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COMPONENT AND SYSTEM SIMULATION MODELS 
FOR HIGH FLUX ISOTOPE REACTOR 

Ahmet Sozer 

ABSTRACT 

Component models f o r  the High Flux Isotope Reactor (HFIR) 
have been developed. The models are HFIR core, heat exchang- 
ers, pressurizer pumps, circulation pumps, letdown valves, 
primary head tank, generic transport delay (pipes), system 
pressure, loop pressure-flow balance, and decay heat. The 
models were written in FORTRAN and can be run on different 
computers, including IBM PCs, as they do not use any specific 
simulation languages such as ACSL or CSMP. 

1. INTRODUCTION 

Component models f o r  the High Flux Isotope Reactor (HFlR) have been 
developed.* The models are HFIR-core, heat exchangers, pressurizer 
pumps, circulation pumps, letdown valves, primary head tank, generic 
transport delay (pipes), system pressure, loop  pressure-flow balance, 
and decay heat. The models were written in FORTRAN and can be run on 
different computers, including IBM PCs, as they do not use any specific 
simulation language such as ACSL o r  CSMP. 

The HFIR core model includes submodels such as six-group point 
kinetics; heat transfer; control rod worth and position; iodine, xenon, 
promethium, and samarium concentrations; xenon and samarium poisoning 
(reactivities); reactivity feedback; and decay heat utilizing time after 
shutdown vs fraction of operational power. 

The heat exchangers were modeled using the effectiveness method, 
which allows calculation of outlet temperatures of the shell and tube 
sides using on1.y the overall heat transfer coefficient and inlet temper- 
atures. 

“This work was originally done for the application of A I  Techniques 
to the Nuclear Reactors Project. Parts of this work have been incor- 
porated into the LISP machine version of the advanced control design 
workstation, which is part of the ACTO Program. The models described 
here are expected t o  be useful t o  all ORNL nuclear reactor-related pro- 
grams. 
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The pressurizer pump and circulation pumps use manufacLurer's pump 
curves. Letdown valves are equal percentage type and do not include 
equations € o r  choked Plow due mainly to low coolant temperature. 

The primary head tank has a cylindrical shape and hemispherical 
ends. The varying cross section from the bottom t o  the top of the tank 
has been accounted f o r  in the calculation of  the water level.. Energy 
balance equations were also included for the calculation of water tem- 
perature. However, calculation of the water temperature is optional. 

The generic transport delay model is used  f o r  connecting the com- 
ponents and can be used for calculating transport delay in any of the 
thermodynamic parameters. It accomplishes this by dividing a connection 
into a number of equal size nodes specified i n  the input. 

Primary system pressure is calculated as a function of a spring 
constant, which represents the change in the pressure per gallon of 
water added or removed from the system, the letdown flow rate, and the 
pressurizer pump flow rate. (Temperature effect needs to be incorpo- 
rated in addition t o  spring constant effect.) 

The Loop-pressure-flow balance may be modeled using the Mewton- 
Raphson method. For steady state conditions, the Newton-Raphson method 
calculates primary system flow rate and head developed by circulation 
pumps until a prespecified convergence criterion is achieved. 

The following chapters summarize the b a s i c  theories and numerical 
approaches used to develop the H F I R  models. 
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2. DESCRIPTION OF THE HFIR SYSTEM 

The primary coolant system i s  composed of two main subsystems,’ the 
high-pressure system with a capacity of  41.62 m3 (11,000 gal) and the 
low-pressure system with a capacity of 2 6 . 4 9  m3 (7,000 gal). 

2 . 1  HIGH-PRESSURE SYSTEM 

A schematic diagram of the primary coolant system is shown in 
Fig. 1. The high-pressure system i s  pressurized and has two main con- 
nections to the low-pressure system, pressurizer pump discharge line, 
and letdown lines. Only three of the four heat exchanger loops are 
required during normal operation. The four main circulation pumps are 
driven by ac and dc pony motors under normal operational conditions and 
by only dc pony motors at low flow conditions. High pressure stainless 
steel piping connects the reactor vessel with the pumps and heat 
exchangers. Water passes through a strainer before it enters the top of 
the reactor vessel through two diametrically opposite 16-in. lines. The 
outlet from the reactor vessel is a single 18-in. line. There are two 
main and one emergency pressurizer pumps. The main pressurizer pumps 
(nine-stage horizontal shaft centrifugal pumps) take water from the pri- 
mary head tank and discharge into the high-pressure system between the 
main circulation pumps and the inlet to the reactor. Only one of the 
main pressurizer pumps is needed under normal operational conditions. 

2.2 LOW-PRESSURE SYSTEM 

The low-pressure (primary cleanup) system is separated from the 
high-pressure system by the letdown valves and pressurizer pumps. It 
contains deaerator, pumps, prefilters, demineralizers, afterfilters, 
primary coolant head tank and interconnecting piping. 

The component models included in the HFIR computer model are pre- 
sented in the following sections. 

. 
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3 .  HFIR CORE MODEL 

A schematic diagram of the vertical cross section of the HFIR ves- 
sel is presented in Fig. 2 (reproduced from ref. 1 ) .  The HFIR core 
(Fig. 3 )  is composed of two cylindrical annular shaped regions. The 
full length is 60.96 cm (24 in.) and the active fuel length is 50.8 cm 
(20 in.), with a 43.495-cm-diam (17.124-in.-diam) outer annulus and an 
28.575-cm-diam (11.250-in.-diam) inner annulus. The reactor generates 
about 100 MW(t) during the normal operation, and the average neutron 
flux at the end of fuel cycle is about 4.5 x 1014 neutrons/cm2/s in the 
fuel region.' The control rods are two concentric cylinders located 
between the outer fuel and the beryllium reflector. 

The following sections present point kinetics, reactivity, xenon 
poisoning, samarium poisoning, control rod worth, neutron flux, decay 
heat, and heat transfer equations implemented into a subroutine named 
HFIRO1.FOR. 

3.1 POINT KINETICS 

Six-group point kinetics equations with 
tion have been incorporated into the model. 
tions are 

- _  dP - 
dt A 

P - BT 6 
P + C XiCi 

i 

P - X.C.  , and dCi - 'i - - -  
dt A 1 1  

where 

the prompt jump approxima- 
The point kinetics equa- 

(1) 

P = nuclear power (fission), 
C = neutron precursor concentration, 
p = reactivity, 
A = generation time (SI, 

Bi = fractional yield of precursor group i, 
X i  = decay constant of  precursor group i ( s - ' ) .  

( 2 )  

The values of Xi, Oi, and BT were taken from ref. 2 and are shown 
in Table 1. 
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Fig. 2. Vertical sec t ; -on  of  HFIR vessel  and core. Source: 
ORNL-3572,  Vo l .  l B ,  Revision 2 ,  May 1968. 
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Fig.  3 .  Schematic representation of HFIR core. 
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Table 1. Fractional yield and decay constants 
used in point kinetics equations 

A. 
---.-ls Bi 1 

i 

1 0 000295 3.01 
2 0 .OOO809 1.14 
3 0.002767 0.301 
4 0.001367 0.111 
5 0.001 53 1 0 A305 
6 0.000229 0.0124 

_I_-.-__ 

6 

i 
BT = C B i  = 0.006998 

Source: D .  W. Burke, memorandum, March 6, 1985. 

The prompt jump approxi-mation is obtained by setting dP/dt equal to 
zero  in E q .  ( l ) ,  which yields the following equation f o r  the calculation 
of  neutron ~OWCX-:~ 

Then the solution to the precursor concentration equation ( 2 )  is 

where 

Cio = initial concentration o f  precursor group i and 

i = 1, 2, ... 6, 

and the initial precursor concentrations are calcul.ated assuming that 
the reactor is operating at steady state; that is, 
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Equations ( 4 )  and (5) are normalized by dividing these equations with 
the initial power, Po; therefore, the left hand side of Eq. ( 4 )  repre- 
sents power fraction with respect to initial power in the HFIRO1.FOR 
subroutine. 

3 . 2  REACTIVITY 

The overall reactivity is calculated from the following equation: 

where 

= reactivity of isolated core (decreases as burnup continues); 

= reactivity of control rods; 

= reactivity from xenon buildup; 

= reactivity from samarium buildup; 

'b 

pCr 

srn 
a = fuel temperature coefficient of reactivity; 

a = moderator temperature coefficient of reactivity; 

T = fuel temperature, " C  ( " F ) ;  

f 

W 

f 
= reference fuel temperature, "C ("F); Tfr 

L r  

T = moderator temperature, "C (OF); 
W 

= reference moderator temperature, "C ( O F ) .  

Fuel and moderator coefficients of reactivity taken from ref. 4 are 

Moderator temperature Fuel coefficient Moderator coefficient 

20.0 ( 6 8 . 0 )  - 1.0 - 5 . 8  
68.3 (155.0) - 1.6 - 8.7 

>132.2 (>270.0) - 9.7 

3.2.1 Core reactivity (p,) 

The time-dependent reactivity of isolated care p is calculated 
from curve A o f  Fig. 7 .3 .5 ,  ref. 1 ,  f o r  normal steady state operation at 
100 MW(t) for a 15-d cycle. The values of keff are presented in 
Table 2. The value of p decreases a s  burnup continues. NO burnup 
model is included in the subroutine HFIRO1.FOR; therefore, p b  i s  an 
input parameter. 

b 

b 
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Table 2. Normal steady state operation at 100 MW(t) 

Time 
( d )  kef f 

0.000 
0.286 
0.476 
0.667 
1 .ooo 
1.190 
1.667 
8.381 
12 "000 
14.857 

~ 

1.09905 
1.07419 
1.06714 
1.06000 
1.05429 
1.05200 
1.04952 
1.02714 
1.01333 
1. 00000 

Source: Curve A ,  Fig. 7.3.5, ORNL-3572, vol. l A ,  
Revision 2, May 1968. 

3.2.2 Reactivity of control rods ( p  
CT 

The two kinds of control rods are shim and regulating. A s  shown in 
Fig. 4 ,  the rods consist of three sec t ions :  high neutron-absorbing 
(black), moderately neutron-absorbing (gray), and comparatively poor 
neutron-absorbing (white). The rod worth of the control r o d s  i s  pre-  
sented in Figs. 5 and 6 and by the following equations taken from 
ref. 5. (Originals o f  Figs. 5 and 6 and the equations are not in SI 
units.) 

Pcr = P 
+ 4.0 x p reg shim 

ORNL- C R  - DWC 46t 2 9 A R  

ma GRAY ( p o o r - n e u t r o n - a b s o r p t i o n )  
r l  WtAlT E (moderate-neut r o n - a b s o r p  t i o n )  

(31. AC K ( h ig h- neu t r o  n- a b  s o  r p t i o n  ) 

€NO OF CYCLE SHUT OOW N COLO CLEAN I DAY LATER MI0 CYCLE 
CRITICAL EQUlLl8RlUM xe 

Fig. 4 .  Control rod positions during a fuel cycle. 
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Fig. 5. Total regulating rod reactivity worth vs position. 

- 
E 

a 
I 
c 

2" 
> 
t 
h 
c 
u 
< W 
a 

ORNL-DWG 89-4304 E T D  

FOR 8 5 x 5 16 in 
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FOR X E: 1611-1 

WHERE Y = 2686 - X 

DISTANCE WITHDRAWN (in ) 

Fig. 6. Total shim rod reactivity worth (one of f o u r )  vs position. 
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Reactivity worth of 
regulating rods ($1 

'reg/$T = 16.63 

p / $  = 16.63 - 0.58 ( X  - 7.0) reg T 

+ 0.011 y2 - 1 . 3  10-3 ~3 

+ 9.68 10-5Y4 - 3.32 Y5) 

where Y =: 26,86 - x . 

Reactivity worth of shim rods ( $ 1  
(one of four) --.-.I ~ _ _  

/ B  = 3.46 'shim T 

'shim fBT := 3.46 - 0.14 (X - 8 .0 )  

Pshim/B6r Y(0.031 + 8.3 X Y 

+ 0 . 0 0 2 ~ ~  -2.3 ~3 

Distance 
withdrawn 

(X) 

x < 1 7 . 7 8  cm ( 7  in) 

1 7 . 7 8  cm 5 x 5 40.64 cm (16  in) 

x 2 40.64 cm (16 in) 

Distance 
withdrawn 

( X I  

x 5 20.32 cm ( 8  in) 

20.32 cm 5 x 5 40.64 cm (16 in> 

x L 40.64 cm (16  in) 

+ 2.1 y4 - 9.5 ~ 5 )  

where Y = 26,86 - X. 

Given r o d  position, reactivity of control rods is calculated in the 
RODWOR.FOR routine. Given a core reactivity, a control rod position 
that makes the overall reactivity zero i s  calculated in RODPOS.FOR. 

3.2.3 Fission product poisoning 

Fission product poisoning is a concern in thermal reactors 
(ref. 3 ) .  Xenon and samarium have large absorption cross sections, and 
their concentration depends on the present and recent past operating 
neutron power level. There are many other fission products; however, 
because of their far smaller cross sections, they are not depleted by 
neutron capture. These fission products, called permanent poisons, tend 
to accumulate in a reactor core. Their combined effective absorption 
cross section is about 50 b per f i s ~ i o n . ~ * ~  They are accounted for in 
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criticality and burnup calc~lations.~ The HFIR core model neglects the 
effects of permanent poisons on reactivity. The reactivity from xenon 
(135Xe) and samarium (149Sm) is incorporated into the H F I R  model as 
described in Sects. 3.2 .4  and 3.2.5.  

Following the argument on fission product poisoning in refs. 3 and 
6 ,  negative reactivity generated by xenon and samarium may be computed 
as follows: The reactivity change from a critical reactor in which 
poison concentration is zero  is given by 

k' - k 
k' Ap = 

where 

k = npfE Pfnl Ptnl . 

where 

f '  - f 
f' Ap 

where 

k = multiplication factor without poison, 

k' = multiplication factor with poison, 

f = thermal utilization factor, 

f '  = thermal. utilization factor with poison,  

v = average number of neutrons released per fission, 

n = number of fission neutrons produced per  absorption in the 

p = resonance escape probability, 

E = fast fission factor. 

fuel , 

Pfnl is the nonleakage probability of fast neutrons and not expected to 
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vary much. (At neutron energies above 1.0 eV, the absorption cross sec- 
tions of 135Xe and 149Sm drop rapidly.) Ptnl is the nonleakage proba- 
bility of thermal neutrons. ( L * B  2 is small because leakage is 
small.) The thermal utilization fac!or for a homogeneous reactor is 
defined by 

f =  

f 
'a 

m 
a r: + x  a 

f 
a 

I: 

a 
c 

without poisons and 

f f 
a 

f 
a a 

- 'a - ----_ 
c 

f' =; 

P 
a c + c  

a c + + cp 

with poisons 

where 

m x = z f  + c  
a a a '  

f 
a 

a 

a 

X = macroscopic absorption cross section of fuel, 

Em = macroscopic absorption cross section of moderator, 

2' = macroscopic absorption cross section of poison. 

T h u s ,  

= 1 .  The following three 

a a 
'tn1 For a critical reactor, k = npfE Pfnl 

approximations allow calculation of Ap in terms of v, If and Zp: 
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where 

f 
a o = absorption cross section of fuel and 

of = fission cross section of fuel. 
f 

Then negative reactivity introduced by a poison can be calculated f r o m  
the following equation: 

HFIR is a heterogeneous reactor. Thermal utilization factor for 

heterogeneous reactors is 

a 
f =  

r 'r 'r - -  c vc 'c + c  - - + c  "cr 'cr 

a vf 'f a '€ @f 
- -  f - -  'rn 'm i. ccr 

c + L; a 'f @f a 'f @f 

f 

- - -  without poison , 
a x 

f 
'a 

C + Ep 
a a 

with poison f =  

where 

cr c r La ? 'a 9 Ea = macroscopic absorption cross sections of 

V V V = volumes of moderator, fuel, control rods ,  

= neutron flux in fuel, moderator, control 

control rods, clad, and reflector 

clad, and reflector 

rods,  clad, and reflector. 

m, 'f, cr, c, r 

+ f ,  %I, L, +c, +r 

V 

With poison, neutron flux distribution will be altered. Application of 
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the above method with the assumption that flux distribution is not 
altered is expected to yield approximate values f o r  poison reactivities. 

3.2.4 Reactivity from xenon buildup ( p  
Xe 

Core composition affects neutron flux and power distribution. 
Because Xenon-135 is a fission product and has a very large thermal neu- 
tron absorption cross section, small amounts of  l35Xe may significantly 
affect core k ff by absorbing neutrons needed to sustain the chain reac- 
tion. The life chain of 135Xe is3 

isometric 135Xe 

- 
B 

9.17 h* 
I 
1 

neutron capture 

Because of the relatively small decay constants of the fission products 
l35Sb and 135Te, 135Xe concentration can be represented by the following 
equat i ons: 

yIXffQI - XsI and (10) a1 - iodine: - - 
at 

(11) 
X 

Yx"f9 + XII - xxx - 0,4x . ax - xenon: - - 
at 

The steady state values obtained by setting aI/at = 0 and aX/at = 0 
are 

and 

The solutions to E q s .  (10) and (11) are 
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(Yx + YI)Xf+ 

X + aaQ, 
x =  X 1 - e  

where 

I = iodine concentration, 

X = xenon concentration, 

Io = initial iodine concentration, 

Xo = initial xenon concentration, 

yI = yield fraction of 1351 ( 0 . 0 6 3 8 6 ) ,  

= yield fraction of 135Xe (0.00228), 
Y X  
X I  = decay constant of 1351 (2.875 x 

X = decay constant of 135Xe (2.0917 x s-’), 

s - ’ ) ,  

X 

4 = neutron flux (neutronIcm2 SI, 

a 
X cr 

zf = macroscopic fission cross section of 235U. 

= absorption cross section of 135Xe (2.7 x lo-’* cm2), 

The macroscopic fission cross section, Cf, f o r  the HFIR core is 
calculated as follows: 

X f = N  a u f ’  

where 

density of  U308 = 8 . 2  gm ~ m - ~ ,  

NU = number density of 235U (1.778 x 1022 ~m-~), 

u = fission cross section of  23513 (280 x Crn* 1. f 

The above values result in C = 4.97788 cm-’. All of the constants were 
taken from ref. 3. f 
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Xenon reactivity can be estimated using Eq. (7): 

X 
1 
a - __ - - 

’Xe 

where 

X X = x o  
‘a a ’  

C = total absorption cross section . 
a 

After 1 is factored out in Eq. (15), Xe concentration (X) is sub- 
stituted into Eq. (16). Then the reactivity from Xe buildup is calcu- 
lated with the help o f  Eq. (8 ) :  

€ 

The steady state value of Xe reactivity may be calculated from 

where v = 2 .432  neutrons/fission is used. 

Equations (14)’ (151, and (17) are general solutions and can be 
applied to startup of a clean c o r e ,  xenon transients following power 
level changes, and reactor shutdown. 
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3.2.5 Reactivity from samarium buildup (p  sm 

Samarium is another fission product that has a large absorption 
cross section (0 = 58,500 b) similar to that of 135Xe. However, the 
concentration of 149Sm can be reduced only by neutron capture because 
149Sm is stable. The life chain i s3  

S 

a 

- - 
149 

3m . 149 B ,  149 6 -  
54 hr- Pm Nd 2.0 hr Fission - 

Because of its relatively short lifetime, 149Nd can be neglected 
and we can assume that fission yields 149Pm directly. 

The conservation equations are 

y C I$ - X Pm , and Promethium: - - aPm - 
at P f  P 

S X Pm - u 41 Sm . aSm - Samarium: - - 
at P a 

(19) 

(20) 

The steady state values, which can be calculated by setting aPm/at = 0.0 
and aSm/at = 0.0, are 

and 

where 

Pm = promethium concentration, 

Sm = samarium concentration, 

= promethium yield fraction (0.0113), 
yP 
X = decay constant of promethium (3.55556 x s - ' 1 ,  

a 

P 

a 
S = absorption cross section of samarium (5.85 x lo-*' cnn2). 

The values €or the constants were taken from ref. 3 .  
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The solution to E q .  (19) is 

Then, E q .  ( 2 1 )  is substituted into E q .  ( 2 0 )  and the salution for  Sm 
concentration is 

whe re 

Pmo = initial concentration of  promethium and 

Smo = initial concentration of samarium. 

The corresponding reactivity can be calculated using the same 
approach used for calculating Xe-reactivity: 

S 
Sm a 

a 

a c s  
- a -  

c c 
a 

Sm 

f 1  
c 

z V 
a 

- = - .  

Then reactivity from samarium buildup is 
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The steady state value of Sm reactivity is 

Y 

Sm V 
= - - E .  

3 . 3  POWER AND NEUTRON FLUX 

Reactor power is calculated from Eq. ( 4 )  as indicated in the point 
kinetics section. The relationship between power and neutron flux can 
then be used to calculate a neutron flux as follows: 

P = $ w C V  ( 2 5 )  f f  

and 

4 = P/WfZfV , ( 2 6 )  

where 

4 = neutron flux, 

P = power, 

wf = amount of energy generated per fission reaction, 

V = fuel volume, 

P = 100 MW(t), 

wf = 192.9 Mev/fission (ref. 31 ,  

V = 1455.47 cm3, 

C f  = 4.97788 cm-'. 

These values give a neutron flux equal to 4.4659 x 1014 cm-* s - ' ,  
which is close to the magnitude of the neutron flux at the end of the 
fuel cycle i n  the fuel region. The macroscopic cross section C will 
change as the number density of fissionable material changes. The model 

f 

uses 

3.4 

ref. 

a constant value. 

CORE HEAT TRANSFER 

The core is represented by fuel and coolant nodes, as i t  is in 
7. 

The conservation of  energy equation for the coolant node io 

dT 
- Twi) + UA (Tf - T - bP - Ww cpw (Two 7 W MwCpw dtl - (27) 
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and the conservation o f  energy equation far the fuel node is 

- aP - UA (Tf  - Tw) , dTf 
MfCpf dt - ( 2 8 )  

where 

A = heat transfer area, m 2  (ft2); 

U = overall heat transfer coefficient, W/m2K (Btu/ft2 h"F); 

Mw = mass of water in the coolant node, kg ( Ib , ) ;  

Mf = mass of fuel, kg (lbm); 

P W 

Ww = flow rate of coolant, kg/s (lbm/s); 

C 

C 

= specific heat o f  water, J/kg K (Btu/lb,"F); 

= specific heat of fuel node, J/kg K (Btu/lb,"F); 
Pf 

Tw = average temperature of water, "C ("F) = 0.5 x (Twi + Two 1 ,; 

TWO 

Twi = core inlet temperature, "C ( " F ) ,  

= core outlet temperature, "C (OF), 

Tf = average temperature of fuel node, "C ("F), 

P = power, W (Btu/s); 

a = fraction of total power generated in fuel.; 

b = fraction of power generated in the coolant by neutron slow- 
down and y rays. 

A semi-implicit approach has been used to solve E q s .  (27) and ( 2 8 ) .  The 

temperatures on the right-hand side of the equations are represented by 

the average values of the temperatures at two different time steps ( n  

and n+l); that is, 

n+ 1 n ncl 
dTf = Tf - Tf, Tf = bTf + Tq)/2 

- Tn , and Tw = (Tn+' f Tn)/2 . n+ 1 
dT = T 
W W W W W 

The final equations for average fuel and coolant temperatures are 
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0.5 UA a p + l  + A +  E 

where 
M C  n+l + w pw n+l 

T Twi 9 
A = bP 

MfCf UA 
E = - - -  At + 2 ’  

F = P , U A  M f C  f 
At 2 ’  

T = Mw/WY (time constant). 

3.5 DECAY HEAT 

Reactor power does not sharply decrease to zero when a reactor is 
shut down. Through neutron, 6, and y decay, fission products continue 
to decay at decreasing rates after shutdown. Because of these decay 
processes, the reactor continues to generate power. The amount of power 
generated depends on the power level before shutdown, the time period of  
that level, and elapsed time after shutdown. 8 

Decay power is represented in subroutine DCHEAT.FQR as time after 
shutdown vs fraction of  operational power.g Because irradiation time in 
HFIR is much shorter than in PWRs and BWRs, the current decay heat curve 
is conservative and needs to be replaced by a decay heat curve represen- 
tative of  HFIR. 
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4 *  HEAT EXCHANGERS 

The primary heat exchangers are parallel-counter-flaw (shell and 
U-tube type) and mounted vertically (Fig. 7 ) .  Each heat exchanger is 
designed to remove 34-1/3 MW(t) from the primary coolant loop. Only 
three heat exchangers are required f o r  full-power operation. 

The effectiveness method combined with the lumped parameter 
approach has been used in modeling heat exchangers. The shel.1 and tube 
sides are represented by single nodes. The advantages of the effective- 
ness method over the logarithmic mean temperature difference (LMTD) 
method are 

1. The effectiveness method allows calculation of t h e  net heat 
transfer rate without knowledge of outlet temperatures. 

2. It does not present a see-saw effect when a step change is made 
in the inlet temperatures, and it allows outlet temperatures to change 
in the direction consistent with the underlying physics. (Use of LMTD 
with single nodes causes outlet temperature to drop when a step increase 
is made in the inlet temperatures 01- vice-versa.la) 

ORNL-DWG 89-4305 ETD 
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Fig. 7. Primary heat exchanger. 
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Effectiveness is defined by 

h' 'c) = min (C 'min (31) 

where 

Ch = WhCph = flow rate * specific heat of the hot side, W/K 
(Btu/OF SI; 

Cc - - WcCpc = flow rate *k specific heat of the cold side, W/K 
(Btu/'F s); 

Cmin = minimum of ch and C,, W/K (Btu/"F SI; 
Thi = hot side inlet temperature, OC ( " F ) ;  

Tho = hot side outlet temperature, "C ( O F ) ;  

TCi = cold side inlet temperature, "C (OF); 

T,, = cold side outlet temperature, 'C ( O F ) .  

The rate of heat transfer from the tube side t o  the shell. side (Q) 
is determined from 

Independent of  outlet temperatures, the effectiveness for a parallel- 
counter-current (shell-and-tube) heat exchanger is11 

where 

r = - [ I  + (C /C ) * 1 0 - 5  , ( 3 4 )  Cmin min max 

Cmax = max (ch9 C,), 

UA = overall heat transfer coefficient times heat transfer sur- 
face area, W/K ( B t u / " F  s ) .  
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The overall heat transfer coefficient times the total surface area (UA) 
is calculated from the steady state values of the parameters. Equation 
(30) is substituted into Eq. ( 3 3 )  and solved for UA. The resulting 
equation is 

The UA term is assumed to remain constant during transients, and effec- 
tiveness i s  tal-culated from E q .  ( 3 3 )  for every time step (n). (An 
improvement can be made by allowing UA to be flow-dependent.) The total 
heat transfer rate is calculated from Eq. ( 3 2 )  and used in the following 
equations for calculation of outlet temperatures: 

Q , and h w 
- ('J:.-T )-------- dTho 

ho M c 
h ph 

dt Mh hi ( 3 6 )  

The total mass terms Mh and Mc include both water and metal masses 
and are described by 

and - +Pt--.- Mtube 
2 

Ph 
Mh - 'hPh C ( 3 8 )  

The explicit approach has been used to solve Eqs. ( 3 6 )  and ( 3 7 ) .  

Definitions of the terms used in the equations are 

Vhf Vc = water volumes of hot a n d  cold sides, m3 (ft3); 

'hS ' c  
= water density of hot and cold sides, kg/m3 (lbm/ft3); 

C = specific heat of tube and shell metal, J/kg K C p t '  ps 
(Btu/"F lbm); 



= total tube metal mass, kg (lbm); Mtube 
Mshell = total shell metal mass, kg (lbm). 

The tube side is the hot side and the shell side is the cold side. The 
heat exchanger subroutine is HEATEX.FOR. 



5. PRIMARY COOLANT HEAD TANK 

The primary coolant head tank provides the necessary suction head 
for the pressurizer pumps. It receives letdown return flow, primary 
head tank makeup flow; and small fl.ows from pump seals, reactor tank top 
vent, pressurizer pump, and pressure relief. It is positioned horizon- 
tally as shown in Fig. 8. 

ORNL-DWG 89-4306 E T 0  

Fig. 8. Primary coolant head tank. 

5.1 CONSERVATION OF MASS AND ENERGY 

The primary coolant head tank model includes mass and optional 
energy bal.ances € o r  calculating water level and water temperature. The 
pressure in the tank is atmospheric. The lumped parameter approach has 
been used. Water in the tank is assumed to be well mixed and is repre- 
sented by a single node. 

Conservation of water mass: 

dM = w, +- w, .t w, - W, , 
at 

where 

M = water mass in the tank, kg (lbm); 

W ,  = make up flow rate, kg/s (lbm/s); 

W, = letdown flow rate, kg/s (lbm/s); 

kl,  = combined flow rate Qf small flows, kg/s (lb,.,,/s); 

W, = pressurizer pump flow, k g / s  (1bm/s)* 

( 4 0  1 
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Calculation of water temperature is optional. If it is not selected in 
the input, only water level is calculated. Conservation of energy: 

The left-hand side of the equation is expanded as follows: 

d dM dT 
dt P p dt p dt - (MC T) = C T - + C M - , (42) 

where T's and C p ' s  are temperatures and specific heats and are associ- 
ated with water in the tank and the flows. The value of dM/dt is sub- 
stituted from the conservation of mass equation. Temperature, T, on the 
right-hand side of the equation is defined as an average of its values 
in two consecutive time steps (n and n + 1) as follows: 

The final equation for  the water temperature is 

+ 

where 

AT n+l 
2M 
At n+ 1 

1 - - (w, + w, + w3) 

1 + 5 (w, + w, + w3) 
Tn 

n+ 1 ( C  W,T, + C W,T, + C W,T,) 

At n+ 1 

A t  - 
MC pl P2 P3 

9 

1 + 2M (w, + w, + w3) ( 4 3 )  

M = (M" + Mn+l)/2. 

5.2 TANK WATER LEVEL 

The tank is a horizontal cylinder; hence, its cross sectional area 
changes from zero to a max value ( 2 r L )  at the midplane. The water level 
is calculated from water inventory in the tank in the following man- 
ner. The area of shaded segment of the circle in Fig. 8 is 

(44) 1 
2 A = - r2 ( 0  - sine) , 
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and the volume of water is 

V = A L ,  

where 

L. = length of the tank, m (ft); 

r = radi.us of the tank, m (ft); 

e = angle . 
Then 

only e is not known in the equation. This equation is solved using a 
trial-and-error method in the primary head tank subroutine. The rela- 
tionship between 8 and y (the distance between the water surface and the 
center of the tank cross sectional area) is 

Now water level can be calculated as a function of y: 

i f  0" 5 e 5 180" , water level = r - y; 

if 180 5 e 5 360 , water level = r + y . 
The control valve for the tank maintains a water level correspond- 

ing to 75% capacity [7.1 m3 (1875 gal)]. [ €  level drops low enough cor- 
responding t o  2 5 %  capacity [2.4 m3 (625 gal)], the main pressurizer 
pumps will shut off and the emergency pressurizer pump will automati- 
cally start. Neither of these two control features are included in the 
tank model. The length and the diameter of the tank are 3.56 m 
(11.667 ft) and 1.98 rn (6 .5  ft) respectively. The primary head tank 
subroutine is PHEADT.FOR. 
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6 .  PUMPS 

Pumps have been modeled using total pump head vs flow rate curves, 
which were taken from ref. 1. The curves implemented as tables into the 
model use linear interpolation between two data points. Pressurizer 
pump curves are represented in Fig. 9 and primary coolant pump curves in 
Fig. 10. Pump curves have been extrapolated down to zero pump head. 

Fig. 9.  Characteristic curves € o r  main pressurizer pump. 
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Fig. 10. Characteristic curves f o r  primary coolant pumps. 

The flow coastdown curves for primary and secondary coolant pumps are 
provided in Ref. 12 but currently are not included in t h e  model. The 
subroutines are PUMPCR.FOR and PUMPPR.FOR. 
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7 .  LETDOWN VALVES 

The letdown valves have equal percentage characteristics and a max- 
Flow coefficient, Cv, is a function of imum Cv equal to 8.7 (ref. 13). 

valve opening and is calculated as IO 

where Y = fractional valve opening. Flow rate through the valve is 

Q = Gv J A P  62.4 /0  , 

where 

Q = volumetric flow rate, m 3 / s  (gpm); 

cV = f l o w  coefficient, m 3 / s  Pa005 (gpm/psio-5); 

AP = pressure drop through valve, Pa (psi); 

p = water density, kg/m3 (lbm/ft3). 

The letdown valve subroutine is VALVE.FOR. 

( 4 8  1 
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8. TRANSPORT DELAY ( P I P E S )  

Pipes are represented by a transport delay model. Because the 
model is generic, it can be used for delays in transportation of temper- 
ature, enthalpy, or any other quantity moving at the speed of the fluid 
in a pipe. The subroutine is called TDELAY.FOR, which can keep track of 
delays in different connections simultaneously. The following assump- 
tions are made: (1) the fluid is incompressible, and ( 2 )  the flow is 
plug flow. Heat losses and the heat capacity of pipe walls are pre- 
sently neglected; however, they can be incorporated if needed. A pipe 
is divided into a number of equal size nodes (determined in the input), 
and the cross sectional area is assumed to be uniform. A simple sche- 
matic diagram of  transport delay in a pipe is shown in Fig. 11. The 
pipe is filled from one end and emptied from the other. The shaded area 
represents the incoming slug at time step n+l. Outlet conditions will 
change depending on the incoming velocity of  the fluid at time step 
(n+l); that is, as the number of nodes ha5 been filled with the new 
values of transported variables. Two variables being transported in 
this model are T (temperature) and W (representing any other quantity 
such as flow rate). 

The distance (X) traveled inside the pipe by the incoming fluid at 
time step (n+l> is 

n+ 1 n+ 1 
X = V  A t  

n 
f X  

0 ’  
( 4 9  1 

where 

x = distance less than node length and traveled by the fluid in 
0 

the previous time step, m (ft); 

Tn+l  

p f l  
w n + l  4 

ORNLLDWG 89 -4307 ETD 
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Fig. 11. Schematic diagram of transport delay (pipe) model. 
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v = velocity of the incoming fluid, m (ft/s); 

At = time s t e p  ( S I .  

Total number of nodes displaced by the incoming fluid of time step (n+l) 
is 

(50) n+ 1 
m n+l = Integer (x /AL) . 

The distance between the front of a slug and the boundary of the most 
recent node passed by the slug is 

n+l  n+l 
X = x  - m A L ,  

0 

where AL = node length m ( f t ) .  

The outlet conditions are calculated as fol lows:  

for  m = i 

- [ T ( i )  + T(i - 1) + ... + T (i - m + l)]/m 
T:+l - 

W n+l = [w(i) + w(i - 1) + ... + w ( i  - m + 1)1/m , 
0 

for i > m >  1 

Tn*' = [T(i) + T(i - 1) + ... + T(i - m>]/m 
0 

and for m = 0 

n+ 1 n 
0 0 '  

W = w  

(51) 

(52 )  

(53) 

where i = maximum number of nodes. 

The transport delay subroutine is TDELAY.FOR. 
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9. LOOP-PRESSURE-PLOW BALANCE 

A summary of total system head and total pump head balance is pro- 
vided in Sect. 9.1. The Newton-Waphson method is suitable for computing 
equilibrium flow rate in a loop and is summarized in Sect. 9.2. 

9.1 CLOSED-LOOP FLUID SYSTEM 

For a closed-loop fluid system, the total head generated by circu- 
lation pumps must be equal to the combination of all losses during 
steady state operation. Otherwise, fluid will accelerate or decelerate 
until the combination of all losses becomes equal. to the total pump 
head. A fluid system curve is shown in Fig. 12. 

The l o s s e s  that may be accounted for incl-ude friction, form, 
kinetic, and elevation. In a closed-loop fluid system with constant 
density fluid, elevation losses will be zero. 

Total fluid system head can be altered by throttling o r  bypassing 
the valve. Both of these processes can be used to increase or decrease 
friction and form losses, thus changing the equilibrium point repre- 
sented by the cross section of the curves in Fig. 13. Pump head curves 
at different speeds are also shown. Pump flow rate and head at differ- 
ent speeds may be calculated by use of the affinity laws14 (i.e.9 
~ ~ 2 1 ~ ~ 2  = n 2 / H 1  and Q2/N2 = Ql/N,, where Q = flow rate, H = pump head, 
and N = pump speed). Total pump head may also be altered by ch . .  iging 
the impeller diameter o r  connecting pumps in series (pressure addi- 
tive). Pumps connected in parallel (flaw additive) will develop the 
same head at their equivalent flow rates € o r  the developed head. 

0RNL.-DWG 89~-4308 ETD 
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Fig. 12. Total available head and fluid system head curves. 
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Head 
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Fig. 13. Fluid system head with valve throttling vs pump head at 
different pump speeds. 

9.2 NEWTON-RAPHSON METHOD 

The Newton-Raphson method is an iterative method, and the accuracy 
of a solution depends on a tolerance factor. This method is suitable 
f o r  calculating pressure-flow balance (ref. 1 4 )  a s  illustrated by the 
following example for a constant-speed pump in a loop. 

Total pump head is defined by H(Q) and total system head (combined 
losses) by K Q2. The letter K represents a constant including friction 
and form loss factors, and the letter Q represents flow rate. Jln this 
example, K is assumed to be independent of  Q. We seek a solution of Q 
such that pump head balances combined losses in the system as follows: 

F(Q) is expanded into Taylor series. Only the first t w o  terms are in- 
cluded. 

where Q, i s  the first estimate. 

F(Q) is set equal t o  zero and solved for a better estimate of  Q. 
In terms of  n number of iterations, the new estimate is 
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where 

F(Q"> = H(Qn> - K (Qn>,, and 

The term dH(Q)/dQ at Q" is calculated from the pump curves because it 
represents the slope of the pump head at Q". Iteration continues 
until IQn+' - Q n l  < E ,  where E: represents the tolerance factor. 
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10. PRIMARY COOLANT SYSTEM PRESSURE 

The high-pressure primary system is filled with liquid water. Im- 
balances between letdown flow and pressurizer pump flow cause system 
pressure to change. Hydraulic testing of HFIR coolant system was per- 
formed,l’ and the volumetric expansion coefficient for the high-pressure 
system (also referred to a s  “spring constant”) was determined to be 

K = 35 .93  MPa/m3 = 19.7 psi/gal 

from these tests. (This value has previously been used by refs. 2 and 
13.) 

Primary coolant system pressure is calculated from 

where 

P = pressure, Pa (psi); 

t = time ( S I ;  
Q,, = pressurizer pump flow rate, m3/s (gprn); 

Qld = letdown flow rate, m3/s (gpm). 

The primary coolant system pressure subroutine i s  PPRESS.FOR. Because 
temperature changes can have a big effect on system pressure, an accu- 
rate model should include the effect of temperature on system pressure. 
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11. SUMMARY 

The following individual models have been developed for HFIR: H F I R  
care, heat exchangers, pumps, primary head tank, transport delay, and 
system pressure. The Newton-Raphson method is recommended €or calculat- 
ing loop-pressure-flow balance. This work was performed €or the Appli- 
cation of AI Techniques to Nuclear Reactors Project. 
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