dens i ty  i n  t h e  f u e l  s t i c k  is computed from 

i ,j 

The nodal hea t  generat ion rate 

where Q 

f u e l  s t i c k ,  f Z  

during t r a n s i e n t s )  and [n ( t ) /no ]  is  t h e  r a t i o  of neutron dens i ty  a t  

time t t o  t h a t  a t  time zero. The ca l cu la t ion  of n ( t )  i s  discussed 

i n  sec t ion  3-2 of t h i s  repor t .  

i s  the  i n i t i a l  average hea t  generat ion rate dens i ty  i n  the  
0 

i s  t h e  input  axial peaking f a c t o r  (assumed constant  
i , j  

For t h e  outermost moderator nodes i n  t h e  c y l i n d r i c a l  ce l l ,  t h e  

second term i n  t h e  conservation of energy equat ion [Eq. (3 .711 is 

replaced by t h e  appropr ia te  expression f o r  hea t  t r a n s f e r  t o  t h e  coolant 
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r e s u l t i n g  i n  

r 
- T I , j )  + ci (Tgas, j  - T  I , j  cI-l, I (TI-l, j 

- T  ) + c a  - T  + ca j , j-1 (TI,j-l I , j  j , j + l  (T I ,  j + l  I , j  

where I is  the  number of r a d i a l  nodes i n  the  representa t ion ,  and C’ is 

the  combined conductance from node I , j  t o  t h e  sur face  of t h e  moderator 
j 

and the  f i lm  conductance over t h e  a x i a l  l ength  Az. The method of 

r e l a t i n g  T 

as i s  reported i n  ORECA-l.4 

t o  nodal i n l e t  and o u t l e t  gas  temperatures i s  t h e  same 
gas , j  

The change i n  helium temperature with 

d i s t ance  along the  j t h  a x i a l  segment of the  c y l i n d r i c a l  cel l ,  which is  

located a x i a l l y  between (j-l)*Az and j*Az is  determined by t h e  equation: 

(3. l o )  

where T(z’) is  the  helium temperature  a t  z’, and (j-l)*Az < 2’ < j*Az. 

Solving the  equat ion t o  obta in  the  o u t l e t  helium temperature from the  

j t h  a x i a l  segment, T 

t u r e ,  T 

i n  terms of the  segment’s i n l e t  gas  tempera- 

and the  s o l i d  temperature, T , gives  

O U t , j ’  

I N , j  ’ 1 , j  

Note t h a t  t h i s  technique assumes t h a t  t he  s o l i d  temperature T 
1 , j  

constant over t h e  e n t i r e  length of the  node, and t h a t  t h e  helium 

t r anspor t  time is  neg l ig ib l e  compared t o  the  thermal time constant  of 

is  

. 
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Y 

t he  s o l i d  node. The conservation of energy f o r  t h e  helium associated 

with the  j t h  a x i a l  segment is represented by 

- T  = WCp,He(TOUT,j - TIN,j)  (3.12) 

The helium flow i n  each a x i a l  node i s  assumed equal t o  the  channel in- 

l e t  flow thus neglect ing mass s torage  e f f e c t s  i n  the  helium. Substi-  

t u t ing  Eq. (3.11) i n t o  Eq. (3.12) g ives  

-( c ’/wc 
j T . (3.13) 1.0 - e 

1 !4j 
- wc 

P , H e  

However, from Eq. (3.11) 

- 
= e  - - 

I N ,  j TOUT, j-1 I N ,  j-1 
T 

,He)] 
1,j-l 

T (3.14) 

Subs t i tu t ing  t h i s  i n t o  Eq. (3.13) g ives  

, (3.15) 
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When t h e  right-hand s i d e  of t h e  above equation is  s u b s t i t u t e d  f o r  t h e  

second term i n  t h e  conservation of energy equation f o r  t h e  s o l i d  node 

I , j ,  i.e.,  Eq. (3.9),  i t  is  obvious t h a t  t h e  s o l i d  node I , j  is  coupled 

t o  t h e  s o l i d  node 1,j-1 through hea t  t r a n s f e r  t o  t h e  coolant (second 

term i n  t h e  above equation) as w e l l  as through hea t  t r a n s f e r  a x i a l l y  

through t h e  moderator [ t h i r d  term i n  Eq. (3.9)].  I n  l i k e  manner, t h e  

coupling between t h e  s o l i d  nodes I , j  and node I,j-2 can be derived by 

rep lac ing  j by j-1 i n  Eq. (3.14) and s u b s t i t u t i n g  f o r  T 

i n  t h e  f i r s t  term i n  Eq. (3.15). By using t h i s  technique, CORTAP in- 

cludes t h e  coupling, which is  due t o  hea t  t r a n s f e r  t o  t h e  coolan t ,  of 

each of t h e  outermost moderator nodes t o  a l l  of t h e  moderator nodes 

a x i a l l y  abave it. This technique a l s o  couples each of t h e  outermost 

I N  , j-1 j- 1 -2 

moderator nodes t o  t h e  core i n l e t  temperature and flow rate. 

The u n i t  c e l l  i n  t h e  a c t i v e  f u e l  i s  represented i n  more d e t a i l  

than t h e  upper and lower r e f l e c t o r  elements and support block pr imar i ly  

due t o  t h e  need f o r  accura te  f u e l  and moderator temperatures f o r  t h e  

r e a c t i v i t y  feedback ca l cu la t ions .  The extensions of t h e  u n i t  c e l l  

through t h e  upper and lower r e f l e c t o r s  are divided i n t o  a x i a l  nodes, t h e  

number of which i s  determined by t h e  use r  (genera l ly  two o r  t h r e e  nodes 

each). The u n i t  cel l  i n  the  r e f l e c t o r  elements is  not divided r a d i a l l y .  

Therefore t h e  conservation of energy equation f o r  t h e  j t h  upper o r  lower 

r e f l e c t o r  node, when a x i a l  conduction i s  considered, is  

R R R - TR) + C ( T j + l  - Tj) (Tj-l j a j ,  j+l 
CR a 

j ,j-1 

- wc 1.0 - e 
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L 

(3.16) 

The coupling of reflector nodes to other solid nodes which transfer 

term in Eq. (3.16) is accomplished 
IN,j 

heat to the coolant through the T 

in the same manner.as has been described for the segment of the unit 

cell in the active core. 

The unit cell is not extended into the core support block (Fig. 

2.3) due to the much larger coolant channels in the support block. The 

support block is modeled with two nodes. The upper node represents one- 

sixth of the mass of that portion of the block which contains six coolant 

channels (see Fig. 3.4) and the lower node represents the mass of that 

portion of the block which contains one large coolant channel. 

upper node transfers heat with one-sixth of the region's coolant flow 

while the lower node transfers heat with the total flow through the 

The 

) 

region. The heat transfer coefficients and heat transfer areas are 

based on the appropriate flows and channel dimensions. 

CORTAP also models the heat transfer to the coolant flowing through 

the control rod channels as discussed in Sect. 3.4. The fraction of 

core power supplied to the coolant in these channels as well as the 

fraction of total core flow which passes through these channels are 

assumed to remain equal to their initial steady-state values during 

the transient. The outlet temperature from these channels and the 

outlet temperature from the unit cell calculation are weighted by 

flow rates to obtain a mixed mean gas temperature. This mixed 



26 

mean temperature is then used as the  i n l e t  temperature f o r  t h e  core  

support block (see Ftg. 2.3). 

The f i lm hea t  t r a n s f e r  c o r r e l a t i o n  used by CORTAF' f o r  tu rbulen t  

flow ( R e  L 4000) is a Dittus-Boelter type co r re l a t ion :  

h = (0.02) (0.88)(Re)0'8 , 

where 0.88 is  approximately the  0.4 power of t h e  P rand t l  number. 

laminar flow (Re 

5. 

For 

2100) CORTAP uses  t h e  c o r r e l a t i o n  given i n  Reference 

Gcp ,He h = (0.656) 
( R e ) * 6 6 7  ' 

, 
2 where G is t h e  mass v e l o c i t y  of t h e  helium i n  lbm/hr-ft . 

s i t i o n  region (2100 < R e  

I n  the  t ran-  

4000) t he  va lue  of h is obtained by i n t e r -  

po la t ion  on t h e  Reynolds number between the  va lue  of h(1aminar) a t  

R e  = 2100 and t h e  va lue  of h( turbu1ent)  a t  R e  = 4000. 

The physical  p rope r t i e s  of helium are represented by 

(lbm/ft-hr) , (Ref. 6) -4 ,0.7 p = 5.9178 X 10 

-3 T0.674 k = 1.29 X 10 

,+ 8.15 x (P - 14.69)0'28 (Btu/hr-ft-OR) , ( R e f .  7) 

. = 1.2425 (Btu/lbm-OF) , C 
P ,He 

where T is i n  degrees Rankine, and P i s  i n  p s i a .  

The f u e l  and moderator conduc t iv i t i e s  may be input  t o  CORTAP 

through use r  supplied subrout ines  as func t ions  of temperature. CORTAP 
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present ly  conta ins  subrout ines  represent ing the  temperature dependence 

of the  volumetric s p e c i f i c  hea t ,  pc f o r  t he  f u e l  and moderator based 

on information presented i n  Ref. 8: 
P' 

Fue 1 

-2T/1OOO Btu/f t3-0F = 48.265 - 41.121e -T/looo + 9.6347e 
pcP Y 

Moderator I 
I 

= 55.605 - 41.059e -T/looo Btu/ft3-"F , ' 

pcP 

where T is i n  O F ,  and 400°F < T < 2800°F. 

The equations represent ing heat  t r a n s f e r  i n  the  f u e l  and moderator 

and heat  t r a n s f e r  t o  the  coolant [Eqs. (3 .7) ,  (3.9) and (3.1511 as w e l l  

as the  equations represent ing heat  t r a n s f e r  from the  upper and lower 

r e f l ec to r . e l emen t s  t o  t h e  coolant (3.16) can be w r i t t e n  as 

(3.17) 

UR UR where T is a column vec tor  whose components are T1 ,..., Tm, Tl , l . . . ,  

matr ix  whose elements a r e  determined by temperature dependent f u e l  

and moderator conduc t iv i t i e s  and volumetric s p e c i f i c  hea t s ,  helium 

flow rate and f i lm  heat  t r a n s f e r  coe f f i c i en t s .  Z is a vec to r  determined 
-b 

-+ 
by nodal heat  generat ion rate d e n s i t i e s  Q,  helium flow rate, temperature 

dependent volumetric s p e c i f i c  hea t ,  f i lm heat  t r a n s f e r  c o e f f i c i e n t  and 

core i n l e t  helium temperature. During the  t r a n s i e n t ,  t he  elements of 

6 which are temperature dependent due t o  the  temperature dependence of 

f u e l  and moderator conduct iv i t ies  and s p e c i f i c  hea t s  and which are flow 
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rate dependent are recomputed whenever a nodal temperature o r  t h e  flow 

rate changes by' a given amount, supplied by t h e  user .  

of Z are recomputed a f t e r  each time s t ep .  

The components 
-* 

-b 
Assuming t h a t  t h e  elements of 8 and t h e  components of Z can 

change only a t  t h e  end of a time s t e p ,  A t ,  and the re fo re  remain cons tan t  

during a time s t e p ,  Eq. (3.17) becomes an inhomogeneous cons tan t  coef- 

f i c i e n t  f i r s t  o rder  d i f f e r e n t i a l  equation during t h a t  time s t e p  and 

i ts  exact incremental so lu t ion  is 

AAt - I) A--l 3 t )  . T ( t  + At) = eAAt ? ( t )  + ( e  (3.18) 
-b 

-b 
The incremental  so lu t ion  T ( t  + At) is  obtained using t h e  MATEXP' code. 

It is  important t o  no te  t h a t  t h e  inverse  of 4 need not be ca l cu la t ed  by 

MATEXP s ince  

(3.19) 

The advantage of t h e  MATEXP i n t e g r a t i o n  technique compared t o  techniques 

such as Euler i n t e g r a t i o n  is  t h a t  t h e  only approximation i s  i n  t h e  choice 

of t h e  t runca t ion  i n t e g e r ,  k i n  t h e  above expansion. 

nen t s  of 4 must be r eca l cu la t ed  a t  t + A t  (based on t h e  use r  input  f o r  

t h e  allowable change i n  nodal temperatures and core  flow),  t h e  s o l u t i o n  

a t  t + 2(At) can be computed without r eca l cu la t ing  (e- - &)4 s ince  

Unless t h e  compo- 

A A t  -1 

-b - I,) p -1 -b z ( t  + At) . (3.20) T ( t  + 2At) = eMt ? ( t  + At) + ( e  

. 
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3.2 Neutron Kine t ics  Model 

The neutron k i n e t i c s  model used i n  CORTAP is  a poin t  (space inde- 

pendent),  one energy group k i n e t i c s  model with s i x  groups of delayed 

neutron precursors .  The importance of space and s p e c t r a l  e f f e c t s  i n  

HTGR neutron k i n e t i c s  analyses  has been inves t iga ted  i n  Reference 10. 

The conclusion presented i s  t h a t  a poin t  k i n e t i c s  model with one energy 

group is s u f f i c i e n t l y  accurate  f o r  slow r e a c t i v i t y  changes such as those 

r e su l t i ng  from f u e l  o r  moderator temperature changes and/or slow rod 

removal t r ans i en t s .  The la t ter  t r a n s i e n t s  have r e a c t i v i t y  i n s e r t i o n  of 

-$2.0 a t  a rate of < 2 ~ / s e c .  

removal t r a n s i e n t  (rod e j ec t ion )  with a r e a c t i v i t y  i n s e r t i o n  of -$2.0 

i n  0.1 sec the  poin t  k i n e t i c s  model does not necessa r i ly  g ive  conserva- 

However, f o r  t r a n s i e n t s  such as a f a s t  rod 

t i v e  r e s u l t s .  

involve r e a c t i v i t y  changes of less than one o r  two cen t s  per  second 

and are the re fo re  wi th in  the  range of a p p l i c a b i l i t y  of a space inde- 

pendent, one energy group model. 

Transients  considered c red ib l e  i n  HTGR s a f e t y  analyses  

The point  k i n e t i c s  equations with s i x  groups of delayed neutron 

precursors  are 

nk 1, ..., 6 , d t  

where 

- Ci = delayed neutron precursor concentrat ion f o r  group i, 

(3.21) 

(3.22) 
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-1 Xi delayed neutron decay constant (sec ) for group i, 

6, E delayed neutron fraction for group i, 
- n = neutron density, 

k E neutron multiplication factor [k - (1.0 - p) where p -1 

is the core excess reactivity], 

11 5 average neutron lifetime from release to loss. 

It is convenient to select a unit volume for C and n such that for i 
the initial steady-state, n is numerically 1.0. 

during a transient, the reactor power can be obtained by multiplying 

the initial steady-state power by n(t). 

Therefore as n changes 

Equations (3.21) and (3.22) can be written as 

(3.23) 

+ 
where X is a column vector whose components are C19...’ CgS n. 

that certain components of 4 will change with p. 

Note 

A smaller time step 

is used for the solution of the neutron kinetics equations than .is used 

for the solution of the heat transfer equations since the response of 

the reactor power to reactivity changes is much faster than the response 

of fuel and moderator temperatures to changes in core power. The time 

steps will be referred to as the neutron kinetics time step, AtNK, 

and the heat transfer time step Atm; AtNK is obtained by dividing 

AtHT by N where N, supplied by the user, is the integer number of 

neutron kinetics time steps per heat transfer time step. C0RTA.P 
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. 

. 

assumes t h a t  p is constant  over t he  heat  t r a n s f e r  time s t e p ,  A t H T ,  and 

changes a f t e r  each of these  time s t eps .  

To begin the  i terative coupling procedure between the  heat  t r ans fe r  

ca l cu la t ion  and the  neutron k i n e t i c s  ca l cu la t ion ,  CORTAP estimates the  

temperature a t  each node i n  the  u n i t  c e l l  a t  t + (AtHT)/2 given the  

nodal temperatures a t  preceeding time s t eps .  Then the  corresponding 

mass average f u e l  and graphi te  temperatures and are obtained as 

follows : 

F G 

a l l  f u e l  
- - s t i c k  nodes 
TF - Y 'fuel s t i c k  

Ti, jrpdM) 'i,jl + 

Ti, j [PG (F) v i , j  ] f 
a l l  moder- a l l  f u e l  

( 3 . 2 4 )  

- a t o r  nodes s t i c k  nodes = 
TG (F) 

"moderator + 'G 'fuel s t i c k  
Y 

where 

T = nodal average temperature from t t o  t + AtHT f o r  node i , j ,  
i Y j  

V = volume of node i, j , 
i Y j  

= dens i ty  of g raph i t e  i n  the  moderator, PG 

(F) = dens i ty  of g raph i t e  i n  the  f u e l  s t i c k ,  PG 

f = volume f r a c t i o n  of g raph i t e  i n  f u e l  s t i c k .  

The above formulation f o r  TG allows the  f a s t e r  response of the  tempera- 

t u r e  of the  g raph i t e  i n  the  f u e l  s t i c k ,  as opposed t o  the  g raph i t e  i n  
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the  bulk moderator, t o  be accounted f o r  i n  the  r e a c t i v i t y  feedback 

ca lcu la t ion .  

Next, t h e  r e a c t i v i t y  feedback due t o  temperature changes is 

determined from 

(3.25) 

where 

a = t he  temperature dependent f u e l  temperature c o e f f i c i e n t  F -  

of r e a c t i v i t y  (AplOF) , 

a = t he  temperature dependent moderator temperature coef f i -  M -  

c i e n t  of r e a c t i v i t y  (AplOF), 

- - 
= t h e  reference f u e l  temperature, i.e., when p = 0.0, OF, 

= t he  re ference  g raph i t e  temperature, i .e.,  when p = 0.0, 

TF, Ref 

TG,  Ref 
- - 

OF. 

The temperature dependent c o e f f i c i e n t s  of r e a c t i v i t y  are determined by 

user-supplied subrout ines .  The t o t a l  r e a c t i v i t y  is determined from 

(3.26) 

where 

Z t h e  change i n  r e a c t i v i t y  due t o  con t ro l  rod motion. 

Since the  va lue  of p used i n  Eq. (3.23) is assumed t o  be constant  

from t t o  t + A t H T ,  t h a t  equation can be considered t o  be a constant  

c o e f f i c i e n t ,  homogene'ous f i r s t  order  d i f f e r e n t i a l  equation f o r  t he  N . 
neutron k i n e t i c s  time s t e p s  from t t o  t + AtHT.  

is 

Thus t h e  exact so lu t ion  
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. 

-b NtNK -b 
X ( t  + iAt,) = e X[t  + ( i -  l ) A t N K ]  , where (i=l, ..., N ) .  

(3.27) 

The so lu t ion  i s  obtained using the  MATEXP' code. Now t h a t  n ( t  + atNK) 
is known f o r  i'l,..., N, CORTAP determines the  average neutron dens i ty ,  

denoted as E, from t t o  t + A t H T  from 

- n = -  1 j t + A t ~ ~  n ( t ) d t  . 
t 

(3.28) 

This  va lue  of ii is then used t o  determine nodal hea t  genera t ion  rate 

d e n s i t i e s  Q from 
i , j  

That is, t h e  terms i n  t h e  "constant over A t  

which depend on nodal hea t  genera t ion  rate d e n s i t i e s  are determined by 

It d vec to r  of Eq. (3.18) HT 

t h e  average va lues  of t hese  nodal hea t  genera t ton  rate d e n s i t i e s  over 

t he  time s t e p  A t m .  

nodal temperatures a t  time t + A t H T  which are then used t o  improve t h e  

estimate of nodal temperatures a t  t + ( A t  

feedback ca l cu la t ion  i s  based. The e n t i r e  procedure i s  then repeated 

The heat  t r a n s f e r  equat ions are now solved t o  y i e ld  

) / 2  upon which t h e  r e a c t i v i t y  HT 

is achieved. Convergence is rap id  because feedback u n t i l  convergence on p 

f u e l  and moderator temperatures change slowly due t o  the  l a r g e  hea t  

capac i ty  of t h e  core .  The i t e r a t i o n  procedure is out l ined  i n  Fig.  3.6. 

Following a r e a c t o r  t r i p ,  t he  neutron k i n e t i c s  ca l cu la t ions  are 

. omitted,  and t h e  nodal hea t  generat ion rate d e n s i t i e s ,  Q i , j ,  are de ter -  

mined from 
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START 

t = 0.0 

ORNL-DWG 76-19439 

SUBROUTINE AVGT 
CALCULATE 

EXTRAPOLATE TO FIRST GUESS AT Ti,, (t + AtH7-/2) 
t = t + AtHT Ti,, (t + AtHT/2) Ti,,(t) + 112 lTi,,(t) - Ti,, (t - A ~ H T ) ]  - - 

T, ANDTG 

I 

SUBROUTINE TFDBK 
CALCULATE 
p FEEDBACK 

p TOTAL = p FEEDBACK + 
Ap ROD 

YES 

N = N + l  

-, 

IMPROVE ESTIMATE OF Ti, , (t + AtHT/2): 
Ti, , (t + AtHT/2) = ITi, i(t) + Ti, (t + AtHT)] 12.0 

SOLVE HEATTRANSFER 
EOUATIONS, KNOWING 

, TIME t, TO DETERMINE 
w AND TINLET AT 

NODAL TEMPERATURES, 

CALCULATE NODAL HEAT 
GENERATION RATES 

FOR TIME STEP FROM 
t TO t + AtHT: . 

0.. = Q.. (t = 0)  
II ' II 

I I SUBROUTINE ANK 
CALCULATE fi MATRIX 

FOR NEUTRON 
KIN ETlCS EOUATI ONS 

SUBROUTINE MATEXP 
SOLVE EOUAflON 

FOR i = 1, ..., N 
FOR (t + i AtNK) 

WHERE N = AtHT/AtNK 

1 
FUNCTION AVGN 

CALCULATE ii 
t + AtHT 

ii = l / * t H T l " l t l d t  i t 
Fig. 3.6. CORTAP iteration procedure for determining feedback re- 

act l v l  ty . 

. 
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. 

(3.29) 

where f ( t )  i s  an expression f o r  power decay following a scram: l 1  

9 (3.30) 
-4 -.261 f ( t )  = 0.128(t + 3.796 x 10 ) 

where t is  i n  seconds. 

3.3 Heat Transfer  i n  Control Rod 
Channels and Side Ref lec tor  

The hea t  t r a n s f e r  t o  the  helium flowing through t h e  con t ro l  rod 

channels and t o  t h e  helium flowing through t h e  s i d e  r e f l e c t o r s  i s  not  

t r ea t ed  i n  as much d e t a i l  as t h e  hea t  t r a n s f e r  t o  t h e  helium flowing 

through the  coolant channels assoc ia ted  with the  u n i t  cel l .  Nor does t h e  

heat  t r a n s f e r  i n  the  con t ro l  rod channels and t h e  s i d e  r e f l e c t o r  have 

any e f f e c t  on t h e  neutron k i n e t i c s  ca l cu la t ions  s ince  the  r e a c t i v i t y  

feedback e f f e c t s  are based only on the  f u e l  and g raph i t e  temperatures 

determined by the  u n i t  ce l l  ca l cu la t ion .  The e f f e c t s  of hea t  t r a n s f e r  

i n  the  con t ro l  rod channels and s i d e  r e f l e c t o r s  are included pr imar i ly  

t o  determine a core  mixed mean o u t l e t  gas  temperature. The con t ro l  rod 

channel hea t  t r a n s f e r  ca l cu la t ions  are discussed below; t h e  s i d e  r e f l ec -  

t o r  ca l cu la t ions  are done i n  a similar manner. 

The f r a c t i o n  of t o t a l  core  power suppl ied t o  t h e  mass of g raph i t e  

which t r a n s f e r s  hea t  with the  con t ro l  rod channels and t h e  f r a c t i o n  of 

t o t a l  core  flow which passes  through these  channels are assumed t o  remain 

equal  t o  t h e i r  i n i t i a l  s teady-s ta te  va lues  during t h e  t r a n s i e n t .  This 
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avoids t h e  d i f f i c u l t y  of def in ing  an equiva len t  conductance from an 

average f u e l  s t i c k  t o  the  c o n t r o l  rod channel i n  o r d e r . t o  determine 

t h e  hea t  deposited i n  t h e  coolant.  The mass of s o l i d  t r a n s f e r r i n g  hea t  

t o  t h e  coolant f lowing.through t h e  c o n t r o l  rod channels is divided 

a x i a l l y  i n t o  nodes. The temperatures T of t h e  s o l i d  a x i a l  nodes 

are determined from 
s s j  

(3.31) 

where T is t h e  bulk temperature of t h e  coolant assoc ia ted  with t h e  
b ¶1 

j t h  a x i a l  s o l i d  node. I n t e g r a t i n g  from t t o  t + A t m  and assuming t h a t  

g ives  

where 

with 
- - 

o s  
= Qj( t  = 0) ii/n 

Qj 

a 

o r s  if t h e  r e a c t o r  has  been t r ipped  
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t + A t H T  
f ( t ’ )dt’  , 1 - - 

Q j  = Qj(t  = 0) - jt  at^^ 
with f (t’) determined from Eq. (3.30). Using 

- T  ) = h A ( T  - T  ) ,  
“p ,He(TOUT, j I N ,  j j j s , j  b , j  

and 

(3.34) 

(3.35) 

Eq. (3.33) can be solved f o r  T 

T 

the  user  must be ca re fu l  t o  s e l e c t  the  average of T and T 

number of a x i a l  nodes represent ing the  graphi te  assoc ia ted  with the  

( t  + AtHT) i n  terms of T ( t )  , qj and s , j  s , j  - 
Due t o  t h e  assumption [Eq. (3.35)] t h a t  T i s  the  a r i thmet ic  

I N , j  b , j  

OUT, j ’ I N  , j  

con t ro l  rod channels o r  with the  s i d e  r e f l e c t o r  such t h a t  (hA/Wc 

i s  s a t i s f i e d .  l 2  

) < 2 P ,He 

v s  time from t T~~~~~ I f  t he  core i n l e t  temperature, 

t o  t + A t H T  is known, i t  is  poss ib le  t o  determine TIN,1. 
- 

i s  set equal t o  TINLET. Then T ( t  + AtHT) 
T I N ,  1 s,1 known only a t  t i m e  t , 

( t  + AtHT) can be ca lcu la ted .  The ca l cu la t ion  then proceeds and TOUT, l  

O U T , l ( t )  and t o  the  second axial  node with r 
TOUT, 1 HT 

known, the  i n l e t  helium temperature t o  the  core  support block is  de ter -  

being determined from T I N , 2  

Once TobT(t + A t  ( t  + AtHT). ) from the  cont ro l  rod channel is 

mined by appropr ia te ly  mixing t h i s  helium with the  helium ex i t ing  the  

smaller diameter coolant  channels through the  a c t i v e  €ue l  as determined 

from the  u n i t  ce l l  ca lcu la t ion .  A s imi l a r  ca l cu la t ion  t o  t h a t  described 

above is done t o  determine the  o u t l e t  temperature from t he  core  support 

block. Helium with t h i s  o u t l e t  temperature i s  then appropr ia te ly  mixed 



with the helium exiting the side reflector to determine the core 

mixed mean outlet helium temperature. 

3 . 4  Comparison with General Atomic Company Calculations 

As a first step in the verification of CORTAP, comparisons were 

made with General Atomic Company (GAC) results. Figure 3.7 shows steady- 

state axial temperature profiles computed by CORTAP and by GAC as re- 

ported in The Preliminary Safety Analysis Report,I3 for an average fuel 

region in the Summit reactor (Delmarva Power Co.) at 100% power. Each 

of the circles in Fig. 3.7 representing the fuel centerline and maximum 

graphite temperatures calculated by CORTAP should be considered as 

representing averages over each one-eighth of the active core height. 

Considering this, the results compare favorably with those reported by 

GAC . 
Results for both steady-state and transient conditions obtained 

using CORTAP to simulate the Fort St. Vrain reactor core have been 

compared to results obtained at ORNL using BL00ST-5, l 4  a GAC coupled 

heat transfer, neutron kinetics code. Both codes model the core with 

a single average channel and represent the neutron kinetics with the 

space-independent model. Therefore, they can be expected to give 

quite similar results. The steady-state comparison was made for 100% 

power conditions. 

for the BL00ST-5 calculations, for the steady-state the two codes agreed 

Although a much finer mesh approximation was used 

to within less than 6°C on fuel centerline temperatures in the average 

fuel stick. (Fuel centerline temperatures range from -566°C to -900°C 

in the average fuel column, depending on the axial location.) The 
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Fig.  3.7. Comparison of GAC and ORNL steady-state axia l  core tern- 
perature distribution.  

. 
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transient case considered for the BL@@ST-5 comparison was a one cent 

step increase in reactivity at full power conditions. 

cycle-one" neutron kinetics parameters and reactivity coefficients 

were used. Figures 3.8-a, b, and c compare the normalized power, core 

excess reactivity, and average channel outlet temperature obtained by 

the two codes. As can be seen, the agreement is quite favorable. The 

above comparisons provide an analytical verification of CORTAP. 

verification of CORTAP can be achieved when results of test on the FSV 

reactor become available. 

"Beginning-of- 

Further 

4. FUTURE APPLICATIONS OF CORTAP 

In addition to transient analyses of postulated accidents performed 

for both ERDA and NRC, CORTAP has been coupled with codes which simulate 

the HTGR helium circulator and circulator turbine, reheater and steam 

generator (BLAST") and the turbine generator plant resulting in the 

ORTAP code. 

the core of the postulated system transients, outlined in reference 16, 

for the Fort St. Vrain reactor. 

ORTAP is being used initially to analyze the effect on 

Because CORTAP uses a cylindrical cell model, it could be used as 

a coupled heat transfer-neutron kinetics simulation of the GCFR core, 

or any other core involving cylindrical fuel pins, with only minor 

modification. 
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APPENDIX 

CORTAP INPUT INSTRUCTIONS AND SAMPLE INPUT LISTING 

The input  i n s t ruc t ions ' and  a sample input  l i s t i n g  f o r  a For t  S t .  

Vrain s imulat ion with CORTAP follow. The i n s t r u c t i o n s  can be  more 

e a s i l y  understood by r e f e r r i n g  t o  the  sample input  l i s t i n g .  

Card No. 1 (FORMAT 20A4) 

T i t l e  card.  

Card No. 2 (FORMAT lox, 315) 

IPOWER - Flag ind ica t ing  how co re  power w i l l  be determined. 

1 = core  power vs time information is  suppl ied by user .  

Note: A subrout ine is a v a i l a b l e  which allows t h e  

user  t o  supply power, flow rate and i n l e t  temperature 

vs time f o r  "hot s t i ck"  ca l cu la t ions .  For these  

ca l cu la t ions  the  power vs time funct ion  should be 

obtained from an average f u e l  s t i c k  ca l cu la t ion  with 

IPOWER = 0. 

0 = core  power i s  ca lcu la ted  from neutron k i n e t i c s  equa- 

t i o n s  o r  from decay hea t  curve depending on whether 

t he  r eac to r  has been t r ipped  o r  not .  

IROD - A parameter specifying.whether c o n t r o l  rod motion w i l l  

in t roduce  r e a c t i v i t y  during t h e  t r a n s i e n t  o r  not .  

0 = no con t ro l  rod motion. 

1 = c o n t r o l  rod motion. 

I f  IROD = 1, t h e  user  must supply a subrout ine t o  be 

cal 'led from t h e  main program specifying the  r e a c t i v i t y  
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change due t o  rod motion as a func t ion  of time. 

Note: I f  IPOWER - 1, t h i s  op t ion  is ignored. 

IPPNCH - Flag ind ica t ing  whether power v s  time is  t o  be punched 

on cards  f o r  a subsequent "hot stick" ca l cu la t ion .  

1 = punch. 

0 = do not punch. 

Card No. 3 (FORMAT lox, 5D10.4) 

COFPWR - I n i t i a l  thermal power level i n  MW. 

FPC - Frac t ion  of t o t a l  thermal power deposited t o  coolant 

flowing through coolant channels i n  a c t i v e  core.  

FPSR - Frac t ion  of t o t a l  thermal power deposited t o  coolant 

flowing through s i d e  r e f l e c t o r  elements. 

FPGT - Frac t ion  of t o t a l  thermal power deposited t o  coolant 

flowing through c o n t r o l  rod channels. 

FPAFS - Frac t ion  of FPC*CORPWR t h a t  is  generated i n  t h e  e n t i r e  

axial length  of an average f u e l  s t i c k  column. 

Card No. 4 (FORMAT lox, 5D10.4) 

FLOW - I n i t i a l  t o t a l  core flow (lbm/hr). If t o t a l  core  flow i s  

time dependent, t h e  use r  should provide a subrout ine  t o  

be c a l l e d  from t h e  main program which expresses t h i s  time 

dependence. 

FFC - The f r a c t i o n  of t he  t o t a l  core  flow which flows through 

coolant channels. 

FFSR - The f r a c t i o n  of t h e  t o t a l  core  flow which flows through 

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

- The f r a c t i o n  of t h e  t o t a l  core  flow which flows through 
I 

FFGT 

con t ro l  rod channels. 
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FFACC - The fraction of FFC*FL@W which flows through the average 
coolant channel. 

Card No. 5 (FORMAT lox, 715) 

JMAX - Number of axial nodes in the active fuel portion of the 
unit cell. 

NF - Number of radial nodes in the fuel stick. 
NM - Number of radial nodes in the moderator. 
NATR 

NABR - Number of axial nodes in bottom reflector. 
NGTN 

- Number of axial nodes in top reflector. 

- Number of axial nodes representing mass of graphite 
transferring heat with coolant flowing through a control 

rod channel. 

NSRN - Number of axial nodes in side reflector. 
The restrictions are 

JMAX*(NF+NM) + NATR + NABR I60 
NGTN 5 8 

NSRN 5 8 

Card No. 6 (FORMAT lox, 2D10.4) 

RPF - Radial power peaking factor. If RPF = 1.0, calculation 

is for average stick. 

factor, a "hot stick" calculation will be performed. 

If RPF = maximum radial peaking 

Note: For.this case, the user should use IPOWER = 1 on 

card 2 and supply power vs time from an average fuel 

stick calculation. 

RFF - Radial flow factor for coolant in cell being simulated. 



48 

Card No. 7 (FORMAT lox, 4D10.4) 

RF - Radius of t he  f u e l  s t i c k  ( i n . ) .  

GAP - Width of gap between f u e l  s t i c k  and moderator ( i n . ) .  

Note: This is  used t o  determine gap conductance, 

*A) /GAP. gap = (hgap 

RM - Outer r ad ius  of g r a p h i t e  annulus i n  c y l i n d r i c a l  ce l l  

simulation ( i n . ) .  This should be ca l cu la t ed  t o  conserve 

t h e  g raph i t e  volume i n  t h e  t r i a n g u l a r  cell .  

HEIGHT - Active core  he ight  ( in . ) .  

Card(s) No. 8 (FORMAT lox, 7D10.4) 

AXZ(J), J=1, JMAX - The axial loca t ion  of t h e  c e n t e r s  of t h e  nodal 

volumes i n  the  a c t i v e  f u e l  ( i n . ) .  By d e f i n i t i o n  PO 

a t  t h e  top of t h e  a c t i v e  f u e l  column increas ing  i n  t h e  

downward d i r e c t i o n .  

Card(s) No. 9 (FORMAT lox, 7D10.4) 

R ( I ) ,  I=l, IMAX where IMAX = NF + NM. 

Distances from t h e  f u e l  s t i c k  c e n t e r l i n e  t o  t h e  radial 

su r faces  of t h e  nodes i n  t h e  c y l i n d r i c a l  r ep resen ta t ion  

of t h e  u n i t  t r i a n g u l a r  c e l l  ( i n . ) .  

Card No. 10  (FORMAT lox, 2D10.4, 215) 

SRH - The he ight  of t h e  s i d e  r e f l e c t o r  ( in . ) .  

SRAREA - The cross-sec t iona l  area of a s i d e  r e f l e c t o r  symmetry 

2 element ( in .  ) . 
NCCSRE - The number of coolant channels i n  a s i d e  r e f l e c t o r  element. 

NSRC - The number of s i d e  r e f l e c t o r  columns. 
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Card No. 11 (FORMAT lox, D10.4) 

TRT - The thickness of the top reflector (in.). 
Card No. 12 (FORMAT lox, D10.4, 15) 

HDGT - The hydraulic diameter of the control rod channels (ft). 
NGT - The number of control rod channels. 

Card No. 13 (FORMAT lox, D10.4) 

VOLGTT - The total volume of graphite which the user allows to 
3 transfer heat with the average control rod channel (in. ). 

This is used for heat capacity effects. 

Card No. 14 (FORMAT lox, 6D10.4) 
3 RHOFUL - The density of the fuel stick (lbm/ft 1, 

RHOMOD - The density of the bulk moderator (lbm/ft ). 
See note. 
3 See note. 

DENRAT - The ratio of the density of the graphite in the fuel 
stick to the density of the graphite in the bulk modera- 

tor. 

F - The volume fraction of the graphite in the fuel stick. 
RHOGT - The density of the graphite in the mass transferring 

heat with coolant flowing through the average control 

rod channel (lbm/ft ). See note. 3 

3 RHOSR - The.density of the side reflector (lbm/ft ).  See note. 

NOTE: If the temperature dependent heat capacities in subroutines 

CPFUEL and CPMOD have units of Btu/f t3-OF, the corresponding 

"densities" (RHgFUL and RH0MgD) should be input as 1.0. If it 

is desired to account for the larger graphite to fuel stick mass 

ratio in the refueling region than in the unit cell, the value 

input for RHOMOD can be used to account for this. 
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Card No. 15 (FORMAT lox, 3D10.4, 15) 

BRT - The thickness of the bottom reflector (in.). 
BRCHAN - The radius of the coolant channel through the bottom 

reflector (in.). 

ABR - The cross-sectional area of the triangular graphite 
symmetry element in the bottom reflector (in.2). 

NCCEIM - The number of coolant channels in the active fuel feeding 
the bottom reflector channel. 

Card(s) No. 16 (FORMAT lox, 7D10.4) 

AXPF(J), J=l, JMAX - The axial power peaking factors for the fuel 
stick. 

Card No. 17 (FORMAT lox, 3D10.4, 15) 

TZERO - Problem beginning time (sec). 
TFINAL - Problem end time (sec). 
DELTTH - The time step for heat transfer calculations (sec). 
NINC - The number of neutron kinetics time steps per heat 

transfer time step. 

Card N o .  18 (FORMAT lox, 4D10.4, 315) 
DELTMP - The maximum amount that any nodal temperature can change 

without recalculating the components of the 4 matrix 

[Eq. (3.18)] (OF). Some experimentation on this parameter 

by the user is advisable to minimize computer time while 

maintaining sufficient accuracy. In general, the "weaker" 

the temperature dependence of fuel and moderator con- 

ductivities and specific heats, the larger this value can 
4 

be. 
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1 

DIMDOT - The maximum amount t h a t  t h e  t o t a l  core  flow rate can 

change without r eca l cu la t ing  t h e  components of t he  4 

matr ix  [Eq. (3 .17) ]  (lbm/hr). No s i n g l e  va lue  f o r  t h i s  

parameter can be recommended s ince  the  va lue  which would 

maintain s u f f i c i e n t  accuracy while  keeping computer 

t i m e  as low as poss ib le  depends on how low t h e  core  

flow becomes i n  any given t r a n s i e n t .  Some experimenta- 

t i o n  on t h i s  parameter by t h e  user i s  advisable  t o  

minimize computer time while  maintaining s u f f i c i e n t  

accuracy. 

DTOPTT - Should be input  g r e a t e r  than DELTTH (Card 17) unless  

u s e r  d e s i r e s  p r in tou t  of t h e  Q matrix,  t h e  e- mat r ix  

-1 and t h e  [e @ ~ H T  - ;]e matr ix  f o r  Eq. (3.18) ca lcu la ted  

by MATEXP (sec)  . 
DTOPTN - Should be input  g r e a t e r  than DELTTH unless  use r  d e s i r e s  

mat r ix  f o r  Eq. NK pr in tou t  of t h e  Q matr ix  and t h e  e- 

(3.27) ca lcu la ted  by MATEW (sec) .  

NOUPDT - Flag f o r  updating t h e  4 matrix [Eq. (3.17)] due t o  tempera- 

t u r e  dependence of i t s  elements a f t e r  each i t e r a t i o n  on 

feedback r e a c t i v i t y .  

= 0 update 4. 

= 1 do not  update 4. 

This opt ion i s  somewhat obsole te  and NOUPDT = 1 is reccnn- 

mended. I f  NOUPDT = 0 i s  used, problem execution time is  

g r e a t l y  increased with e s s e n t i a l l y  no improvement i n  I 

accuracy. 
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NPT 

IPUNCH - Flag for punching nodal temperatures and coolant tempera- 
- Number of heat transfer time steps between printouts. 

tures existing at end of execution. 

= 1 punch. 

= 0 do not punch. 

Card No. 19 (FORMAT lox, 3D10.4) 

HGAP - The heat transfer coefficient of the gap between the 
fuel and moderator (Btu/hr-ft*-OF). 

' D  - The hydraulic diameter of a coolant channel (ft). 
TINLET - The initial inlet temperature (OF). Note: If inlet gas 

temperature is time dependent, the user should provide a 

subroutine to be called from the main program which 

expresses the time dependence. 

Card No. 20 (FORMAT lox, 15, 2D10.4) 

NG 

EPSLON - The convergence criteria for reactivity feedback. 
- Number of groups of delayed neutron precursors. 

Recommend 1.OD-9. 

RLSTAR - The average neutron lifetime [E in Eqs. (3.21) and 

(3.22)] from release to loss (sec). 

Card No. 21 (FORMAT lox, 7D10.4) 

BETA(I), I=1, NG - The delayed neutron fraction for precursor 
group I. 

Card No. 22 (FORMAT lox, 7D10.4) 

RLMBDA(I), I=l,..., NG - The decay constant for precursor group 
I (sec-'). 

.1 

. 
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Card No. 23 (FORMAT lox, 2D10.4) 

TMREF - The reference graphite temperature for reactivity feed- 
back [Eq. (3.25) ] ( O F ) .  

TFREF - The reference fuel stick temperature for reactivity feed- 
back [Eq. (3.2511 (OF). 

Card No. 24 (FORMAT lox, D10.4, 5X, 15, D10.4) 

This card contains information pertaining to the MATEXP integration 

technique. 

P - Precision of eUt and [eat - g14-l . Recommend or 

For further details see reference 9 .  

less. 
AAt ITMAX - Maximum number of terms in series approximation of e- . 

The value of 64 for this parameter is sufficient. 

VAR - Maximum allowable value of largest coefficient matrix 
element *At (Recommend VARs1.0). 

Cards No. 25 (FORMAT lox, 7D10.4) 

XICT(I), 131, ..., NET, where NET = IMAX*JMAX + NABR + NATR 
Initial nodal temperatures in upper reflector, active 

fuel cell and lower reflector (OF). If a steady-state 

solution is desired, these are reasonable guesses at 

the nodal temperatures; if a transient calculation is to 

be performed, these are the results of a previous steady- 

state calculation with IPUNCH = 1. 

Cards No. 26 (FORMAT lox, 7D10.4) 

TBULK(J), J-1, JEND where JEND = NATR + JMAX + NABR 
Gas temperatures corresponding to each solid nodal incre- 

ment in the upper reflector, the active fuel cell and the 
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lower reflector. 

the temperature dependent helium transport properties are 

obtained (OF). 

These are the temperatures from which 

I 
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RESPONS€ 10 FLOW REDUCTION FROM 100 t POWER CONDITICNS (FORT S I  VRAIN) 
0 0 0  

842.0 - 9 4 1 5  QO1090 -017 o20685E-4 
USER MUST 3.3#+6 e87316 0.0354 -09145 0.4137E-4 
SUPPLY 6 4 2 3 3 4 8  
SUBROUT INE 1.00 1.00 
I N  M A I N  0.245 0.005 0.42143 177.0 
EXPRESSING 140 15 44. 2 5 73.75 103.25 132.75 162.25 
INLET FLOW 006125 - 1 2 2 5  - 1 8 3 7 5  - 2 4 5  -33635 -42143 
V S .  T I M E  210.6 0.56 108 66 

0,3333 74 
46.8 

4L20. 0 
1.0 1.0 1.0 0.6 1 .o 1 .o 

46.8 0.309 1.1227 1 
0.74 1.08 1.35 1.15 0.99 3 069 
0.0 235. 0.1 20 
20. 1000. 1000000. 1000000. 1 50 1 

400.0 0515 748.0 
END OF EO. 6 1.00-10 3.410-4 
CY CL E 0.000222 e001099 .000961 o001619 .00043 o003 179 
NEUTRON 0.01251 0.03164 0.1199 0.3068 1.135 2.859 
K INETICS 1390.1723 1506.1677 
OAT A 1.00-6 64 1.0 
IN I T  I A L  148.0000 148. 0000 748.0000 1104.8443 1091.8612 1383.8950 1062.9453 
NODAL 979.8318 953.7352 1358.9014 1348.7220 1328.3532 1297.8249 1176.6718 
TEMPS ARE 1138.6314 1620.7499 1608.0339 1582.6022 1544.4552 1393.1200 134506028 
FOR FLOW 1688.9788 1678.1465 1656.4821 1623.9861 1495.0702 1454.5923 1751.4288 
OF 1742.1021 1723.4489 1095.4697 1584.4126 1549.6LlO 1727.7276 1721.2248 
3..39€+6 1708.2193 1688. 7113 1611 03205 1587.0208 1482.6854 1482.6854 1482.6854 
L BM/ )(I 748.0000 748.0000 748.0000 193.3721 904.8824 1053.6351 1206.6256 

1331.5954 1440.4373 1482.6854 1482.6854 1482.6854 
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