
Component modelling of a pressurized water reactor (PWR)

Item Type text; Thesis-Reproduction (electronic)

Authors Elhabrush, Ahmed Mohamed

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:34:09

Link to Item http://hdl.handle.net/10150/557612

http://hdl.handle.net/10150/557612


COMPONENT MODELLING OF A 

PRESSURIZED WATER REACTOR (PWR)

by
. Ahmed Mohamed Elhabrush

A Thesis Submitted to the Faculty of the

DEPARTMENT OF NUCLEAR AND -ENERGY ENGINEERING

IN Partial Fulfillment of the Requirements 
For the Degree of

MASTER OF SCIENCE

In the Graduate College

THE UNIVERSITY OF ARIZONA

19 8 1



STATEMENT BY AUTHOR

This thesis has been submitted in partial fulfillment of re
quirements for an advanced degree at The University of Arizona and is 
deposited in the University Library to be made available to borrowers 
under rules of the Library

Brief quotations from this thesis are allowable without special 
permission, provided that accurate acknowledgment of source is made. 
Requests for permission for extended quotation from or reproduction of 
this manuscript in whole or in part may be granted by the head of the 
major department or the Dean of the Graduate College when in his judg
ment the proposed use of the material is in the interests of scholar
ship. In all other instances, however, permission must be obtained 
from the author.

SIGNED:
\

APPROVAL BY THESIS DIRECTOR

This thesis has been approved on the date shown below

David L . Hetrick 
Professor of Nuclear and Energy 

Engineering



This thesis is dedicated to my family.

iii



ACKNOWLEDGMENT

I would like to express my gratitude to Dr. D . L. Hetrick for his 

support and supervision. I am very grateful to Dr. P. V. Girijashankar 

for his constant assistance and invaluable guidance throughout this work. 

Also, I would like to acknowledge the support of the Libyan Ministry of 

Education for providing me with a full scholarship and the Electric 

Power Research Institute for funding the computer expenses under Project 
No. RP-1381-li Above all, I thank God for making this work possible.



TABLE OF CONTENTS

Page •

LIST OF ILLUSTRATIONS. . . . . . . . . . . . . . . . . . . . .  vii
LIST OF TABLES . . . . . . . . . . . .  ... . . . . . . .  . . . , - viii
LIST OF VARIABLES'. .... . . . .  . . . . . . . . . . . . . . . .  ix

ABSTRACT . . . . .  . „ . . . . . . . . . . . . . . . . . . . .  xvii

CHAPTER
1. INTRODUCTION . . . . . . . . . . . . . . .  .........   . 1

2 . FLUID MACROSCOPIC BALANCE EQUATIONS . . . . . . . . . . .  5

2.1 .Flow Channel Representation . . . . . . . . . . . .  5
2.2 Single Phase System Equations.......... 6

2.2.1 The Macroscopic Mass Balance Equation. . . .  6
2.2.2 The Momentum Balance Equation. . . . . . . .  8

2.2.2.1 Pressure Change Due to an Area
Expansion . . . . . .  ..........  10

2.2.2.2. Pressure Drop Due to an Area
Contraction . . . . .  ........  . 10

2.2.3 The Energy Balance Equation. . . . . . . . .  12
2.2.4 The Fluid State Equations. . . . ... . . . . . 16
2.2.5 The Junction Enthalpy Determination. . . . .  17
2.2.6 The Junction Pressure and Velocity

Determination. . . . . . . . . . . . . . . .  18
2.3 Two-Phase Flow System Equations . . . . . . . . . .  19

2.3.1 The Mass Balance Equation. . . . . . . . . .  19
2.3.2 The Momentum Balance Equation. . . . . . . .  21
2.3.3 The VsLj Model . . .  „ . . . . . . . . . . .  22
2.3.4 The Mixture Energy Balance Equation........  23

3. REACTOR CORE MODEL . . .  • . . . . . . . . . . . .  . :. . 27
3.1 The Mass Balance Equation . . . . . . . . . . . . .  33
3.2 The Momentum Balance Equation  .........   35
3.3 The Energy Balance Equation . . . . . . . . . . . .  36
3.4 Reactor Kinetics. . .. . . . . . .  . . . .  . . . . .  37

.. 3.5 Heat Generated in a Fuel Element. . . . . . . . . . .  39
3.6 The Fuel Element Energy Balance Equations ........  42
3.7 Steady State Calculations . .  ............  47

3.7.1 The Coolant Steady State Calculations. . . „ 47
3.7.2 The Fuel Element Steady State Calculation. . 51

v



. '. ■ . . ■ vi 
TABLE OF CONTENTS— Continued .

' . ' Page
, 3.8 The Core Model Response to a Transient. . . . .  . . 53

4. STEAM GENERATOR MODEL... . . . .  . . . 66

4.1 The Primary Coolant System Equations. . . . . .  . . 69
4.1.1 Heat Transfer Model. . . . . . . . . . . . .  71

4.2 The Secondary Side System Equations . . . . . . . .  73
4.3 . Steady State Calculation. . . . . . . . . . . . . .  74

4.3.1 The Primary Side Steady State Calculations . 74
4.3.2 Steady State Calculations for the Secondary

Side . . . . . . . .  ............   . . . . 77

5. CONCLUSIONS. . . . . . . . . . . . . . . . . . . .  . . . 81
APPENDIX A. FLUID BALANCE EQUATIONS OF THE REACTOR CORE. . . . 82

APPENDIX B. TWO-PHASE FLOW ENERGY BALANCE TRANSFORMATION
AND STEADY STATE PARAMETERS. . . . . . . . ' .  . . 91

REFERENCES 98



LIST OF ILLUSTRATIONS

Figure Page

2.1 Flow Channel Representation . « . . . . . .  . . . 7
2.2 Sudden Area Expansion . . . . .  ........ . . . . . . .  11

2.3 Flow Patterns in a Vertical Heated Channel. . . . . . .  24

3.1 Reactor Vessel Components (Vertical View) . . . . . . .  28

3.2 Main,Flow Paths in the Core 29

3.3 Schematic Representation of the Reactor Core. . . . . .  30

3.4 Average Flow Channel in the Fuel Region
(Square Lattice). . . . . . . . . . . . .  .......... 34

3.5 Heat Content of Zircaloy-4. . . . . .  . . . . . . . .  . 46

3.6 Reactor Core Model Response to a Ten-Cent Reactivity
Increase with Constant Inlet Flow Rate. . . . . . . .  55

4.1 Steam Generator Components. . . . . . . . . . . . . . .  67

4.2 Schematic Representation of the Steam Generator . . . .  70

vii



LIST OF TABLES

Table Page

2.1 Contraction Coefficients Cc. . . . . . . .    . 12

3.1 Mechanical Parameters of the Reactor Core............' 31
3.2 Thermal and Hydraulic Parameters of the Reactor Core . 32

3.3 Pressure Losses in the Core. . . . . . . . . . . . . .  49

3.4 Steady State Parameter of the Core M o d e l ............. 54

4.1 Thermal Hydraulic Parameters of the Steam Generator. . 68
4.2 . Steam Generator Primary Side Steady State Parameters . 78

A. 1 Reactor Configuration Data .  .........   84

viii



LIST OF VARIABLES

Symbol Parameter Units
, . • - 2cross sectional area of the fuel ft-1-

A surface area between vapor and liquid phases -I
® per unit volume ft

2A. cross sectional area of junction j ft
j

. . 2cross sectional area of energy cell K ft
B friction coefficient between vapor and liquid
® phases

C specific heat
C area contraction coefficientc
C „ specific heat of the cladding Btu/lb ft R
ex. m

c^ specific heat of the fuel cal/mole °c

C. normalized density of the i-th delayed
1 neutron precursor

cv density of the i-th delayed neutron precursor

c specific heat of the steam generator tubes
w
D. internal diameter of the cladding ft
1 ‘ ■■■ ' ' • v " .

D outer diameter of the cladding fto
D . internal diameter of the steam generator tubes ftiw
D outer diameter of the steam generator tubes ft; ow
f friction factor between vapor and liquid phases

f^ Fanning friction factor of the fluid in the
energy cell k

FPGC fraction of power generated in the fuel

Fwk/^k half the pressure drop due to the friction between
the fluid and the wall of the energy cell k

ix



LIST OF VARIABLES— Continued

Parameter Units
2gravitational acceleration = 32.174 ft/sec

fluid enthalpy Btu

specific enthalpy of the fluid Btu/lb_m
coolant heat transfer coefficient in the 

core
specific enthalpy of the recirculating 

saturated liquid

Btu/hr ft °F 

Btu/lbm
extrapolated height of the reactor core ft

heat transfer coefficient of the gap 
between the fuel and the cladding

specific enthalpy of the fluid at junction j Btu/lbm
saturated liquid specific enthalpy at
junction j Btu/lbin

m
saturated vapor specific enthalpy at
junction j Btu/lb_

specific enthalpy of the fluid in the energy 
cell k

saturated liquid specific enthalpy in the '
energy cell k Btu/lb_

saturated vapor specific enthalpy in the 
energy cell k •

heat transfer Coefficient of the primary side 
fluid in the steam generator

heat transfer coefficient of the secondary side 
fluid in the steam generator

specific enthalpy of the fluid at junction sj
^k ^k+lgeometric inertia for junction j - -n—' +

m

2Ak 2Ak+l
thermal conductivity



xi
LIST OF VARIABLES— Continued

Symbol Parameter

kg bend coefficient
thermal conductivity of the cladding 

k sudden area expansion coefficiente
k^ thermal conductivity of the fuel

k gradual area expansion coefficient
80 -k thermal conductivity of the steam generator
w tubes

L length
L^ . length of the energy cell k
L length of the energy cell sk in the steam
S . generator

M mass of the fluid

mass of the cladding

Mr mass of the fuel

%k mass of the fluid in the energy cell k

N normalized neutron density = n(t)/n °
n(t) neutron density
N number of flow channels in the fuel regionc
n number of fuel elements in the coref
n initial neutron steady state densityo • . . •
N Nusselt number = h D, /ku c hy
P , pressure

p.. pressure at junction jJ
P pressure in the energy cell k

Units 

Btu/hr ft °F 

w/m °c

Btu/hr ft °F 

ft 

ft

lbm

psi

psi

psi



xii
LIST OF VARIABLES— Continued

Symbol ■ Parameter
Pr Prandtl number y/k

Q ^ rate of heat transfer from the cladding to the
’ coolant in the core

Q rate of heat transfer from the fuel to
’C the cladding

Q r rate of heat generated in the fuel• g s f
Q total reate of heat transfer to or from the

coolant in the energy cell k

Q rate of heat transfer from the primary coolant
to the tube wall in the steam generator

Q rate of heat transfer from the tube wall to
the secondary coolant in the steam generator

R. total reactivity » i=l, 2, 3, 4

the cladding and

the fuel and the

the primary coolant 
steam generator

the tube wall and the 
steam generator

sj a subscript to denote junctions in the secondary
side of the steam generator .

T temperature

T ■ average temperature of the cladding
. : : ■ ' '
T . average temperature of the fuelf
TF1 average temperature of the fuel in first volume

kpw

R thermal resistance between
c ,c the coolant in the core

Re Reynolds number

Rf thermal resistance between
,C cladding in the core

thermal resistance between 
and the tube wall in the

R thermal resistance between
ws secondary coolant in the

■ Units

Btu/sec

Btu/sec 

Btu/sec

Btu/sec

Btu/sec

Btu/sec



xiii
LIST OF VARIABLES— Continued

Symbol

Tg

Ti

TNP

Tsat

Tsk

w

fw

t.

U

uk
u
fu

ug

uk

v

vj
f

Parameter Units

average temperature of. the gap between the 
fuel and the cladding in the core

temperature of the fluid at junction j
average temperature of the fluid in the energy 
. cell k

normalized neutron power = N

saturation temperature of the fluid

temperature of the secondary side coolant of the 
steam generator at junction sj

average temperature of the fluid in the energy 
cell sk of the secondary side of the steam 
generator

temperature of the outer surface of the tube wall 
in the steam generator

average temperature of the tube wall in 
the steam generator

time

total internal energy of the fluid

total internal energy in the energy cell k

specific internal energy of the fluid .

specific internal energy of saturated liquid

specific internal energy of saturated vapor

specific internal energy of the fluid in the
energy cell k

' . '  ̂
volume of the fluid ft-1

velocity of the fluid at junction j ft/sec

velocity of saturated liquid at junction j

Btu 

Btu 

Btu/lbm
Btu/lbI]
Btu/lb1]

Btu/lb

m
m

m



xiv

LIST OF VARIABLES— Continued

Symbol Parameter Units
grv? velocity of saturated vapor at junction j
3fv, velocity of saturated liquid in the energy

cell k
g ,v° velocity of saturated vapor in the energy

\ cell k

V velocity difference between liquid and
vapor phases at junction j = v. - v?3 3

V velocity difference between liquid and vapor
s phases in the energy cell k

W flow rate of the fluid lb /secnr..
- flow rate at junction jl in the core

flow rate of the recirculated saturated
liquid in the steam generator

W flow rate of the steam generator feedwater

W. flow rate at junction j
3  ' .

W? flow rate of saturated liquid at junction jJ
W? flow rate of saturated vapor at junction jJ ■ - ,

average flow rate in the energy cell k 

X_. thermodynamic quality at junction j

Z. elevation of junction j ft3
Z, elevation of the center of the energy cell k ft
3 ' ' ' ■ '(4—) derivative of enthalpy with respect to pressure'dPip-

du
dP

3p P 

f

at constant density

(— ) derivative of enthalpy with respect to density at
constant pressure

derivative of saturated liquid internal energy with 
respect to pressure



XV
LIST OF VARIABLES— Continued

Symbol .. ,Parameter

derivative of saturated vapor internal energy 
with respect to pressure

du
dP

dp£
dP

dpf
dP

derivative of saturated liquid density with 
respect to pressure

derivative of saturated vapor density with 
respect to pressure

a vapor void fraction

a ; vapor void fraction at junction j

a vapor void fraction in the energy cell k
' ; ■ - ■ 6 

3 effective delayed neutron fraction =  ̂ 3.
i=l1

3. delayed neutron fraction for the i-th delayed
1 - neutron precursor

A . decay constant of the i-th delayed neutron
1 precursor

y dynamic viscosity of the fluid

y^ dynamic viscosity of the saturated liquid

y® dynamic viscosity of the saturated vapor

y dynamic viscosity of the fluid in the energy
k cell k . . . ■

v specific volume of the fluid

p density of the fluid
p. density of the fluid at junction j

pf density of saturated liquid at junction j3
p? density of saturated vapor at junction j3
p average density of the fluid in the energy

cell k

Units

ft3/lbm
lb /ft3



LIST OF VARIABLES— Continued

Symbol Parameter
density of saturated liquid in the energy 

■ cell k

p® density of saturated vapor in the energy
k cell k

p. density of the U-Tubes in the steam generator
2<f>tp two-phase flow friction multiplier
2<j> . two-phase flow friction multiplier attPj junction j

2 two-phase flow friction multiplier in the
energy cell k

Units



ABSTRACT '

The pressurized water reactor core and the U-tube steam generator 

of the Arkansas Nuclear One (Unit 2) power plant were modeled utilizing 

the KETRAN flow channel representation. The transient response of the 

core to a ten-cent reactivity increase was simulated using the DARE P 

Continuous System Simulation Language which was developed in the 
Electrical Engineering Department at the University of Arizona. The 

steady state parameters for the primary side of the steam generator were 

obtained. The two-phase flow model known as the dynamic slip model was 

utilized in an attempt to simulate the boiling regions of the secondary 

side of the steam generator. This dynamic slip model was based on one 
continuity, one energy and one momentum balance equation each for the 

mixture, and an additional equation for the velocity difference between 

the two phases. It was found that this model for the two-phase flow is 

inadequate.
It is recommended that the drift-flux model based on two equa

tions of continuity, one for the mixture and one for the vapor phase, 
with mixture momentum and energy balance equations, which has been 

widely accepted, be used to model the two-phase regions of the steam 

generator.



CHAPTER 1

INTRODUCTION

This thesis deals with the dynamic modeling of the reactor core 

and the steam generator of the Arkansas Nuclear One (ANO) Unit 2 

(ANO-FSAR, 1975). This project is a part of the dynamic simulation 
program which is being conducted at the University of Arizona.

The ANO is a 2815 Megawatt thermal (Mwt)„ and two-loop pres

surized water reactor (PWR) power plant designed by Combusion Engi

neering, Inc. Each loop consists of a U-Tube Steam Generator (UTSG), 

two pumps5 one pressurizer connected to one loop only, and a surge 

tank connected to the pressurizer.

A number of computer codes have been developed to simulate and 

analyze transients such as loss of coolant accidents (LOCA). TRAC 

(Reed and Kirchner, 1977) and RETRAN (RETRAN, 1977) are the most recent 

codes which deal with the study of the thermal hydraulic behavior of 

light water reactors during transients. Other more specialized codes 

have been developed to study the thermal hydraulic behavior of.fuel 

assemblies in which cross flow between adjacent flow channels is 

considered as in COBRA (Rowe, 1973). The differences between some of 

the existing^codes which deal with light water reactors and the two- 

phase flow models that are being used are discussed in an article by 

Dr. Fabic (1977)* The RETRAN code which is developed by the Electric 

Power Research Institute (EPRI) is a one-dimensional best estimate code.

1
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The analysis of a complex fluid system requires the represen

tation of such systems by volumes to which appropriate balance equations 
are applied. The representation of fluid systems by interconnected 
volumes called energy and momentum cells, with the momentum balance 

equation applied to the momentum cell and the mass and the energy 

equations applied to the energy cell, will be adopted in this work as

discussed in Chapter 2.

In the initial phase of this work, the average one-dimensional 

fluid balance equations for energy, mass and momentum, as written in 

the RETRAN code, were implemented on the DARE-P system (Wait and 

De France, 1978). The thermodynamic properties of the coolant (water) 

were determined by linear interpolation using two-dimensional tables 

with the density and the specific internal energy as the two independent

variables. However, the determination of the pressure using those tables

was found to be inadequate as will be discussed in Chapter 2„ , Therefore, 

the internal energy equatioii (dU/dt) was transformed to a pressure 

equation (dP/dt). Accordingly, the thermodynamic properties were calcu

lated using two-dimensional tables (Rivkin et al., 1978) with the pres

sure and the specific volume as the two independent variables.

The heat is generated in a reactor core due to the fissioning 

of heavy nuclei such as uranium-235 by mainly low-energy neutrons 

(thermal neutrons). The neutron distribution (flux) is dependent on the 

composition and the geometry of the core. The determination of the 

neutron flux requires the solution of complicated neutron transport equa

tions . For simplicity, and yet as a reasonable approximation, the reac

tor fuel region is represented by an average fuel element in which the



neutron flux in the axial direction was assumed to be sinusoidal while 

the radial variation was neglected since the fuel radius is relatively 

small. During transients, the core power changes due to changes in the 

neutron flux which in turn depends upon changing the reactivity. To 

account for this change, the rate of heat generation is multiplied by 

a normalized neutron density which is determined by solving the neutron 

kinetic equation using the point kinetic model as shown in Chapter 3.

The heat transfer from the fuel to the coolant is calculated using a 

lumped parameter model as will be discussed in Chapter 3.
The primary side of the steam generator model isj basically, 

the same.as that of the core except for the heat transfer correlation 

from the tube walls to the boiling region of the secondary side coolant 

where the Thom (RETRAN, 1977) correlation was used. The secondary side 

of the steam generator was divided into three regions: a subcooled

region, a boiling region and a vapor dome. In a two phase flow system 

there is a difference between the velocities of the liquid,and the 

vapor phases, and the two phases are not always in thermal equilibrium. 

Therefore, the mathematical models that describe the two—phase flow 

system based on unequal phase velocity and unequal phase temperature 

(UVUT) theory (Solbrig et al., 1976) are the most accurate models. 

However, due to the complexity of the phases interaction terms, a simple 

model called the dynamic slip model (RETRAN, 1977) which consists of 

three mixture balance equations for mass, energy and momentum, with an 

additional equation to calculate the velocity difference between the 

liquid and the vapor phase, will be utilized.
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The steady state parameters for the reactor core model were 

determined and a transient initiated by a ten-cent reactivity increase 

was simulated. The response of the model to this transient is shown in 

Figure 3.6. This transient was performed on an open loop with the inlet 

conditions of the coolant being kept constant.
The steady state parameters for the primary side of the steam 

generator will be presented in Chapter 4. The formulation of the two- 
phase flow in the steam generator was found to be inconsistent and a 

brief discussion of the discrepancies will also he discussed in this 

chapter.



CHAPTER 2

FLUID MACROSCOPIC BALANCE EQUATIONS ,

In this chapter * the basic conservation equations of mass, 
momentum and energy for both single phase and two phase flow will be 

presentedo While the basic equations are the same as those of RETRAN 

and RELAP codes (Moore and Retting$ 1973) the constitutive relations 

and the method of solving those equations are significantly differente 

The equations that will be.presented are general enough so that they 

may be used to represent any fluid flow system such as a reactor core, 
steam generator or any other component.

The macroscopic fluid balance equations can be obtained by the 
application of integral techniques to the local instantaneous Navier- 

Stokes equations. The details of the derivation of such integral 

equations can be found in literature such as RETRAN (1977). We will 

not reproduce the details here but start with a set of integral equations 

which have been obtained by a suitable averaging procedure.

2.1 Flow Channel Representation

The thermal-hydraulic analysis of a fluid flow system such as 

a rector core or a steam generator is accomplished by representing the 

system by flow channels. The channel is divided into control volumes 

to which the mass, energy and momentum balance equations are applied.
The representation of the flow channels used in RELAP and RETRAN codes 

will be utilized in this work.
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The flow channel is represented by two types of control volumes

called energy cells and momentum cells as shown in Fig. 2.1. The mass 

and energy balance equations are applied to the energy cell whose center 
is labeled k with its inlet and outlet junctions labeled j-1 and j . The 

momentum equation is applied to the momentum cell j whose inlet and 

outlet boundaries are labeled k and k + 1 respectively.

2.2.1 The Macroscopic Mass Balance Equation

The macroscopic mass balance equation applied to the energy cell 

k is given by (RETRAM, 1977)

2.2 Single Phase System Equations

(2.1)
where

M^ = mass of the fluid in the energy cell k

W. = fluid flow rate at junction j
3 ' ■ ' .
The mass (M^) and the flow rate (W^) are expressed by

% = pk h (2.2)
w. = p . A. v. J J J J (2.3)

where
= fluid average density in the energy cell k

p. = fluid density at junction j
'

V1 = energy cell (k) volume
. iC
v. = fluid velocity at junction j
J ■ ■ ■ ■ ' ' ' , • -

A. = cross sectional area at junction j
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Momentum cell

Mass and Energy cell

Fig. 2.1 Flow Channel Representation



Differentiating Eq. (2.2), we get

pfc + ; vk : %  
dt K . dt - dt (2.4)

Substituting Eq. (2.4) into Eq. (2.1), we get 

dp^ = -̂1 - ,.V-> i V / \ (2.5)
2.2.2 The Momentum Balance Equation

The momentum balance equation applied to the momentum cell (j) 

is given by (RETRAM, 1977)

-ifr -x-- Sr ‘
where

= length of the energy cell k 

= cross sectional area of the energy cell (k)

= half the pressure drop due to the friction force between

the fluid and the channel wall of the energy cell (k)

= average flow rate in the energy cell (k)

APe,c = pressure change due to an expansion or contraction of the 

flow channel 

= pressure of the fluid in the energy cell k



The pressure drops due to the friction forces (Fw. » Fw. ).•. K K+l
between the fluid and the wall, of the flow channel are functions of 
different factors such as the flow channel geometry, wall smoothness, 

and the fluid Reynolds number. The friction pressure drop (Fw^/A^) is 

calculated using the average properties of the fluid in the energy 

cell (k) as follows (RETRAH, 1977).

Fw, T 2 .
-—  = LkPkvk k hy, k ’ (2.7)
4c

where
fk = Fanning friction factor of the fluid 

hy,k = flow channel hydraulic diameter.

The Fanning friction factor. (%) is expressed by an empirical 

relation as (Duderstadt and Hamilton, 197.6).

fk = 16./Rek, :. Rek < 2100 (2.8a)

fk = 0.0791 (Rek)-0'25, ' 2100 < Rek <105 (2.8b)

where
Re__ = the Reynolds number of the fluid in the energy cell k.k '

The Reynold number (Re^) is a non-dimensional parameter which 

is given by (RETRAN, 1977)

Rek = pkVk Dhy,k/vk (2.9)

where
Pk = fluid dynamic viscosity.



The dynamic viscosity (p^) is determined from the state equation 

in terms of the pressure (Pfc) and the temperature (T%), as

“k - u V  ; ;; <2-io>

The hydraulic diameter (D, ,), in the case of a non-circularny 5 k.
flow channel, is given by (Duderstadt and Hamilton, 1976).

D _ 4 x Flow Area
hy,k Wetted Perimeter ^  j.!)

The pressure change due to an area expansion or contraction 

(AP ) is calculated in the following section.

2.2.2.1 Pressure Change due to an Area Expansion. A sudden 

increase in the cross sectional area of the flow channel causes an 
increase in the pressure (Bird et al., 1960) as shown by applying the 

mechanical energy equation (Bernoulli's equation) to the flow channel 

section from (1) to (2) of Figure 2.2. The pressure rise (APe) is given 

by (Bird et al., 1960).

AP^ o  = [ 4- - 4  i - k. 1l*2 2gcPl 6 2gcP A^ (2.12)
. 1 2 1

where
A1 2

' ke * ( 1 " i; > (2.13)

2.2.2.2 Pressure Drop Due to an Area Contraction. An area, 

contraction causes a drop in the pressure given by the following 

equation (Tong, 1965)
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Fig. 2.2 Sudden Area Expansion
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where

a ~ A2/A1 (2.15)

k = ( ^  - 1 )
c (2.16)

C = contraction coefficient
c ■ : .

The contraction coefficients C were given by Weisbach 

(Tong, 1965) as a function of area ratio (A^/A^) and is shown in Table 
2.1. - • '

Table 2.1 Contraction Coefficients Cc

er = A„/A1 C2 1 c
0 0.617

0.2 0.62
0.4 0.658
0.6 0.712
0.8 0.813
i.o 0.1

2.2.3 The Energy Balance Equation

The macroscopic energy balance equations is given by (RETRAN,

1977)

+ %  + ;WP (2.i7)

where



V ; . / ; : v - y  ■ 13
= fluid internal energy

h. = coolant enthalpy at junction j1 -..
v. = coolant velocity at junction j 
3

Z . = elevation of junction j
■ .  . 2  ' : ' . • . : " . . ; ■

\  = elevation of the center of the energy cell k

= rate of heat transfer to or from the energy cell k
oWp = work done by or on the energy cell k.

With the density (p^) and the specific internal energy 

(u^ = U^/M^) as independent properties, the other thermodynamic proper

ties of the fluid can be expressed by the following state equations 

(RETRAN, 1977).

pk ' Y  (2-18a)

V Tk T(,:k. (2.18b)

The momentum balance equation is affected mostly by the pressure 

difference term (P^ - P^+ )̂ as shown in Eq. (2.6). A small change in 

the pressure difference (P^ - P^+ )̂ will cause the flow rate (W^) to 

change substantially which in turn changes the density and the other 

thermodynamic properties of the fluid. Therefore, the pressure (P^) 

should be determined to a reasonable degree of accuracy. In order to 

determine the pressure accurately, using a two dimensional table with 

the density and specific internal energy as the two independent 

variables, the interval between the interpolating points should be very 

small since a small change in density results in a large change in 

pressure. The determination of the pressure as a function of density



■ 14
and internal energy using a reasonable two dimensional table was 

attempted but was given up because of the above difficulty. Then, the
internal energy Eq. (2.17) was transformed into a pressure equation

as follows:

H = U + PV .(2.19)

where

H = enthalpy of the fluid

U = internal energy of the fluid
P = pressure

V = fluid volume.

Differentiating Eq, (2.19) with respect to t, we get

, , . dU _ dH ; _ dV ' dP
dt dt dt dt (2.20)

The enthalpy (H) is given by

H = Mh . (2.21)

where

M. .= fluid mass

h = fluid specific enthalpy.

Differentiating Eq. (2.21) with respect to t, we get

dH K dM , ■ dh—  = h —  + M ^  (2.22)

Expressing the specific enthalpy (h) as a function of the . 

pressure (P) and the density (p) and differentiating with respect to t, 

we get



h = h (P,p)
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(2.23)

dh = (ih dP dh dp
dt k3P> dt 3p P dt (2.24)

But

■v ■ = 1/P ' (2.25)

Substituting Eq. (2.25) into Eq. (2.24), we get

dh ,dh, dP 1 ,3h. dp
dt (3p)p dt 2 ^dv^P dt (2.26)P

dM e dV V dp
dt P dt dt (2.27)

Substituting Eqs. (2.22)., (2.26) and (2.27) into equation Eq, 

(2.20) and rearranging, the following is Obtained;

+ O' " - (2.28,

Applying this equation to the energy cell (k), we get

dTL . dP V „ dp
d T * I - \  1 d r + I Kk vk - ^  5 T

dvk
+ (hk pk " pk) dt (2.29)

The average flow rate (W^) is expressed by

W, = 1. (W. . + W.) (2.30)k -r J-l J
"■ 2 :Differentiating (W^ / Py) with respect to t, we get

i- i  - L  r 2 „ fiii d:>  •dt P k  p^2 k k dt k dt  ̂ (2.31)
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Differentiating Eq. (2.30) and substituting the result into 

Eq. (2.31), we get

dt pk pk M t  dt 3J '•pk; dt (2.32)

Substituting Eqs. (2.29) and (2.32) into the macroscopic energy 

balance Eq. (2.17) and rearranging, we get

- ±  ..

■IV
- ! :'k - 1 d >

H V.,2+ [ n,_i+ -J--... + ( c I

'V ?
-Hj [hj + - i + (Zj - Zk> 8 1 + Sk + MP (2.33)

where

' > A ‘ V ’k ^ V 1 1  ’ (2.34,

W._- - the magnitude of the flow rate at junction j-13 x

2.2.4 The Fluid State Equations
The thermodynamic properties of the fluid are expressed in 

terms of pressure (Pk) and the density (pk) as follows:

^  ' h (Pk,: Pk) V  ^ (2.35a)

: ; : Xk * I (Pk> Pk) , <2-35b)

Opk=: <§>p pk) ; <2-35c)
< ^ P k - O p <Fk, ^  (2-35d)



Two-dimensional tables were constructed, with the pressure (P)
2and the square of the specific volume (v ) (Rivkin et al., 1978) as the

independent variables,to determine the fluid state properties, i.e.

2.2.5 The Junction Enthalpy Determination
The junction enthalpy (h.) is calculated according to theJ

following cases (RETRAN, 1977):

1. If there is no heat exchange between the fluid and the wall.

2. If heat is exchanged between the fluid and the wall, an 

equation which was derived by applying the energy balance 

equation to the half of the energy cell k and assuming the 

following, is used.

a) change in the kinetic and potential energies, are negligible.

(2.37a)

(2.37b)

(2.37c)

(2.37d)

as assumed in the downcomer and the lower and upper plena.

the junction enthalpy (h.) is taken to be equal to that of



18

c) The half energy cell contains half the mass of the 
, energy cell

d) The heat transfer to the half cell is equal to half 

the energy transfer to the cell.

The result is
, , . •. dP
dt J - t(Wk + Hj)(hk - "j) + %  + Tk d T 1/Mk (2.38)

2.2.6 The Junction Pressure and Velocity Determination
The only known property of the fluid at junction j is the spe

cific enthalpy (h.) as. expressed by d_ h.. In order to determine the 
** dt ^

rest of the thermodynamic properties, another property such as the

pressure (P.) is needed. The pressure (P.) is calculated as follows 
. 3 ■ 3 

(RETRAN, 1977) .
\  Fwk

Pj = P k  - ^  - A k  , . (2.39)

A two-dimensional table with the pressure and enthalpy as the 

two independent variables is constructed and used to calculate the

junction density (p.) as follows.■3.
p = p (P., h ) (2.40)

J J J

The velocity of the fluid at the junction (v.) is calculated by
3

v. = W./p. A. (2.41)J J J J

In order to complete the set of equations needed to describe a 

flow system, models for and are needed. These models will be 

given in Chapters 3 and 4.
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2.3 Two-Phase Flow System Equations

The two-phase flow can be analyzed using the six differential

equation model in which the conservation equations of mass energy and
momentum for each phase (vapor and liquid) are solved as shown by 

Solbrig et al. (1976). Since we want to limit the number of equa-

model was used. This model consists of three mixture differential 

equations of mass, energy and momentum and an additional differential

vapor phases. The dynamic slip model which was developed for the 

RETRAN Code will be presented here.

2.3.1 The Mass Balance Equation

The mass balance equation of the mixture is the energy cell k 

is given by

The vapor and liquid flow rates are calculated using the velocity 

difference between the two phases (v _) as follows (RETRAN, 1977)SJL

tions in the code,, a simpler model known as the dynamic slip

equation to account for the velocity difference between the liquid and

(2.42)

where

W. = W.S + W.f J 3 3 (2.43)

W.® = vapor flow rate at junction j J
fW. = liquid flow rate at junction j

(2.44)

(2.45)



where
Orp. = saturated vapor density at junction jVp = saturated liquid density at junction j

a. = vapor void fractionJ
v ' 'sLj = velocity difference between the liquid and the vapor

. phases

V ~J ' Vir - V  (2.46)
f 'v. = saturated liquid velocity at junction j 

Jgv. = saturated vapor velocity at junction j

The velocity difference (v .) is represented by a differentialSJ-,J
equation to be given in a later section (section 2.3.3). The vapor and

’ f gliquid velocities (v. , v. ) are calculated as follows.
3 - 3

W.B
V#S. = —-- -J---
3 “j j Pj (2.47)

£ - " “VV  =  —
j (l-aj) Aj pj (2.48)

The vapor void fraction (a^» a )̂. of the fluid in the energy cell 

k and at the junction j and the thermodynamic quality (X.) at junction
J

j are calculated in this model, as follows
f



The vapor and liquid enthalpies and densities are functions of 

pressure, only since saturation is assumed. These properties are 

calculated using linear interpolation in one dimensional tables with the 

pressure as an independent variable (Keenan et al,, 1969),

2*3,2 The Momentum Balance Equation
The mixture momentum equation is the same as that of a single

phase except that additional terms are added to the momentum flux terms

to account for the phases velocity difference. Also an additional term,
2the two phase multiplier <j> , is added to the frictional and area changetp

pressure drop terms, to account for the two phase flow. The RETRAN 

mixture momentum equation is given by
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2.3.3 The V _ . Model. sLj

The velocity difference between the liquid, and the vapor phases,

v ., is obtained by subtracting the liquid phase momentum equation from sLj
that of the vapor phase (RETRAN, 1977) and is given by

d_ vsLj =_f4  _ x, i i
dt (p8 h \  + h Lk+1 [ (1-a )pf + a pg 3 j

: (Sgt Bgx VsL) . - VJ8 -
3 % Lk + % Lk+1 (2.53)

This equation is obtained assuming the following:

1. The wall friction force difference between the vapor and
liquid phases is negligible

2 e The momentum exchange between phases due to interfacial mass
• ■ . o - ■ • ■ •- V- ■ ■ ■ ' ■exchange m is negligible.

• §
. A n and B. n are defined as follows g& g&

A n = surface area between vapor and liquid phases per unit gA
volume

B = friction coefficient between vapor and liquid phases =
§

fgt pS IVs l I/ 8 . ■ <5-54)
f = interphase Fanning friction factor.gA

In a vertical two-phase flow channel, different flow regimes 

have been identified (Tong, 1965). At low void fraction the flow is 

described as bubbly flow in which vapor bubbles are distributed in the 

liquid. As the void fraction increases, the size of the vapor bubbles 

increase forming a slug flow. The bubbles, then, start to combine
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Resulting in annular flow in which the vapor occupies the center of 

the flow surrounded by the liquid as shown in Figure 2.3.

The values of and f ^  are dependent on the flow regime. 

However, in this model, the annular flow is assumed in which the values 

of and f ^  are given as follows (Hughes et al., 1976) .

Ag£ = 4 /"a" /D (2.55)

f . = 0.02 [1 + 150 (1 - / I T - ) ]  (2.56)gx-

2.3.4 The. Mixture Energy Balance Equation
The RETRAN two-phase mixture energy balance equation applied to 

the energy cell k is given by

f k  = _ d_ Ewf (1+ 6_)3
dt 2Ak dt Lp w2 Jk

+ Ej-i " Ej + Qk ■ (2.57)

'B - VSL
f 2 2 a (l-a)p p A (2.58)

3  - i
£ <VJ)2

[hj + (Zj - w

+ wJ
g <V1)2

[hf + -i + (Zj - V gl (2.59)

As with the case of a single phase flow. the internal energy

Eq. (2.57) was transformed into a pressure equation which is given below. 

The complete derivation is shown in Appendix B.
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Annular flow

Bubbly flow

I Q l c b o J

Saturation of 
bulk fluid

Fig. 2.3 Flow Patterns in a Vertical Heated Channel (Tong, 1965)
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where

: J:',[m-,6 + My4 y5 - y2 T4+Y3]k 3 r -

L„ W. dW. . dW.- - k  _k / J-l + _J.)
2Ak pk. dt . dt ;

Lk , 26 . dVsLk

+ Ej-1 ~ Ej + Qk (2.60)

Y1 2A  ̂ 2 ; (2.61)P .
Y k_2 2A a(l - a)p (2.62)

T . L_ (i.) (-l dr5 + 1 d.;c
3 2A p dP pg dP ; (2.63)

y4 = 7 1  172 I(pS"p ) dP-  ~ (p ~p) dP-1 (2.64)(P ~P ) -

Y5 = (pSug - pfuf)/p (2.65)
76 ,  [ a  U S  M  +  a - a '  U £

+ "o8 'ir + a 'c0pf S - ]/p (2.66)
where

fu = saturated liquid specific internal energy
Oru = saturated vapor specific internal energy.
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The average velocity difference (V^^) is calculated using the

following relation (RETRAN, 1977) based on area average

VsLk = (VsLj-l Aj-1 + VsLj Aj) (2.67)

The pressure at the junctions are calculated using the following

equation
A  Fw 9

Pj = Pk ' 2A^ g ~ (2.68)
where

2(j)̂p = two-phase flow friction multiplier.

2 ' 'The two-phase friction multiplier <jr p is dependent on the flow 

regime. In an annular flow, Beattie suggested the following relation 

(RETRAN, 1977)

^  = [ 1 + x A  - I)}0*8 [ 1 + x (iY ^ -  - I)]0”2 (2.69)
P§ V' Pg

where
fU • = dynamic viscosity of saturated liquid 

y®' = dynamic viscosity of saturated vapor

These two properties are calculated using one-dimensional tables 

with the temperature as the independent variable (Hoegerton and Grass5

1955)9i.e.

-/ = yf (T) 

ys = ug (T)



CHAPTER 3

REACTOR CORE MODEL

The system balance equations for mass, energy and momentum given 

in section 2.2 with the additional constitutive relations such as the 

heat transfer from the fuel rod to the coolant, to be discussed in a 

later section, were utilized in modeling the pressurized water reactor 

(PWR) core of the Combustion Engineering plant, Arkansas Nuclear One 
(Unit 2). The vertical cross-section view of the reactor vessel and the 

coolant flow paths are shown in Figures 3.1 and 3.2 respectively.

As shown in Figure 3.2, the coolant enters the core and flows 

downward into the lower plenum through the flow skirt. In the downcomer, 

the coolant changes the direction and flows upwards into the fuel region 

where it absorbs the heat generated in the core. After leaving the fuel 

regions, the coolant flows into the upper plenum and then to the outlet 

nozzles. The core consists of 177 fuel assemblies containing (40,644) 

fuel rods which consist of UO^ fuel pellets and zircaloy-4 cladding 

(ANO-FSAR, 1977). The mechanical and thermal-hydraulic parameters of 

the core are shown in Tables 3.1 and 3.2 respectively.

For modeling purposes, the reactor core was divided into four 

regions: the downcomer, the lower plenum, the fuel region, and the 

upper plenum. Based on the flow channel representation discussed in 

section 2.1, these four regions were subdivided into eight energy cells 

shown in Figure 3.3 as follows:
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Fig. 3.1 Reactor Vessel Components (Vertical View) (ANO-FSAR, 1975)
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Fig. 3.2 Main Flow Paths in the Core (ANO-FSAR, 1975)
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Fig. 3.3 Schematic Representation of the Reactor Core
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Table 3.1 Mechanical- Parameters of the Core (ANO-FSAR, 1975)

CORE
No. of Fuel Assemblies , 177
No. of Fuel Rods 40,644
Hydraulic Diameter, Nominal Channel, inches 0.0394

2Total Flow Area (Excluding Guide Tubes), ft 44.7
Total Core Area, ft^ 82.25
Core Equivalent Diameter, inches 123.0
Total Fuel Loading, kg U 73,505
Total Fuel Weight, lb U0^ 183,834
Total Weight of Zircaloy, lb 52,280

FUEL ROD
Fuel Rod Material (Sintered Pellets) UO^
Pellet Diameter, inches 0.325
Pellet Length, inches 0.390
Pellet Density, g/cc 10.412
Pellet Theoretical Density, g/cc 10.96
Pellet Density (% Theoretical) 95.0
Clad Material Zircaloy-4
Clad ID, inches 0.332
Clad OD, inches 0.382
Active length, inches 150.0
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Table 3.2 Thermal and Hydraulic Parameters of the Core (ANO-FSAR, 1975)

General Characteristics
At Full Power  ANO-2

Total Core Heat Output, Mwt 2815
Million Btu/Hr 9608

Heat Generated in Fuel Rod, Fraction Core r
Avg. 0.975
Hot Rod 0.975

Pressure, psia ' 2250
Coolant Inlet Temperature, °F 553.5
Vessel Outlet Temperature, °F 612
Core Bulk Outlet Temperature, °F 614
Total Primary Coolant Flow

Million lb/hr 120.4
External Leakage, % 3.5
Coolant Flow through Core,

Million lb/hr 116.2
Hydraulic Diameter, Nominal Channel, ft. .03928
Core Flow Area, ft% 2 44.7
Average Mass Velocity, Million Ib/hr-ft 2.60
Average Coolant Velocity In Core, ft/sec 16.4
Core Average. Heat Flux, Btu/hr-ft^ 185,000
Total Heat Transfer Area, ft^ 51,000
Film Coefficient at Average Conditions,

Btu/hr-ft2-°F 6200
Average.Film Temperature Difference, °F 31
Average Linear Heat Rate of Rod, kw/ft

(For Fraction Generated in Avg. Rod) 5.41
Specific Power, kw/kg 38.3
Power Density, ks/liter 96.6
Average Core Enthalpy Rise, Btu/lb 82.7
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1. The downcomer was represented by two annular energy cells, kl

and k2 of equal cross-sectional area and length.

2. The lower plenum was represented by one energy cell k3.

3. The fuel region was divided into flow channels of equal cross-

sectional areas (40,644 channels). These channels were repre

sented by an average flow channel (square lattice) with four

fuel rods occupying its corners as shown in Figure 3.4. This 

average channel was divided, axially, into four energy cells 

(k4, k5, k6, and k7) of equal lengths.

4. The upper plenum was represented by one energy cell (k8)

with its outlet junction (j8) in the same elevation as that
of the center of the outlet nozzles.

In the following sections, the macroscropic mass and energy 

equations for the energy cell (kl) and the momentum balance equation 

for the momentum cell (j1) will be given. Also, models for the heat 
generated and transferred in the fuel region, the reactor kinetics, and 

the average temperature of the fuel and the cladding will be presented.

3.1 The Mass Balance Equation

Applying the mass balance equation to the energy cell kl, the 

following is obtained

dMki  —  =  TJ -  TJdt Wj - Wjl (3.1)

Since the volume of the energy cell kl is constant, then

■dMkl „ V dpkl 
dt dt (3.2)
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Fig. 3.4 Average Flow Channel in the Fuel Region (Square Lattice)
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So
dp
kl = (W. - W.,) / V.dt v j j r  ‘ kl (3.3)

The mass balance equations applied to each energy cell are given 

in Appendix A,

3o2 The Momentum Balance Equation 

The momentum equation applied to the momentum cell, jl, is 

given as by

p kl A kl pk2 A k2 

^ k l .  F"k2 + ()_5 [ ^ 1  +  ̂ 2 ,  g
\ l  \ 2  “Scl \ 2  (3.4)

where

^  A l  Pkl ;£ki Z Dhy>kl \  (3.5)

vkl ■ "kl7 ("kl Akl> (3-6)

. 16/Re. , Re < 2100 (3 .7a)
fkl -{ kl „ ,. >

0.079(Re^) Re >, 2100 (3.71)

^ k l  = vkl "kl Dhy,kl7likl (3-8)

Since the downcomer cross sectional area is annular» the hydrau

lic diameter is obtained by applying Eq. (2.11), i.e.,

Dhy,kl \  DOkl " DIkl (3.9)

where
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D O ^  = outer diameter of the flow cross sectional area of energy 

cell kl

D O ^  = inner diameter of the flow cross sectional area of energy 

cell kl

= dynamic viscosity of the coolant in kl cell

- "  " k i ’ V  ( 3 -10)

The detailed momentmn equation applied to each mementum cell is 

given in Appendix A.

3.3 The Energy Balance Equation 

As explained in Chapter 2, the internal energy was transformed 

into a pressure as given by Eq. (2.33). Applying this equation to the 

energy cell kl, the following is obtained:

h '- " j + l ' - j l )
2Akl PI dt dtkl

2 2V  v .
+ wj [hj + - ^ - +  (Zj - zkl)g] - wji [ j! + (Zjl - zkl)g]

(3.11)

where

Al - Vkl k'u ' (3-12)

The energy balance equations applied to each energy cell are 

shown in Appendix A.
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3.4 Reactor Kinetics 

Most of the neutrons produced in nuclear fissions are of high 

energies and are emitted instantaneously (prompt neutrons). However, a

tion and decays of radionuclei, after a time delay which ranges from a 

fraction of a second up to minutes. These delayed neutrons are repre

sented by six energy groups. The behavior of the core power is not 

affected by the time delay during steady power operation. In case of 

a transient, the power is affected by the delayed neutrons. The 

neutron distribution (flux) in a reactor core is space, energy and time 

dependent. The energy dependence of the neutron flux is eliminated by 

dividing neutrons into energy groups and expressing the neutron flux 

of each energy group by a differential equation, called the neutron 

diffusion equations (Henry, 1975), yielding a set of equations which is 

very difficult to solve. For simplicity, the neutron flux is expressed 

by the one group diffusion equation to which further approximations are 

applied by assuming that the flux is separable in space and time. This 

leads to the derivation of a simple model, called the point kinetic 

model, describing the time dependence of the neutron power (Duderstadt 

and Hamilton, 1976). The point kinetic model will be used in this work.
The neutron balance equation can be expressed by the point- 

kinetic model (Hetrick, 1971)

fraction of the fission neutrons are emitted, as a result of the forma

ts.13)
dci 6i

(3.14)

where
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n(t) = neutron density at time t .

8 = effective delayed neutron fraction
' 6 -

8 = Z 8. - : (3.15)
i=l

tilc .(t) = i delayed neutron precursor density 
1

tilX . = i delayed neutron presursor decay constant 

I = mean neutron generation time 

p = total reactivity

= pc + Pf + PcR (3.16)

p = reactivity due to changes in the coolant properties such

as the temperature

pc - “l,c (Tc - V  (3-17)
 ̂=. coolant temperature coefficient of reactivity

Tc = coolant temperature at time t

T - coolant temperature at steady state co

p^ = reactivity due to the fuel temperature change.

pf = “l.f^F “ ^Fo^ (3.18)
r = fuel temperature coefficient of reactivityT j £ .

= fuel temperature at time tr
T„ = fuel temperature at steady, state .r O

PcR = control rod reactivity

Other feed-back reactivities such as reactivities due to changes

in the coolant density and power are not considered. The values of A.i
and 6^ are given in Table 7.1 (Henry, 1975).
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dnApplying the prompt jump approximation9 in which -j—  is ignored 

in Eq. (3.13), and normalizing the neutron density (n) and the i-th 

delayed, neutron precursor density (c^) relative to their steady state 
values nQ and c ^ respectively (Shinaishin, 1976), the following is 
obtained:

dc.
At steady state —  = o, so.

■fi.'Cio 21. % (3.19)

From Eq. (3.13), we get 

.n = E 21.c./ (3 - p)
1=1 (3.20)

n ■ ciSetting N = •— - and C. = ---: $ we get
no . 1 Cio

_ 6 C.g. 6 gi C.
N i=l (3'P) U i i=l (6"p) (3.21)

dC.
~  — 1. (N-C .)dt Ai v'^iy (3.22)

3.5 Heat Generated in a Fuel Element 

The volumetric heat generated in a cylindrical core is dependent 

on the axial and radial position in the core. Since the cross-sectional 

area of the fuel is small, the radial dependence of the volumetric heat 

generated is ignored. The total heat generated in one fuel element can 

be expressed by (Elwakil, 1971)

q_ = fH/2 q"' (Z) A- dZ (3.23)
t -H/2 £
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where

qt = total heat generated in one fuel element in Btu/sec
2

A. = fuel element cross sectional area in ft

q"' (Z) - volumetric heat generated at Z in Btu/ft sec

Z = the axial position from the center of the fuel element

The axial volumetric heat generated qm (Z), can be expressed
by a cosine function as follows 

q 1" (Z) = q'" cos 7rZ_

where
max He (3«24)

. q 111 = maximum volumetric heat generated at the center of themax
fuel element (Z=o)

He = extrapolated core height«

we get

inSubstituting Eq. (3.24) into Eq. (3.23) and solving for q

in _ /f H/2 , . costtZ dZ 
^ max ^t -H/2 f He . (3.25a)

...
^ max 2ArH sin itH r e 2He (3.25b)

Most of the energy produced due to the fissions is deposited in 

the fuel. However, a fraction of the fission energy is carried by Y-rays 

which escape the fuel region and deposit their, energies in the coolant 

and the structural materials. The total heat generated in one fuel 

element, assuming that each fuel element produces the same amount of 

heat, can be expressed by the following (Shinaishin, 1976)
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= P N FPGC
1 "f " '(3

where

P = total reactor power

N = normalized neutron density as given in section 3.4 

FPGC = fraction of power generated in the core 

rt£ = number of fuel elements

Substituting Eq. (3.26 ) into Eq. (3.25) gives

mi tt P N FPGC
q max 2H Acncsin .irHNe f f (2h> (3

The total rate of heat generated in each segment of the fuel 

element is obtained by integrating Eq. (3.23) over the corresponding 

fuel region length. For the bottom two cells
—H/4A - I" A r cos ttZ dz

Qg,f 1 q max f -H/2 He (3

Hin , e rsin ttH sin ttH .
"  q max Af  V  [ 2 5 " "  4 i r ]e e (3

0 . g ̂ hi . , cos t tZ  dZ ni . e sin ttH
T  ' I max 4  -  «  (3

Because of the axial symetry of the heat generation, then

Qg,f3 = Qg,f2 (3

where ; . Qg.«. ' Qg.«l ■ / (3

Q = rate of heat generated in the fuel.f

.26)

.27)

.28)

.28)

.29)

.30)

.31)



3,6 The Fuel Element Energy Balance Equations 

To determine the temperature distribution in the fuel and the 

cladding, a simple model called the doubly lumped paramter model 

(Lewis, 1977) is utilized. In this model, the average temperature of 
the cladding regions are obtained as given by the following equations 

dT
MfCf ^  = Qg,f - Qf,cA (3.32)

dT
= Qf,c! - Qc £,c (3.33)at •

where

= mass of the fuel 

= specific heat of the fuel 

= average fuel temperature

= rate of heat transferred from the fuel to the cladding

M „ - mass of claddingci

^c£ = specific heat of the cladding

= average cladding temperature

Q „ , - rate of heat transferred from the cladding to the coolante£,c

The rate of heat transfer from the fuel to the cladding (Q- )f ,c£
and from the cladding to the coolant (Q ' ) are expressed by thec%,c
following equations



where ■

L = length of the fuel section

Rf = thermal resistance from the fuel to the cladding 19 c x,

R , = thermal resistance from the cladding to the coolantC X, 9 C

= coolant average temperature

The resistances R - 0 and R . are obtained by solving ther9cx/ cX/5c
cylindrical steady state heat conduction equations for the fuel and the 

cladding regions assuming uniform thermal conductivities. These thermal 

resistance R^ ^  and R ^  ^ are given by (Lewis, 1977)

1 1 1  D 2
Kf.cl - M C  + I m j r  + 2# -  'TTT— l ItiCD/Dp..- 0.5] (3.36)f i g  ex. D - D.o i

1 Di2 1
Rc i . c ' > ?•»- — d 7 1'- <Do/D i> i +  isTr (3.37)

where

= cladding internal diameter

Dq = cladding outer diameter

= fuel thermal conductivity

c£ = cladding theimal conductivity

hg = gap heat conductance

h = coolant heat transfer coefficient
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The specific heat (c^) of the UOg fuel is expressed in terms of 

the fuel average temperature and is given by (St. Lucie - PSARs 1974)

. cf = 20.52 + 2.94 x 10'4 Tf + [41870/(1+E) ff]2 E/R

for 897 < T-f < 2842°c (3.38)

where

Cj. - specific heat of U0o in 0f r 2 mole- c

Tg = fuel average temperature in °k 

E = Exp [6.16 - 41870/RTf]

R = 1.987 cal/°kgmole 

The fuel thermal conductivity (k^) is given by (Shinaishin, 1976)

t m b  >  6 -m 6 ,x ;“ ' 1 3 i t3 i (3.40)

■ ■ .

,where

k^ = UO2 thermal conductivity in w/cm °c

T^ = fuel temperature in °k

F(D) = 1.079 D/[l + 0.5 (1-D)]
D = fuel density/theoretical density

The theoretical density of the fuel is taken as 95%, therefore

F(D) = 1.
The gap heat conductance h is given by (Shinaishin, 1976)

_  . 0.1167/57- 2.36 . 0.6391 B: h . = ■0.132+— — — ----- - +
g (C/D,) ; 1+B <3-42)

T - f , + 273 + 0.2723 (1 + 0.0008 S/D ) q' (3.43)g cl p
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B = Exp (-7 + 0.035 q' - 6.3 (G/Df) (3.44)

q' = linear power rating (Watt/cm) 

G = DI•t D .

D = fuel diameterf

(3.45)

The cladding (Zr-4) thermal conductivity is expressed by the 

following equation (Scott, 1965)

k = 7.97 + 0.00316 T ■ Btu/hr ft F (3.46)ci ca

= cladding temperature in F.

The heat content of (Zr-4) as a function of temperature is

shown in Figure 3.5. The specific heat (c .) at different temperature

(range from 600 up to 1800°F) were obtained by dividing the heat content

by the temperature difference.
The coolant heat transfer coefficient (h ) is a function of the 

thermodynamic properties of the coolant and its, Reynolds number as 
expressed by the following Dittus-Boelter correlation for a single phase 

flow. (Duderstadt and Hamilton, 1976)

NU = 0.023 (Re)0-8(Pr)°/4 (3.47)

Pr = fluid Prandtl number = Cy/k
NU = Nusselt number = — :---k

Re =.coolant Reynolds number = pvD^/y

where

D = flow channel equivalent diameter e
v = fluid velocity

p = flow density
]i = fluid dynamic viscosity
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3»7 Steady State Calculations

The reactor coolant and the fuel are coupled through the heat

transfer from the fuel to the coolant e In order to reduce the number

of differential equations to be dealt with, the fuel heat generation 

and transfer model was isolated and the steady state conditions for the

were approximately determined according to the following scheme:

1. The thermodynamic properties of the coolant at the core inlet 

junction j were known and kept constant throughout the calcu

lations e
2. Since the heat transfer to the coolant in the downcomer and

3. Applying the steady state momentum equation to the momentum 

cell jl, the pressure differences (P^ - P^) between the 
energy cells kl and k2 was obtained. The pressure of the

coolant and the fuel were determined as shown in the following sections

3.7.1 The Coolant Steady State Calculation

The steady state properties of the coolant in each energy cell

the lower plenum was assumed to be negligible and the sub-

cooled water density does not change significantly with chang

ing pressure, the densities of the energy cells kl, k2, and

k3 were taken to be equal to that of the inlet water, i.e.

"kl - pk2 " pk3 = pj



Adding to the calculated pressure dif f erence (P^ - P ^ ) » 
the pressure of the energy cell (P10) was obtained.

The momentum equation of the momentum cell j2 contains a 

constant (ckj2). This constant was determined by solving the 
steady state momentum equation and using the best pressure 

drop estimates that are shown in Table 3.3 from which the 

pressure difference (P^ ~ P^) was determined. The pressure 

of the energy cell k.3 (P^) was obtained by substituting the 

above calculated P ^  into the pressure difference (P^ ~ P^) • 
At this point, the properties P^, P^, P^, p^, p^, and 

p^2 were known, so the corresponding enthalpies h^, h ^  

and h^2 were determined using the following state equation:

hk1 = ^’ki- •kl) ’ 1 * l> 2’ 3
Since it was assumed that there is no heat transfer to the

energy cells kl» k2, and k3, the junctions enthalpies h^,

h . a n d  h.„ were obtained according, to the following equa- 
3+ J-*

tion
h.. = ĥ _̂  , i = i, 2, 3J 1

In order to proceed to the energy cells in the fuel region 

k4, k5, k6 and k7, the heat transfer to these energy cells 

were calculated as shown in sections 3.5 and 3.6.

The junctions enthalpies h^, h _ . h ^  ̂ and h^ were obtained 

by solving the steady state energy balance equation with the 

potential and kinetic energies neglected as given by the 

following equation
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Table 3.3 Pressure Losses in the Core (ANO-FSAR, 1975)

Pressure Loss (psi)
. Inlet Nozzle and 90° Turn 4.3

Downcomer» Lower Plenum 
and Support Structure „

Fuel Assembly 13.7

Fuel Assembly Outlet to 
Outlet Nozzle 7.1

Z
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hji; hji-l + ^ki^Wki , i ='-4, 5, 6, 7
8 o The pressure drop across the fuel elements was 9 initially

assumed to be of that given in Table 3.3, i.e.

P.Q - 'P.- = 13.7 psia J3 j7
The pressure at junction J3 was calculated as follows:

'k3“kS- F"'
PJ3 - Pk3 * 2 ^ 3  8 - ^

Assuming a linear proportionality between the pressure, drop

and the height of the energy cells, the pressures Pj5s
P., and P.^ were determined which were used to calculate the J6 j7
pressures Pk4> Pk5> Pk6 and Pk7.

9. Other thermodynamic properties such as the densities and 

the temperatures of the energy cell k4, k5, k6 and k7 were 

calculated using the following state equations:

pid.= p  <pki> hki) ■ 1 = 4 - 5’ 6’ 7 

Tki " 1 <Pki’ hki)
10. Using the above calculated densities, the steady state momen

tum equations for the momentum cells j3» j4, j5 and j6 were 

utilized to calculate pressure drops in the fuel regions. 

These pressure drops were used to recalculate the average 

pressures in those energy cells (P^, P ^ , P ^  and P ^ ) .

These pressures together with the average enthalpies, calcu

lated previously, were used to recalculate the densities

(pk4> pk5’.pk6 and pk7)*
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11. The density of the coolant in the upper plenum.(p ) was taken. ko

to be equal to that at junction (j7). Then, the steady state 
momentum equation of the momentum cell j 7 was used to calcu

late the pressure difference (P1 n - P'0) from which the pres-K/ KO
sure (P^g) was determined.

As mentioned earlier, the density of subcooled water does not 

change significantly with change of pressure. Therefore, the above 

calculated densities were kept constant and the pressures were re

adjusted such that the derivatives of flow rates W.., i = 1, 2,.....8I1
became reasonably small. Then, the fluid system equations were inte

grated using DAEEP and the final steady state variables were obtained.

3.7.2 The Fuel Element Steady State Calculation

As shown in section 3.6, the average fuel and cladding tempera

ture (T T .) associated with each energy cell.in the fuel region£ 9 c *
should be determined in order to calculate the heat transfer to the 

coolant. Also, the heat generation and transfer model for the fuel was 

isolated which required the temperature, pressure and Reynolds number 

of the energy cell k4, k5,. k6 and k7 to be known. These quantities were 

required to calculate the heat transfer coefficient of the coolant in 

each energy cell. To shorten the discussion, the calculation procedures 

of the average temperatures of the fuel and the cladding associated with 

the energy cell k4 will be outlined as follows:

1. At the steady state, the heat generated in the fuel will, ; 

eventually, be transferred to the coolant through.the gap 

and cladding,i.e.
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^g,fl ^f,c£l ^c£,cl '•

The heat generated in the fuel element (Q^ was calculated 

using the total power of the core and the heat generation 

distribution as discussed in section 3.5.
2. Knowing the coolant temperature and the heat transfer from

the cladding to the coolant Qc£ the average temperature of

the cladding T^^, was calculated using the following equation:

^c£l = Qc£,cl R c £,c 1 +  Tk4

The thermal resistance R ' - is a function of the coolantc£,cl
and the cladding temperatures(T1 , and T _) so an iterativek4 c£l
procedure was used to determine with the coolant tempera

ture and the heat transfer being constant.

3. The average temperature of the fuel (T^) was calculated as

follows

Tfl ^f,c£l Rf,c£l + TC^1

As mentioned above9 an iterative procedure was utilized to

calculate Tf^ since is a function of the fuel, gap and cladding

average temperatures as shown in section 3.6.
After obtaining reasonably small values for the derivatives of

the fuel and cladding temperatures, DAREP was utilized to obtain the 

final steady state average temperature of the fuel and the cladding.

The coolant and the fuel element heat generation and transfer 

models were coupled and the above calculated steady state values were
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used as initial values. The final steady state parameters for the 

reactor core model are shown in Table 3.4.

3.8 The Core model Response to a Transient 

After a steady state operation for five seconds, a.transient was 

initiated by a ten cent increase in the reactivity (p = 0.1 6^^) . Since 

the transient was perfomred on a open-loop core, the properties of the 

Coolant at the inlet junction and the outlet flow rate had to be speci

fied. In this particular transient, the inlet flow rate (¥.) and fluid 
' 3

total energy were kept constant while the outlet flow rate derivative
(~—  ̂ j8) was taken to be equal to the derivative of N W which resulted at c j /
in a constant density in the energy cell kS, The responses of the 

model to this transient are shown in Figure 3.6.

: The normalized neutron density N(t), which is proportional to 

the power, increased rapidly by about 8 percent which in turn increased 

the heat transfer to the coolant and the temperature of the fuel and 

the claddingo Due to the negative reactivity feed back resulting from 

the increase in the temperature of the fuel and the coolant, the nor

malized neutron density started decaying sharply to a new steady state 

which is 4 percent higher than the initial neutron density. The pressure 

of the fluid in the energy cells increased by about 250 psia. All other 

thermodynamic properties of the coolant increased as expected»



Table 3.4 Steady State Parameter of the Core Model 
Energy Cell or Junction Number

Parameter 1 6

W.(Ibm/sec) J ■

p^Clbm/ft3)

P^(psia)

h^(Btu/lbm)

T f(°F)

5cl(°F)

33445.9 33445.9 0.8229 0.8229 0.8229 0.8229 0.8229 33445.9
(33445.9)

46.6499 46.6514 46.6452 46.3104 45.1933 43.6127 42.3380 41.9442

2271.09 2275.16 2264.42 2260.84 2258.22 2255.57 2252.96 2253.79

551.217 551.233 551.233 557.792 578.148 605.738 626.094 632.653

998.715 1351.46 1373.98 1039.83

589.261 638.669 658.122 638.562

Q .(Btu/sec) 10.5313 22.1401 22.1401 10.5313

Qk (Btu/sec) 10.8013 22.7078 22.7078 10.8013
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CHAPTER 4

STEAM GENERATOR MODEL

The steam generator to be modeled is a U-tube heat exchanger.

The primary coolant enters the steam generator (Figure 4.1) through one 

inlet nozzle of 42-inch internal diameter (ID) from which it flows 
through vertical U-tubes where heat is transferred to the secondary 

coolant (shell side). The primary coolant leaves the outlet plenum 

through two outlet nozzle of 30-inch ID from which it is pumped back 

into the reactor core by recirculating centrifugal pumps. On the 

secondary side of the steam generator, the subcooled feedwater enters 

through one feedwater nozzle where it mixes with the recirculating 

saturated water and flows downward through the annular downcomer. At 

the bottom of the doWncomer, the coolant is directed upward, passing 

over the U-tubes where it absorbs the heat from the primary coolant and 

boils. The boiling coolant enters centrifugal separators where the vapor 

is separated from the liquid. The separated liquid flows back into the 

downcomer and mixes with the feedwater. To reduce the moisture content 

of the separated vapor, it passes through driers and then into the out

let nozzle. The thermal hydraulic parameters of the steam generator are 

given in Table 4.1.
In order to model the steam generator, the primary side tubes 

were represented by an average U-tube which was divided into nine energy 

cells (k23->k31). The secondary side was divided into energy cells as 

follows:
66
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Table 4;1 ■Thermal Hydraulic Parameters of the Steam Generator 
(ANO-FSAR, 1975)

Number of Tubes 8370
Tube Outside Diameter, inches 0.750
Tube Wall.Thickness, inches 0.048

9Heat Transfer Rate, Btu/hr 4.821 x 10
Primary Inlet Nozzle, ID, in 42
Primary Outlet Nozzle (2), ID, in 30
Steam Nozzle (1), ID, in 34
Feed Water Nozzle, in 18

Reactor Coolant Side
Design Pressure, psi 2500
Design Temperature, F 650

6Coolant Flow, lb/hr 60.2 x 10
Normal Operating Pressure, psia 2250

Secondary Side
Design Pressure, psia 1100
Design Temperature, F 560
Normal Operating Steam Pressure, psia 900
Normal Operating Steam Temperature, F 531.95
Steam Flow, lb/hr 6.32 x 10^
Steam Moisture Content, Max., Percent 0.20
Feed Water Temperature, F 452
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1. The downcomer, in which only subcooled water exists, was re

presented by three energy cells (Fkl, Fk2, and Fk3),

2. The flow channels along the U—tubes were represented by an 

average channel which was divided into four energy cells. The 

first energy cell (Sk3) contains subcooled water. It’s upper 

boundary is movable and will always be at the saturated liquid 

state. The other three regions (Sk4, Sk5, and Sk6) contain 

boiling water.

3. The region between the U-tubes and the separators was repre

sented by two energy cells (Sk7 and Sk8) to account for the 

change in the cross-sectional area of the flow channel.

4. The upper volume of the steam generator which contains the 

separators and the driers was represented by one energy cell 

(Sk9) in which only vapor exists. The separator and drier 

effects were neglected. Figure 4.2 shows the schematic repre

sentation of the steam generator. The system equations for the 

primary and the secondary coolant are described in the fol

lowing sections.

4.1 The Primary Coolant System Equations 

The primary side of the steam generator contains water in the 

subcooled state. Therefore, the system equations are the same as those 

applied to the reactor core. The contribution of the volume changes of 

the energy cells k.23, k24, k30 and k31 were included in the mass and 

energy balance equations.
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The heat transfer equations used in the steam generator model 

are presented in the following section.

4.1.1 Heat Transfer Model

Applying the energy balance equation to each tube wall associated

with each energy cell yields the following differential equation for the
: ■ . . ' - 

average wall temperature T .

df .
-df - - C- (4.1)

where
T = wall average temperature w

= rate of heat transfer from the primary coolant to the wall

Q^g = rate of heat transfer from the wall to the secondary 

coolant

M = mass of the tube section w

C = tube specific heat. • w

The rate of heat transfer from the primary coolant to the wall

(CL ) is given by pw

V  ’ ($P " ' (4.2)
where

T = average temperature of the primary coolant P
T = average tube wall temperature
■;w
L = length of the energy cell

R = thermal resistance between the primary coolant and the pw
tube wall. -
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The thermal resistance (R ) is given by (Lewis, 1977)

x' X »' "ry - 1 , 1 r OW 111 OW x ,
pw ^ i w  hp 2Trkw Dow -Aw Diw (4.3)

where

h = primary coolant heat transfer coefficient 
P '

D. = internal diameter of the tubes xw

D = outer diameter of the tubes ow
k ■ = tube thermal conductivity.

The heat transfer from the tube walls to the secondary coolant 

(Qws> is dependent on the secondary coolant thermodynamic state, i.e., 

subcooled or boiling. If subcooled water exists, as in the energy cell 

sk3, the heat transfer from the wall to the secondary coolant is given 
by

= <V  Ts)L/Rws (4.4)

where
R = thermal resistance between the tube and the secondary ws

coolant

Tg = average temperature of the. secondary coolant.

The thermal resistance (R ) is represented by the following 

equation (Lewis, 1977)
1)2 D

r ,  _ 1 f !  _  iw In ow, 1
ws 2irk 2 2 . 2 D. 2ttD h

v Dow - (4.5)

where
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hg = secondary coolant heat transfer coefficient.

As shown in Chapter 2, different flow regimes have been identi

fied in a vertical boiling channel. In this work, the nucleate boiling 

heat transfer relation given by Thom et al. (RETRAN, 1977) was utilized 

in the boiling energy cells (sk4, sk5, and sk6).

(Tw;- Tsat) e P /1260l2 fiow L)o = r — = ivs L 0.072 J

where

(4.6)

T = temperature of the tube outer wall, °F

Tsat = saturation temperature of the boiling coolant, °F

P = coolant pressure, psia

Qws = rate of heat transfer, Btu/hr.

The temperature of the tube outer surface (T ) is related to the■ w
average tube temperature (T ) according to the quasistatic relationw
(Lewis, 1977)

ow xw
Since saturation boiling is assumed in the boiling channels, T = T .s sat

4.2 The Secondary Side System Equations 

As described earlier, the secondary side of the steam generator 

was divided into three distinct regions, the subcooled region, the boil

ing region and the vapor dome. The system equations of the subcooled 

regions are identical to those of the primary coolant with some modifi

cations applied to the last subcooled energy cell (sk3) to account for 

the change in its volume due to the motion of its outlet junction. The



dynamic slip model system equation, described in section 2.2, were used 

in modeling the secondary side boiling regions.

4.3 Steady State Calculation 

The steady state calculations were carried out by decoupling the 

primary and the secondary sides and obtaining the steady state for each 
side separately. The decoupling was useful is reducing the numbers of 

the differential equations to be dealt with. Also the heat transfer 

profile from the primary to the secondary side was not known and was 

very sensitive to the temperatures, especially in fhe boiling region 

where the heat transfer is proportional to the square of the temperature 

difference. The following sections deal with the procedure that was 

adopted in determining the steady state for the steam generator.

4.3.1 The Primary Side Steady State Calculations

In order to determine the steady state of the primary side 

coolant, the length of the sub cooled region (Lg^ )  was determined as 

follows:

1. Properties at the junction sj2 were calculated as shown in 

Appendix B.

2. The pressure drop across the energy cell sk3 was estimated 

which was used to determine the pressure at the junction sj3.

3. Since the coolant at junction sj3 was assumed to be at satu

rated liquid state, the thermodynamic properties of this 

junction were obtained as a function of the calculated pressure
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hsj3 h (Psj3)

Psj3 p (-Psj3)

Tsj3 Tsat (Psj3)

The average properties of the energy cell were calculated from

hsk3 <hsj2 + hgj]) /2

-su ' ,7sj2 ' T„jy /2
Applying the steady state energy balance equation to the energy 

cell (sk3), the heat transfer to the cell was obtained, i.e.

Qsk3 = Wsk3 (hsj3 ' hsj2)

It was assumed that the heat transfer from the primary side

energy cell k23 was twice that of the energy cell k31. Accord

ingly the heat transfer from the energy cell k23 and k31 were 

determined.

Since the properties of the primary coolant at junction j22

and j31 were known, the heat transfers from the energy cells

k23 and k31 were used to determine the enthalpies h . a n d  h' _323 ]30
as follows:

hj23 = hj22 " Qk23/Wj22

hj30 = hj31 + Qk31/Wj30

The average enthalpies, of the primary side energy cells k23 and 

k31 were calculated as

hk23 = (hj 23 + hj22) /2
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9.

10.

11.
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bfcSl = ĥj30 +  bjSl^

The average pressures for the.energy cells k23 and k31 were 

calculated using the estimated pressure drops across each 

energy cell and the known pressure at the junction j22.

The average pressures and enthalpies P ^ ,  h ^  and .
were used to calculate the other thermodynamic properties as 

follows

Tk23 = ^^k23' hk23)

Tk31 = T(Pk31, hk31)
The length of the subcooled region (Lg^ )  was calculated accord

ing to the following equation

■ (Tk23 ~ Tsk3') Lsk3 , (Tk31 ~ Tsk3) Lsk3
k23 yk31 R , R ,

■ ps Ik23 ■ ' . : ps Ik31 ;

As shown above, the pressure P . was determined. The pressuresjj
drop across the boiling channel (P P .0) was estimated andsjo sj3
used to calculate the approximate pressure of the energy cells

sk4, sk5 and sk6. The temperatures of these energy cells

T 1 / 9 T , - and T" , were taken as the saturation temperatures sk4 sk5 sk6 ,
corresponding to the estimated average pressures. These 

temperatures were used to calculate the steady state parameters 

for the primary side energy cells k24 to k30.

The heat transfers from the walls of the energy cells (k24 to 

k30) were assumed. Substituting the heat transfer rate into 

the nucleate boiling heat transfer relation (4.6), the tube
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outer surface temperatures (T n/ to T . were obtained andwZ4 WdU
then substituted into Eq. (4.7) to calculate the average 

temperatures of the tube walls to T ^ q) • The primary
side coolant densities associated with each cell were cal- 

: culated once the temperatures were known.
12. After obtaining a heat transfer profile consistent with the 

drop in the enthalpies of the primary coolant, the approxi

mate state variables calculated above were used as an 

initial condition for the model. The system differential 

equations were integrated using Gear? s method 9 with the 
properties and state variables at the inlet junction (j22)

and the flow rate at the outlet junction (W. -) being keptjjl
constant. The steady state parameters were obtained and 

are shown in Table 4.2.

4.3.2 Steady State Calculations for the Secondary Side .

The heat transfer from the primary to the secondary side of the 

steam generator was used as an input to the secondary side model. Since 

the enthalpy and the flow rate at the junction sj2 were known, the steady 

state energy balance equation was used to calculate the enthalpy at the 

rest of the junctions. As shown by Eqs. (2.44) and (2.45)., determination 

of the liquid and vapor phase flow rates at each junction requires the 

velocity difference V to be known. The only criterion needed to .
■ f , -satisfy those equations is that the sum of W. and W. should be equal3 3

to W.. This criterion could be satisfied for any value of V T . For this * 3 sL
reason a slip ratio of 1.75 (s =. V^/V^ = 1.75) was assumed . Knowing the



Table 4.2 Steam Generator Primary Side

Steady 
State Parameters 23

Energy cell or 
24 ‘ 25

Junction
26

number
27 28 29 30

■1.99788 1.99788 1.99788 1.99788 1.99788 1.99788 1.99788 1.99783

2229.795 2226.0196 2221.249 2216.7335 2213.6098 2212.67 2212.5102 2212.37

42.189555 42.9900111379 43.959548 44.66050 44.988488 45.2354 45.6803 46.0738

\ 609.827 600.744 589.445 580.455 576.380 572.915 566.530 561,036
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enthalpies and the approximate pressures at junctions sj4 to sj8, the 
vapor.void fraction at each junction was calculated using Eqs. (2.50) 

and (2.51). Equation (2.47) was divided by Eq. (2.48) and the assumed 
slip ratio and the Calculated vapor void fraction were used to calculate 

the velocity difference at each junction (V^j^- Vg^jg) • The estimated 
state variables were used as initial conditions for the secondary side 

model. The system equations were integrated using Gear's method and the 

following points were observed.
1. The momentum balance Eq. (2.52) and the velocity difference

Eq. (2.53) contain the same pressure drop term (P^ - .
For the same initial conditions, the derivatives of V _ andsLq4
W ., are zero at two different values of the pressure drop sj4
Pgk4 - Pgk5 namely 1.08991 and 2.1067226 respectively. This . . 
discrepancy led to fluctuations of the flow rates which even

tually caused the pressure and other properties to fluctuate.

2. The calculation of the vapor void fraction using Eqs. (2.50)

and (2.51) is based on a homogeneous flow. Therefore, the vapor

flow rate (W?) at each junction was higher than it shotild be in
3

order to achieve the energy balance in each energy cell. This 

led to an imbalance of the energy balance Eq. (2.57). For this 

reason, the vapor void fraction Eq. (2.50) should include a

factor that accounts for the slip, which is usually referred to
2 fas the slip ratio (S = V /V ) as given by

a. = X./[(l.-X) pgS/pf + X].
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The introduction of the slip ratio will result in a situation 

in which the number of equations needed to describe the system will 

exceed the number of unknowns.

1. The slip ratio and the velocity difference at each junction 

can be solved to calculate the velocity of each phase.

2. The vapor void fraction is calculated using the above equation.

3. The vapor and liquid flow rates can then be calculated using 

Eqs. (2.47) and (2.48).

. Therefore, the momentum Eq. (2.52) is no longer needed.

As a result, the dynamic slip model should be modified by introducing a 

vapor continuity equation and eliminating the velocity difference differ

ential equation as given in the drift flux model (Hughes et al., 1976).



CHAPTER 5

CONCLUSIONS

The RETRAN mass * energy and momentum balance equations were 

implemented on the DARE P Continuous System Simulation Language to model 

the reactor core and the steam generator of the Arkansas Nuclear One 
Unit 2, Usually, the energy balance equation is expressed by the deriv

ative of the internal energy, and the pressure is calculated as a func-̂  

tion of the specific internal energy and the density. It was found that 

the determination of the pressure using two-dimensional tables with the 

specific internal energy and the density as the two independent 

variables, was inadequatee This inadequacy necessitated the transfor

mation of the internal energy equation to a pressure equation* The 

response of the core model to a ten-cent reactivity increase was ob

tained* The dynamic slip model was found to be inadequate for modeling 

the boiling regions of the steam generator* An alternative formulation 

is recommeded*
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APPENDIX A

FLUID BALANCE EQUATIONS OF THE REACTOR CORE

This appendix is devoted to the detailed system equations used 

in the reactor core model as applied to each energy and momentum cell.

A—1. The Mass Balance Equations
The mass balance equations applied to the energy cells kl, k2» 

k3, k4, k5, k6, k7 are identical i.e.

dpki _ (w ' - w )/V , i=l, 2, 4, 5, 6, 7
dt J 3

Since the coolant in the energy cell k3 flows into N channels 

in the fuel region.

^ 3  . <“J2 - NcWJ3)/Vk3

The coolant emerges from N channels at the top of the fuel
c

region into the upper plenum, so

0v*j7-'-'jS:,/vkS ■

The number of flow channels in the fuel region was taken to be

equal to the number of the fuel elements, i.e., N = 40,644 channels.

At steady state, the total flow rate should be equal to the
- - 6 inlet flow rate (w.) which is given in Table 3.2 to be 120.4 x 10 lb/hr... . 3
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w. = w.. = w. = 120.4 x 106 lb/hrJ J 1 J ̂

w.. = w./N = 2,962307 x 103 Ibm/hr ]3 J c

Wj4 Wj5 Wj6 Wj 7 Wj3

Wj8 Wj

The volumes, of the energy cells were estimated using Tables 3.2 

and A.I. The steady state density of each energy cell is given in 

Table 3.4

A-2, The Energy Balance Equation

As mentioned in Chapter 2, the internal energy equation was 

transformed into a pressure equation. This.euqation is applied to each 

energy cell as follows

where

_ h i -  ( h i )  ( - ' : - h - . i  +  ± 1 1 )
2Aki pkl dt dt

+ "ji-1 [hj!-i + °-5 Vji-1 + (zji-i " zki)gl

" "jl 1 hji + °-5 vjl + <Zji " Zki)g) + Qki

A i - V k i [ pk i  (§ > p k i -  n  ; - i - i .  5 .  6 - 7

w. .: = (w. ' + w. .)/2 , i=l, 2, 4, 5, 6, 7ki ji-i ji
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Table A.l Reactor Configuration Data (ANO-FSAR, 1975)

Flow Path Height & Bottom
Length Liquid Level Elevation(l)

Region (ft) (ft) (ft)

Inlet Nozzle (each) 3.2 2.5 -1.25
Downcomer 24.6 32.3 -29.2
Lower Plenum 6.6 9.4 —26.1
Below Active Core .4 .4 -19.8
Active Core 12.5 12.5 -19.4
Above Active Core 1.9 1.9 —6.9
Outlet Plenum 8.0 9.2 -5.0
CEA Shrouds 13.1 14.3 -5.0
Upper Head 4.0 7.9 4.6
Outlet Nozzle (each) 3.8 3.5 . -1.75

(1) , Relative to reactor vessel nozzle centerline
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The pressure equation applied to the energy cell ly is given by

+ wj2 [hj2 +  0 '5 v j2 +  (Zj2 - V  81

" j3 -h ;?„ ' 0-5 vj3 +  ("JO Zk3^ g ' +  % 3

A3 Vk3 (pk3 <3I')Pk3 11

wk3 " (WJ2 +

The upper plenum pressure equation is given by

~  ^  ■ '5 b  >
„ h s _  ( %  +

2Aks ^k s 1 ( dt dt

+ K c"j7 IhJ7 + 0 -5 vj7 +  (Zj£ ' Zk8)gl

- "j8 thj8 +  °'5 VJ8 + (ZJ8 " ZkS)gl +  9kS

A8 Vk8 tpk8 1]

Wk8 = (NcWj7+ Wj8)/2
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Since the heat transfer was assumed to be negligible except in 

the fuel region,

Qkl = Qk2 = Qk3 = QkS = 0

The total heat transfer to each energy cell in the fuel region

(Q^» Qk5’ ^k6’ an<̂  was calculated by adding the fraction of heat
that is carried by gamma rays and deposited into the coolant to the 

heat transferred from the cladding to the coolant, i.e.,

\ i + 3 -  ‘W . c i  + %,£i • i-1- 2- 3- 4

Since the lengths of the energy cells in the fuel region are 

equal, and since symmetry about the center horizontal plane is assumed, 

we get

9k4 = Qk7 

. Qk5 = °'k6

The calculated steady state heat transfer rates are 

= 10.8013 Btu/sec

Qk5 = 22.7078 Btu/sec

A-3. The Momentum Balance Equations

The derivative of the flow rate at a junction is obtained by 

applying the momentum equation to each adjacent half-energy cell and 

assuming that the flow rate derivative at the junction is equal to that 

of the half energy cells (KETRAN, 1977). The momentum balance equation 

applied to each momentum cell is as follows:
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Fwk2 + 0_5 A l + 5=2)g
K l  4c2 4cl \ 2  (A-3.1)

The flow changes the direction at junction ^ 2) where it enters 
the lower plenum through the flow skirt. Since the momentum equation 

is one-dimensional,the momentum equations were applied to the adjacent 

half-energy cells (vj, 9 and Vj, „) and then were added.•̂>KZ 5
Applying the momentum equation to the half-volume of the energy 

cell k2, we get

Lk2 dW%k2 _ Wk2 _^2 _ ^ k 2
: 2Ak2 dt ' pkl Ak2 k 2 ' \ 2  2Ak2g ' A 2. ' '

(A-3.2)

The momentum equation applied to the half-volume of the energy 

cell k3 is given by
3

■ Lk3 d\k3 = ^ 3_ _ p _ Wk3 _ \ 3  _ Fwk3
2Ak3 dt . \ 3  k3 pk3 Ak2 2Ak3 Ak3 (A-3.3)

Assuming
dW%k3 = d \ k 2  m dW12

dt dt dt (A-3.3)

and adding Eq. (A-3.2) to Eq. (A-3.3), we get
2 2

Lk2 , Lk3, d w.„ Wk2 Wk3
'■h

^ 2  Ac3 pkl Ak2 pk3,Ak3
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' + ( _l3 _

: A s  V  . ^ 3 . * )

.0 = pressure change due to the change in the flow channel JzAPe,]/
area.

- 3.5 -L2- -7 II-A ' ) '  - (1- ̂ -)2J
p.2 a.J \ s  ‘V s

= forces acting upward on the fluid in the energy cells 

kg and respectively

F FThe term / 3 _ _2\ was assumed to be proportional to the
' A3 , A2difference of the fluid momenta at the center of the energy cells k2 and 

k 3 respectively, i.e.

^  ^  = Ckj2 [Wk3 \ 3  - Wk2- A ] / (4^2 + \3)
3 2 (A-3.5)

The constant ck.0 was determined by assuming the pressure differ- 
; J

ence P. - P, „ and solving Eq. (A-3.4) at the steady state. It wasKZ Kj
found that ck = - 16.1415077

3 dw13 The flow rate derivative — jr—  at junction j3 was obtained byat
applying the momentum equation to the half-volumes of the energy cells

k„ and k .. The momentum equation applied to the half volume of the 3 4
energy cell k^ is given by

hc3 _ Wj 3  +  (P k3  -  f 1 3 ) -

- . ^ g  + APc,j3 (A-3.6)
: 2Ak3
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Applying the momentum equation to the half volume of the energy

cell k^, we get * ■ A - et • - - - *
(A-3.7)

Setting

dW%k4 _ 1 •dW%k3 _ dWi3
dt N, dt dt "c

and adding Eq. (A-3.6) to Eq. (A-3.7), we get

" ^ I 8 " ^ I S +  APc>j3 (A-3.8)

AP = pressure change due to an area contraction • ■ . c, j o -
W  2 A

AP = 0.5 --- [ ! - ( - % 2 +k ] (A-3.9)
’J Pj3 3

kc = (y: - I)2 (A-3.10)

where is the contraction coefficient which is given as a function of 

smaller to larger area ratio as shown in Table 2.1. The value ofk was 

found to be 0.2 .

The momentum equations for the momentum cells j4, j5, j6 and j7 

are given by

1 -hi + hi±i] , ... "ki _ wki+i I r _ p
: 2 ^ -  ^  dt pk l \ 2 pki+l ' 2 kl ki+1
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^ k i  Fwki+1 1 rMki Fki+1,~ t  Lit-  + t "— J g\ i  \i+l 2 \ i  \i+l

1=4, 5, 6 (A

^  _ - 5 8  + + f k ,  g

where

+ APe,j7 (A

AP ,7 = pressure change due to an area expansion given by e»3 '

6PM 7  ■ ° - 57 f l 4  [1- (!6 1 ) 2 - <1- ^ 1 > 2 1 vJ / J /

-3.11)

-3.12)



APPENDIX B

TWO-PHASE FLOW ENERGY BALANCE TRANSFORMATION 
AND STEADY STATE PARAMETERS

In this appendix, the transformation of the internal energy . 
equation into a pressure equation for a two-phase flow and the approxi
mate steady state conditions for the steam generator model will be 

discussed.

B-l. The Two-Phase Flow Derivative

The two-phase mixture energy balance equation applied to the 

energy cell k is given by
2

dUk _ Lk d r W2 ri VsL a(l-a) pf pSA2 n  ,
dtT’ 2A^ It pT   ----™2— ----- ]}k

+ Ej-1 “ Ej + Qk (B—1.1)

where ' f 9
' f f <vt)E = W [h + - j —  + (Z - Z ) g] +

(vi)2W? [h? + — ^— + (Z - Z ) g] (b-l.2)1 J z J K
The average flow rate W^ is given by

W1 = ( W . 1 +W.)/2 (B-l. 3)k j-l J
Expanding the second term in Eq. (B-l.l) and rearranging, we get
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2 2 2 f

sL p pg (1-24) da • VsL a(r-a)pg A dp ~ 
p dt P dt

2
. VsL a(l-a) pf pgA2 dp , + E. , - E. + Q,

~  J  J  k (B-i.4)

Since only saturation is assumed in the boiling region, the vapor
cr fand liquid densities (p • and p ) are expressed as a function of the 

pressure as follows^

PS = PS (P) (B-1.5)
f fP = P (F) (B-1.6)

Differentiating Eqs. (B-1.5) and (B-1.6) with respect to time, we get

dp£ = dp£ dP
dt dP dt . (B-1.7)

dp£ = dp^ dP
dt dP dt (B-1.8)

Substituting Eqs. (B-1.3) and (B-1.5 and B-1.6) into Eq. (B-1.4), we get

dUk 1^ W, d W. , . dW
dt 2A^ p, v dt dtk

k

where

_ Lk_ , 26 , dVBLk
" 2Ak P TSL k dt

dp, da, dP
+ ^l^k “dt <‘Y2^k ~dt (Y3^k “dt

Ej-1 " Ej + Qk (B-1.9)

f 2 9B - a (1-a) p  p F  VsL A (B-1.10)
2= / W + B v

Y1 2A V 2 V  (B-l.ll)



The average density p is expressed in terms of the vapor void 

fraction by

p. = a p® + (1-a) p^ (B-1.14)

or
a = (p - pf)/(ps - pf) (B-1.14)

Differentiating this equation and substituting Eqs. (B-1.7, B-1.8), we 

■get'
da _ . 1 dp _ dP .
dt ~ g f dt Y4 dt (B-1.15)P - P

where

r4 - 8 X f 2 I<Pg - p) ^  - p) ^  1 (b-i .16)
(P - P )

The total internal energy U is given by

U = Mu (B-1.17)

The specific internal energy U for a two-phase flow is expressed by

u = (a p® u^ + (l-a)p^ uf)/p (B-1.18)

where

ug = uS (P) (B-l.19a)

uf = u^ (P) (B-l.19b)

Differentiating Eq. (B-1.18), we get
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ap£ duf. au£ dpf (1-cQ p£ duf (1-a) uf dpf
p dt p. dt p dt p dt

u dp
P dt (B

Differentiating Eqs. (B-1.19a, B-1.19b) and substituting Eqs. (B-l. 

and (B-l.7) into Eqs. (B-l.16), we get

du = r 5 da + y6 dP _ u dp
dt dt dt p dt (B

where

Y5 = ( P S u S  - pfuf)/p , (B

V - P 8 ^ + (1-0) p £ ^ l / P  (B.

Differentiating Eq, (b-1.17), we get 

dU _ M du , u dM
dt dt dt (B

Substituting Eq, (B-l.23) into Eq. (B-l.24), and substituting the 

resultant equation into Eq. (B-l.8), we get

1 ^ 5  f  + ^  £  + K
dp, da, dP

+ ^l^k “dt " ^ 2^  “dt ” “dt

+ Ej-1 " Ej + Qk " (B
Substituting Eq. (B-l.15) into Eq. (B-l.25) and solving for dP^/dt,

Set
: - : . , dpk h  \  ,dwi-i , d\

■ [ %  - MV 5 - V i  + r 3 !k " 2A^ ^  ( dt + dt’

1.20)
6)

1.21)

1.22)

1.23)

•1.24)

1.25)
we
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Lk . 2S , dvsi.!;
2Ak p vsL k dt

+ ffk
Vfl g f p k dtP - P ; . . .

+ Ej-1 " Ej + Qk ■ (B-1.26)

B-2. Approximate Steady State Condition Calculations for 
Steam Generator

As shown in Table 4.1, the pressure of the steam at full power 

is about 900 psia, therefore the pressure of the mixture at junction 8 

(Bsj8) of the secondary coolant was assumed at 910 psia.

The recirculating enthalpy (hcf) was taken to be equal to that 

of the saturated liquid at junction sj8.

hcf “ hf (Psj8) = 528.2 Btu/lbm 

Assuming a recirculation ratio of 6.5, we get

where
wf(— )s .g = ratio of the liquid flow rate to that of the vapor 
Wg

at junction 8.
At steady state operation, the feed water flow (W^) and the 

recirculating flow rate (W^) should be equal to that of the vapor and 

liquid flow rates at junction (sj8) respectively.

WF - > g)sj8

WCF'=

But
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(W8) .„= 6.32 x 106 Ibm/hr 
■ 838

Thus,

(W^) .o= 6.5 x 6.32 x 10^ Ibm/hr = 4.108 x 10^ Ibm/hrS  j  o  /
. 7 . V"- ■ ' • - ■

WF1 = WCF + WF = 4,7 X 10 lbm/hr-

The feed water temperature (T ) is about 452°F at a pressure of 

950 psia. So,
hp = h (950 psi, 452°F) = 432.9314 Btu/lbm.

Applying the energy balance equation to the energy cell Fkl» we ,

get

WF1 hFl WCF hCF + WF hF 

hp^ - 515.5 Btu/lbm.

Since no heat is added to the coolant in the downcomer, the 

change in the enthalpy and the densities can be neglected. Therefore,

hsj2 = bF2 = hF3 = hpi " 513-5
These enthalpies were initially used to calculate the enthalpies 

at the rest of the junctions as described in Chapter 4.

Pressure losses due to bends and gradual area expansion can be 

expressed by (Levy, 1973)

SPB.- Kg pv2/2gc

APge ' Kge v2/2V

where

Kg = bend coefficient
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K = gradual expansion coefficient 

8 6  •

Applying the first equation to junctions j26 and j27 and the 

second equation to junction sj7, we get

. APB,j26 = ̂B,j26 (pv)j26/'2g

APB,j27 = ̂ B,j27 (pV)j27/2g .
and

APge,sj7.= Kge,sj7 Vsj7/2g '

Using figures 2.5 and 2.8 (Levy, 1973) we get

S,j26 * h,i27 ~ °'1 

K8eisj7 ™

.The U-Tubes in the steam generator are of nickel-cr-Fe alloy 

(Inconel 600). The properties of Tnconel-600 at 70°F (Everhart, 1971) 

were used, i.e. r " V
C = 0.106 Btu/lb °Fw m
K = 8.6 Btu/hr ft-Fw
p = 0.304 lb /in3w m
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