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fonctionnant & l'état constant. Ce manuel a principalement
pour but de faciliter 1l'application du code & l'analyse des
générateurs de vapeur typiques des centrales nucl&aires CANDU.
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la solution numérique.

Laboratoires nucléaires de Chalk River
Chalk River, Ontario
KOJ 1J0
Avril 1981

AECL-7254



ATOMIC ENERGY OF CANADA LIMITED

THERMAL-HYDRAULICS IN RECIRCULATING STEAM GENERATORS
THIRST CODE USER'S MANUAL

by

M.B. Carver, L.N. Carlucci, W.W.R. Inch

ABSTRACT

This manual describes the THIRST code and its use in computing
three-dimensional two-phase flow and heat transfer in a steam
generator under steady state operation. The manual is intended
primarily to facilitate the application of the code to the
analysis of steam generators typical of CANDU nuclear stations.
Application to other steam generator designs is also discussed.
Details of the assumptions used to formulate the model and to

implement the numerical solution are also included.

Chalk River Nuclear Laboratories
Chalk River, Ontario
KO0J 1J0
1981 April

AECL-7254



(i)

TABLE OF CONTENTS

INTRODUCTION . . . . « ¢« ¢« v v o o o o o o o« + =

1.1 Steam Generator Thermal-Hydraulics . . . .
1.2 The Hypothetical Prototype Steam Generator
1.3 The THIRST Standard Code and its Intended

Application . . e e e e e e e e e
1.4 The Use of This Manual e e e e e e e e e
FOUNDATIONS OF THE MCDEL . . . « + &+ « o + « v =
2.1 The Governing Equations . . . . « .« . . .
2.2 Modelling Assumptions . . « .+ « « + « o« &
2.3 Boundary Conditions . . . . . .« « + « . . .
2.4 Overview of the Solution Sequence . . . . .
2.5 Thermal-Hydraulic Data ., . . « « + « « +

2.5.1 Fluid Properties and Parameters . .

2.5.2 Empirical Relationships . « « . » =

W ww
W=

W Ww

o

W w
~ ™

IMPLEMENTATION FUNDAMENTALS .

The Coordinate Grid . . .
The Control Volumes . . .

The Control Volume Integral Approach

3.3.1 Integration of the
3.3.2 Integration of the

The 'Inner' Iteration . .
Stabi1lity of the Solution

3.5.1 Under-Relaxation
3.5.2

Notation used in THIRST .

Formulation of the Source Terms

B

Scheme

Upwind Biased D1fferencing

Source Terms
Flux Terms

18

24

24
25

26
28

28
29

32



4.

- i -

TABLE OF CONTENTS (continued

APPLICATION OF THIRST TO ANALYSE THE PROTOTYPE
4.1 Design Specification . . . . . . . . . .
4,2 Grid Selection . . « .« « & 4 4 4 4. e .
2. Baffles . . « . .+ + « « ¢ « < .+ .
V2. Partition Plate . . . . .+ . . . .
2. Windows . . . e s e e e s
Axial Layout (I Plane) e e e e

Radial Division (J Planes) .
Circumferential Division (K Planes
Final Assessment f e e e e e e

.
.

B IR SR AT W Y
.
NN NN N
.
QN W N

.
.

4.3 Preliminary Data Specification . . . .
4.4 Preparation of the Input Data Cards . .
4,5 Sample Input Data Deck . . . . + + .+ « .
4.6 The Standard Execution Deck . . . . . .
4.7 Job SubmisSsSion . . .« 4 4 4 4 4 4 e . . .

SOME FEATURES OF THE THIRKST CODE e s e e w e
5.1 The RESTART Feature . . « « &+ o« & o « &
5.2 The READIN Feature . . . « « « 2 o & o« =
5.3 Time Limit Feature . . . « + 5 s o & « &
5.4

Advanced Execution Deck e e e e e s s

5.4.1 Job Control Statements e e e e
5.4.2 TInput Deck .« . ¢« « ¢« + « « & . .

THIRST OUTPUT .« + v & « ¢ o« & o s o o o o o o
6,1 Printed Output Features .+ + + + « « «
Preliminary OQutput . . + . « . .

1
2 Individual Iteration Summary . .
3 Detailed Array Printout . . . . .

O\O\O’\

1
.1.
1.
6.
6.
6

Graphical Qutput Features . . . « « .« &
Interpretation of the Qutput . ., . « . &
Treatment of Diverging Solutions . . . .

B VLR ]

THERMAL-HYDRAULIC DATA . . . « « « ¢ « o o

7.1 Thermodynamic Properties . . . . . « . .
7.2 Range of Application . . . . . . . .
7.3 Empirical Correlations for Flow and Heat

)

DESIGN

s s e e

L T T

Transfer

72
72
75
77
78

79
81

82
82
82
86
89
92
95
116
116

122
122



iii -

TABLE OF CONTENTS (continued)

GEOMETRICAL RESTRICTIONS

8.1 Tube Bundles P
8.2 Preheater . . . . .
8.3 Tube Supports . . .
8.4 Downcomer Windows .
8.5 Separators . . . .

POSSIBLE VARIATIONS

ADAPTATION OF THIRST TO A NEW DESIGN . . . . . .

APPENDIX A - Logic Structure of the THIRST Code

APPENDIX B - References and Acknowledgements . .

137
137
137
138
138
138
139
150

157



Figure
Figure
Figure

Figure
Figure

Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure
Figure

Figure
Figure
Figure
Figure
Flgure
Figure
Figure
Figure
Figure
Figure

Figure

- iv

LIST OF FIGURES

Cutaway View of a Steam Generator . . .

Sirplified Model of
Grid Layout showing
Locations . . . . .
Control Volumes for
Control Volumes for
Vectors . . « « «
Control Volumes for
Velocity Vectors B

the Steam Generator
Scalar and Vector
Scalar Quantities .
Radial Velocity
Circumferential

« . D

Grid Layout at a Baffle Plate e e s e s
Grid Layout at a Shroud Window . . . .

Axial Grid Layout .

« . P

Radial and C;rcumferentlal Grid . . . .

Execution Deck ., .
THIRST OUTPUT -
THIRST OUTPUT -

s & e s & 4 s s o«

Summary of Input Data .
Interpreted Data

(Summary of Operating Conditions) . . .

THIRST OUTPUT -

Interpreted Data

(Summary of Output Parameters) « e e e

THIRST OUTPUT -

Interpreted Data

(Summary of Geometric Pa.ameters) . . .
Summary of Grid Loca

THIRST OUTPUT -
THIRST OUTPUT -~
(Iteration 1) .
THIRST OUTPUT -
(Iteration 2) .
THIRST OUTPUT -~
(Iteration 58)

THIRST OUTPUT -~
(Iteration 59)

THIRST OUTPUT -~
(Iteration 60)

THIRST OCUTPUT -~
(Velocity Field)
THIRST OUTPUT -

Iteration
Iteration
Iteration
Tteration

P

Iteration

Summaries
e e e
Summaries
e e e e s
Summaries
v e e s e
Summaries

Summaries

Detailed Output

Composite Plots

(Quality Distribution) . . . . . .

THIRST OUTPUT ~

Composite Plots

(Velocity Distribution) . . . . . .

THIRST OUTPUT -

Composite Plots

(Magss Flux Distribution) e e e e

THIRST OUTPUT -

Radial Plane Plots

(Quality Distribution) . . . . .

THIRST OUTPUT -~

Radial Plane Plots

(Velocity Distribution) . . . .

THIRST OUTPUT -

Radial Plane Plots

(Mass Flux Distribution) « s s 4 e

Page

o

100
101

102
103

104
105
106
107
108
109
110
111
112
113
114

115



Figure
Figure
Figure

Figure

Figure

Figure

LIST OF FIGURES (continued)

THIRST OUTPUT MODIFIED DESIGN
- Code Changes . . . . .« + .
THIRST OUTPUT MODIFIED DESIGN
- Data Summary . . . . . . .
THIRST OUTPUT MODIFIED DESIGN
~ Final Iteration Results fSraphical Qutput
THIRST OUTPUT MODIFIED DESIGN

- Final Iteration Results Graphical Output
(Quality Distribution) . . . . . . . .« . .
THIRST QUTPUT MODIFIED DESIGN

- Final Iteration Results Graphical Output
(Velocity Distribution) e e e e e e e e
THIRST OUTPUT MODIFIED DESIGN

- Final Iteration Results Graphical Output
(Mass ¥lux Distribution) . . . . . . . .

L T T S R R

Page

144
145

146

147

148

149



INTRODUCTION

The THIRST* computer code 1Is the latest in a series of
three—-dimensional steady statc computer codes developed at CRNL
for the detailed analysis of steam generator thermal-hydraulics.
The original code, designated BOSS**, arose from the DRIP*#*%*
program of Spalding and Patankar [1l], and was adapted for
application to CANDU**** type steam generators [2}. Although the
equations to be solved remain the same, extensive changes have
been made to the program structure, the numerical computation
sequence, the empirical relationships involved, the treatment of
the U-bend, and the numerical and graphical presentation of

results. The code has therefore been renamed THIRST.

In conjunction with these developments, the program has been used
to successfully analyse the thermal-hydraulic performance of a
number of different steam generator designs, from CANDU to
American PWR nuclear plants. The program has also been used for
extensive design parameter surveys. Some results of these
analyses have been released in publications [3-7]. Steam

generator designs already analysed are summarized in Table 1.1.

As the structure of the THIRST code 1s now well established, and
its flexibility and reliability have been i1llustrated by
extensive application, the time 1is now appropriate to present the
code in a formal manner. It is our intent in this manual to
present sufficient details of the THIRST code to perﬁit a new
user to run the code, and to obtain parameter survey studies
based on variations of a reference hypothetical steam generator

design. Suggested approaches to other basic designs are also

included.

* THIRST: Thermal-Hydraulics In Recirculating STeam Generators

k% BO0SS: BOiler Secondary Side
*%% DRIP: Distrlhuted Resistance In Porous Media

k%%% CANDU: CANada Deuterium Uranium



Before presenting details of the code implementation, and
discussing the input data -~2quired, some background knowledge of

the nature and function of steam generators must be established.

Steam Generator Thermal-Hydraulics

The steam generator is a critical component in a nuclear power plant

because it provides the interface for heat exchange between the
high pressure reactor primary coolant circult and the
secondary turbine eircuit. The integrity of this iunterface
must be maintained to prevent mixing of fluids from the

two circuits, while thermal Interaction must be maximizea for

efficient transfer of energy to the turbine from the reactor.

Figure 1.1 is a cutaway view showling the salient features of a
typical CANDU steam generator. The hot primary fluid from the
reactor circulates through the network of tubes, heating the
secondary flow which evaporates as it rises inside the shell.
Failure of any one of the tubes would lead to expensive downtime
for the station. The most likely causes of such tube failure are
corrosion and fretting of the tube material. Corrosion can he
minimized by regulating secondary fluid cheumistry and by
optimizing secondary side flow to minimize flow stagnation areas
where corrosion tends to be highest. [.etting of tube surfaces
due to flow-induced vibrational contact can also be analysed and
1scel flow conditions can be computed with sufficient accuracy.
The location of tube supports which minimize vibratlon can then
be specified. 1In either case, a detalled picture of the flow
patterns under operating conditions i1s required. The THIRST code

provides such a picture.
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TABLE 1.

1

STEAM CENERATOR DESIGNS ANALYSED

Manufacturer

Babcock & Wilccx Pickering

Babcock & Wilcox G-2

Babcock & Wilcox Pt. Lepreau
&

Babcock Wilcox Cordoba
Babcock & Wilcox Darlington
Foster-Wheeler Dariington
Foster-Wheeler Wolsung
Combustion Eng. Maine Yankee
Combustion Eng. System 80
Combustion Eng. Series 67
Westinghouse Model 51

TABLE 1.

Nuclear Thermal Power
Plant _Rating (Mw)
CANDU-PWR 140
CANDU-PWR 515
CANDU-PWR 515
CANDU-PWK 510
CANDU-PWR 660
CANDU-PWR 670
CANDU-PWR 515
S~PWR 845
US-PWR 1910
US-PWR 1260
US-PWR 850
|
2

PARAMETERS OF A TYPICAL CANDU STEAM GENERATOR

Thermal Rating

Primary Inlet Temperature
Primary Inlet Pressure
Primary Inlet Quality
Primary Flow Rate
Feedwater Temperature
Steam Pressure

Steam Flow Rate
Recirculation Ratio
Downcomer Water Level
Number of Tubes

Tube Bundle Radius
Tube Diameter

600 MW
315°C
10,7 MPa
0.034
2500 kg/ls
180°¢C

3 Mva
310 keg/s
5.5

15 m
4850

1.3 m
0.0125 m
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The Hypothetical Prototype Steam Generator

Although steam generators develore? by different manufacturers
share a number of common features, it would be s prohibitive task
to attempt to write a computer code which would couprehensively
include all possible designs. The bulk of this manual,
therefore, describes the standard version of the THIRST code
which has been written for analysis of a hypothetical steam
generator containing many features common to CANDU designs

(Figure 1.1).

In particular, it is a natural circulation steam geuerator with

the following features

- Integral preheater
- tube matrix with round U~bends

- annular downcomer with re-entry through specified windows 1in

the circumference

Geometrical specifications and nominal operating conditiomns of
such a hypothetical design are listed in Table 1.2 for a

typlcal 600 MW thermal steam generator.

A simplified diagram of a natural circulation steam generator
with integral preheater 1s given in Figure 1.2. The area inside
the shroud is completely filled with tiubes exXcept for the
central tube free lane between the hot and cold legs and

the annulus between the outer tube limit of the bundle and the

shroud. The surface of the outer limit of the bundle in the

U~bend 1s spherical.



The primary fluid enters the right side of the sketch flowing up
inside the 'hot side' tubes, transferring heat to the secondary
fluid en route. The tubes turn through 180° in the U-bend
region, and the fluid returns down the cold side. The secondary
fluid enters as subcooled water through the integral preheater,
where baffles force the flow to cross the tube bank in a zig-zag
pattern to enhance heat transfer. At the preheater exit this
flow, now raised to saturation temperature, mixes with flow
recirculated from the hot side. The resulting mixture undergoes
partial evaporation and rises as a twonhase mixture through the
remaining bundle section, into the riser, and up into the
separator bank. Here the two phases are separated. The steanm
leaves the vessel to enter the turbines, while the remainiag
saturated liquid flows through the annular downcomer to the
bottom of the vessel. Here it re-enters the heat transfer zone

through windows around the shroud circumference.

The downcomer flow entering through the windows on the hot side
partially penetrates the tube bundle before turning axially to
flow parallel to the tubes. On the cold side, the downcomer flow
must pass under the preheater to the hot side before it can turn

axially. Thus the downcomer flow converges on the center of the

hot side tube bundle.

As this fluid rises through the hot leg it absorbs heat from the
tube side fluid. Quality develops very rapidly because the
downcomer flow 18 very close to saturation. Above the top of the
preheater, this mixture mixes with the fluid from the preheater.

The tubes are supported by broached plates located along straight
portions at the U~tubes. Further lattice supports are located in
the U~bend. The baffles in the preheater are drilled plates.



In this design, no feedwater leakage through the thermal plate
(floor of the preheater) or the partition plate is allowed. All

the feedwater must exit at the top of the preheater.

The primary fluid, heavy water, enters the tube bundle from

the reactor circuit as a low quality two~phase mixture. The
primary mass flow distribution is determined by the code,
although the quality distribution is assumed to be uniform at
entry. The secondary fluid is light water. It enters the
preheater at subcooled conditions. It is assumed to enter the
preheater at a uniform velocity. The driving force for natural

circulation is provided by the height of water in the downcomer

annulus.

The THIRST Standard Code and its Intended Application

The THIRST computer code, as evidenced by Table 1.1, can be
readilv adapted to a number of steam generator designs as the
numerical method 1s extremely robust. The standard THIRST

package, however, pertains to a hypothetical steam gemeratar.

The program models a region extending from the face of the
tubesheet in Figure 1.2, up to the separator deck, Including the

downcomer annulus. Symmetry permits;aqalysis of only one half of

the vessel.

The Use of This Manual

The THIRST package 1s designed to make nﬂmerical modelling of
steam generator thermal-hydraulics as straightforward as

possible. Thus a seasoned user of the code will normally consult
only chapters 4 and 5 of this report, which outline in detail the

procedures required to layout the computation grid and prepare

the input data.



However, to properly accomnlish these tasks, the user must first
understand the fundamental principles of the relevant mathematical
formulation and numerical solution tecnniques. These are

summarized in chapters 2 and 3 which follow.



2.

[

FOUNDATIONS OF THE MODEL

The THIRST code computes the steady state thermal-hydraulics of

a steam generator by solving the well-known conservation

equations in three-dimensional cylindrical coordinates.
This chapter states the equations involved, outlines the overall
solution procedure, and lists the assumptions used to formulate

the model and the thermal-hydraulic data required.

The Governing Equations

The THIRST code solves secondary side transport equations having
the following general form:
1
r

3 (Brove) + I & (Rows) + o5 (Bous) - 85, (2.1

Here v, w, and u are the velocity components ir the r, 8 and =

directions, respectively, B is the volume-based porosity, p is the

mixture density, S¢ is the source term corresponding to the transport

parameter ¢. The latter two, for each of the five transport
equations, are listed in Table 2.1.

In the table, P is the pressure; R R and Rz are the

r’
flow resistances per unit volume offered by the tubes, baffles
and other obstacles; h 1s the secondary fluid enthalpy; Sy is
the rate of heat transferred per unit volume from the primary to

the secondary; and g 1s the acceleration due to gravity.
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TABLE 2.1
,Transport 6 i S Equation
| Equation { ¢ Number
: T
§ Continuity 1 f 0 f 2.2
Radial E P pw2

; Radia v - = 4+ =2 . _ R 2.3
; Mmomentum or r T .
: +-
: E
| Angular Dow _ 1 %E__ pvw Ry 2.4
] momentum ! r 00 r i
i , ;
| Axial by B 2.5
{ momentum ‘ z z ) )
; H ! i
; Energy ‘ %

(secondary)] h Sh l 2.6

THIRST also solves the primary side energy equation which for a

differential length of tube 8% 1s given by:

§h
_ 44y
Sy 3% 7 2 (z.7)
1

where GP and hp are the primary fluid mass flux and enthalpy,
respectively., 2 is the distance along the tube, d is the tube
outer diameter, di is the tube inside diameter, and ¢ is the
heat flux at the outer tube surface. The heat flux is calculated

from:

bo=ulr, - T (2.8)



where Tp igs the primary temperature, Ty 1s the secondary
temperature anad U 1Is the overall heat transfer coefficient based

on the tube outer area, given by:

-1
d tn(d/d.)
N K R S S §
U= (d, n * 7k + h) (2.9)
i p W

Here, hp and h are the primary and secondary heat transfer
coefficients, respectively, and ky is the thermal conductivity
of the tube wall material. The source term in equation 2.6 is

related to the heat flux by:

s, = M (2.10)

where A is the tube surface area per unit volume.

Modelling Assumptions

The governing equations are based on the following assumptions and

clmplifications:

(1) The flow is steady, incompressible and homogeneous.
{2) The shell and shroud walls are adiabatic.

(3) The inside shroud wall is frictionless.

(4) Laminar and turbulent diffusion are negligible 1in
comparison to the frictional resistances and heat

source,

(5) The distributed resistances due to the presence of tubes and
other solid obstacles are calculated using standard friction
factor correlations. Similarly, primary to secondary side
heat transfer rates are calculated using empirical heat

transfer correlations.



(6) Reductions of flow due to the presence of tubes and other

obstacles are accounted for by defining a volume-based

porosity.

(7) The primary temperature distribution 1is calculated from the
enthalpy distribution by using a polynomial curve fit (sece
Chapter 7).

(8) Secondary subcooled values of temperature, viscosity, etc.,
are calculated by using polynomial curve fits of each

parameter expressed as a function of the secondary enthalpy

(see Chapter 7).

Boundary Conditions

Boundary and start-up conditions such as primary flow and
temperature, secondary feedwater flow and temperature, downcomer

water level, etc., are described in detail in Chapter 4.

Overview of the Solution Sequence

The numerical solution sequence, apart from some variations
discussed later, follows the techniques outlined by Patankar and
Spalding in reference [8]). A fair understanding of the
mechanics of the technique is required for advanced use of the

THIRST code, and Appendix A contains detalls of the overall

formulation.

At this point, however, we present a brief exposition of the
philosophy of the method, including only a minimum of

mathematics.

THIRST solves the five secondary side transport equations (2.1)
in three dimensions to compute distributions of the dependent
variables u, v, w, h, and P, The mixture dens’tty p 1is calcula-

ted from the equation of state p = p(h,P). The variables are
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stored in three-dimensional arrays of up to 5000 grid points. This
generates about 30,000 simultaneous non-linear differential
equations. Obviously, this requires some form of technique which
permits the solution to concentrate on portions of the equation

set rather than attempting a simultaneous solution. This 1is
accomplished by considering each of the transport equations

separately, and then iterating through the full set of

equations.

The solution of any given transport equation itself involves
developing a finite difference statement of the equation and
solving it in an inner iteration, but we will delay considering
this until later. Suffice it to say that the transport equations

can be reduced to a set of linear matrix equations and written as

follows:

Continuity AFU + BFV + CFW =0 (2.11)

Momentum DUU + EU + FUP =0 (2.12)
DyV +E, + FyP = 0 (2-13)
DW + Ey + F,P =0 (2.14)

Energy Hh + G = 0 (2.15)

State p = f(P,h) (2.16)

The coefficient matrices A to G are functions involving first
estimates of the dependent variables u, v, w, p, h, P, ye
wigsh to solve equations 2.11 to 2.16 In a sequence that will

eventually lead to all six equations being satisfied.
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This is accomplished as follows:

i) solve equation 2.12 to get new estimates of U

U = -py~1 FU + FU%

= EU* + FU*P (2.17)

ii) and 1i{) operate similarly on equations 2.15 and 2.14 to give

*

v = Eg* + Fy*p (2.18)

W= Eyg* + Fytp (2.19)
The new values of the U,V,W matrices have thus been computed from
the initial estimates using the momentum equations. If the
original estimates of all the variables were correct, the values
would satisfy the continuity equation (2.11). Invariably,
however, they will not satisfy (2.11) but will generate a mass
imbalance residual R. As pressure 1Is the dominant variatle in
the momentum equationms, it 18 logical to adjust the pressure

matrix in a direction that will reduce R to zero.

A logical method of adjusting pressure 1s to assess its effect on
the velocity components by differentiating equation 2.17 with

respect to pressure.

Thus we can write

dn = Fp¥qp
av = Fy¥ap (2.20)
aw = Fy*ap



Now if the pressure adjustment matrix dP in (2.20) 1s correct,

the new velocity matrix

Uyew = UprLp * dU

will satisfy the continuity equationm 2.11. Substituting 2.21 and
similar equations for Vygy and Wygy 1n 2.11, then gives

rise to the equation
AUgLp *+ BVoLp * CWoLD
+(AFy™ + BFy* + CFy™) aP = 0 (2.22)
Or more simply:
R + (F)dr = 0 (2.23)

Equation 2.23 thus illustrates the pressure correction matrix dP

required to eliminate the mass imbalance generated by the old

velocity values.

Thus the relevant steps are:

iv) compute 4P from 2.23

v) compute U, V, W from 2.20 and 2.21

If the equation set were linear, steps 1v) and v) would complete
the solution. However, the linearized equations contain some

remnants of the initial estimate, so steps iv) and v) must be

repeated several times.
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Finally, the energy equation must also be iﬁcorporated:
vi) compute h from equation 2.15
vii) compute P from equation 2.16.
The sequence i) to vii) is now repeated to convergence.

The iteration sequence may be summarized as follows:

*?EBEEE’“"91) compute U from equation 2.12
ii) compute V from equation 2.13
114) compute W from equation 2.14

repeat[:::j iv) compute dP from equation 2.23

v) compute dU, dV, dW from equat’ - .20 and
2.21
; vi) compute h from =quation Z.15

L_________ vii) compute P from equation 2.16.

In the THIRST program, the outer iteration sequence is
orchestrated by the executive routinpne, which calls a separate

routine to perform each of the above steps.

Thermal-Hydraulic Data

Fluid Properties and Parameters

As mentioned In Section 2.2, equations of state for botk the
primary (heavy water) and secondary (light water) flulds are
required In the analysis. These are 1Incorporated in the THIRST
code using relationships derived from standard tables. Full

details of these are given in Chapter 7.



2.5.2 Empirical Relationships

In assembling the terms of the differential equations, any
thermal~hydraulic code must rely on empirical correlations to
approximate a number of phenomena which cannot be prescribed

analytically. These empiricisms include correlations for single
and two-phase heat transfer and pressure drop in rod bundle

arrays and for vold fraction.

All correlations used In the THIRST code are summarized in

Chapter 7.



IMPLEMENTATION FUNDAMENTALS

The previous chapter has discussed the governing equations,
developed a sultable solution philosophy, and mentioned the
thermal-hydraulic data required to complete the specification of
the model. This chapter 1s concerned with the manner in which
these general principles are implemented in the THIRST code.

This involves the establishment of the computational grid, the
conversion of the partial differential equations to discrete node
equations by means of control volume integration, and the

technigque used to perform the 'inner' solution of individual

equations.

The control volume integration and equation solution are of
course built into THIRST, but 1in order to choose an effective

grid layout, the user needs some feeling of these procedures.

The Coordinate Grid

A three-dimensional cylindrical coordinate system is used for
obvious reasons. The entire flow domain between the tubesheet
and the separator bank is subdivided by planes of constant r, 2
and 6. The grid arrangement 1s chosen to suit the geometry and
expected flow patterns of the steam generator. Thus it 1s
usually not uniform, but is arranged to provide finer division iIn

the region where steep gradients are expected, for example near

the tubesheet.



Following the now classical grid arrangement introduced by
Harlow, et al,[%], scalar variaubles, such s pr:ssure, density
and enthalpy are centered at the points of intersection of the
grid lines, or nodes. As pressure 1s the driving force,
pressure differences generate velocities between nodes, thus
velocities are centered between nodes. The resulting grid
arrangement 1is shown in Figures 3.1 to 3.4. Velocities are

considered positive in the direction of the coordinate vector.

The Control Volumes

Finite difference approximations to the partial differential
equations may be derived in many ways. However, the control
volume integral approach has proved particularly successful 1in
fluid modelling. This 1s principally because 1t easily
incorporates variable mesh size, yet rigorouslv enforces
continuity. It does, however, introduce additional complexities,
as the finite difference form of each equation must be
integrated using a control volume centered on the primary
variable concerned. Thus scalars are considered to be constant
over control volumes centered at grid points, while the axial
momentum equation 1s integrated over a control volume centered on
the U velocity, and the radial and azimuthal momentum equations
are centered on V and W, respectively. Typical conrtrol volumes

for each of these four cases are also shown in Figures 3.1 to

3.4,
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The Control Volume Integral Approach

Although the equations to be solved are integrated over

different control volumes, the procedure in each
completely the same. Thus, each equation may be

form of equation 2.1 and integrated

13 1.3 2
ff,/:, [r 5r (Breve) + 1 35 (Bowd) + 7
—BS?] rdrd8dz = 0

Although the iIntegration is done formally by use

ffv Vedpdy =f/;(ﬁ-¢)ds

theorem,

case 1is

written in the

(Bpud)

of Gauss

the result is intuitively obvious from first principles.

It 1is

[(srov¢)n - (Brpwp)s] 284z + [(Bpwq:)e - (spwmw] Ardz

+ [(Boucb)h - (Boucb)l] rAdhz =ff Bs¢

dv

The (quantities) obviously représent the flux through the

appropriate control volume face, and the [quantities] represent

the flux imbalance in each coordinate direction.

Integration of the Source Terms

The source terms are frequently non-linear in 9.

(3.1

(3.2)

(3.3)

Integration of

these terms is accomplished term by term. The result can be



linearized with respect to ¢ and stated in general form as
S v = Sy + Spbp (3.4)

Here the term Sp normally contains all coefficients of ¢p, and

83y contains remaining terms which are generally (but not

always) unrelated to ¢p.

Reexamining the equations in Table 2.1, it is apparent that the
greater part of the programming in the THIRST code is involved
with formulating and integrating the resistance components of

the source terms, using the appropriate empirical correlations.

This 1is done in subroutines with the pgeneric name SOURC.

Integration of the Flux Terms

It is apparent from equation 3.3 and figure 3.2 that values at,
for example, control volume face n can be obtained to first
order accuracy by upwind approximation for any variable A, which
assumes that the velocity vector convects scalars from upwind
only. Thus if all velocities are positive, inlet flows convect
neighbouring scalars, outlet flows convect the control volume
scaiar. Denoting the coefficients of ¢ by C, and using the

upwind approximation, equation 3.3 is reduced to the .orm

Cpby = Cgby + Cb, = Cb, =S + 50 (3.5)

where C1 is the flux evaluated at control volume face 1.
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Collecting terms gives
A ¢p = ZAi¢i + SU
i = n,s,e,w,h,R%
(3.6)
An = Cn As = CS etc.

A =ZA, -8

p 1 P

Once the coefficients A have been computed, equation 3.6 1s the

standard linear equation set
A¢ =B (3.7)
which can be readily solved
¢ = a-lp (3.8)

Actually, the size of the matrices prohibits direct solution, so
iterative methods are used, and equation 3.8 is solved by an

'inner' iteration.

The 'Inner' Iteration

The matrices of equation (3.7) are too large to permit direct
solution of the equation set by means of (3.8) even when sparse
matrix techniques are considered, so an iterative technique is
used. It is well known that the solution of equation sets in
which the matrix A 1s tridiagonal can be performed extremely

quickly as the algorithm reduces to recursive form.



Equation 3.7 can be converted to tridiagomnal form by including,

for example, only the coecfficlents along the r direction on the

left-hand side.

(3.9)

Similar expressions can be written for the 8 and z directions.

Ae¢e + Apd)p + Awd;w = -(Zquaj + sU)
(3.10)
:] = n!S’R‘)h
Ah¢h + Ap¢p + A1¢1 = —(Zqu;j + sU)
(3.11)
J = n,s,e,w
A

A one~dimensional problem can be solved directly by (3.9).
two-dimensional problem 1s solved by an alternating direction
iteration ADI method. This involves solving 3.9 and 3.10

A three~dimensional

solution requires the solution of 3.11 in addition. This
For example, 3.9 and 3.10 could

alternately until the solutions converge.

creates several possibilities.
be solved for a number of iterations for each time 3.11 is
solved. The most suitable strategy depends on the nature of the
flow problem. The THIRST code has a number of different
strategies designed to promote convergence in three dimensions.

These are discussed in Appendix A.



Stability of the Solution Scheme

The outer iteration scheme discussed in Chapter 2 normally
proceeds to comvergence Iin a stable manner, and converges

rapidly, providing each inner iteration is stable.

To promote stabllity of the iterations, three principal devices
are incorporated in THIRST. The first, that of under-relaxation,
1s common to most 1lteration schemes. The second, upwind welghted
differencing, 1s frequently used to stabilize both steady state and
transient thermal-hydraulic calculations [10]. The third concerns

the formulation of the source terms to ensure stability.

Under-Relaxation

Because the solution 1s obtained by iteration, there 1s a strong
likelihood that variable values may fluctuate unduly during the
initial staées. It is common practice to stabilize these
fluctuations using under-relaxation. Thus {1if ¢N is calculated

N-1
from 3.9 to 3.11 using previous values ¢ , 1t is then replaced

by

¢§ - a¢g + (1-a)¢§'1 (3.12)
Relax Calc. old

Relaxation factors & for each equation solution are supplied
with the THIRST code, but may be changed by data input 1if

necessary.

In practice, it 1s possible to impose under-relaxation before
attempting the linear equation solution instead of after 1ts
completion. This is preferable as it minimizes the chances that
the linear equation solution 1itself may generate unlikely

values.



Recall that the equation to be solved is 3.6, or
bp = ~(ZA 4, + S.)/A, (3.13)

Substitution of 3.13 into 3.14 gives

N N-1
) = ~(ZA, ¢, + 5 ){(a/A ) + (Q-a)¢
PRelax 171 U P P
or ¢N = —(ZA d) + 5 )/K
P i1 u P
Relax
when
= - N-1
SU = sU + (1-0L)AP¢P
AP= AP/a (3.14)

This pre-relaxed equation can obviously be solved using the

identical techniques already discussed.

In THIRST, all equations are pre-relaxed in this manner, except
for the pressure corrections and density calculation. Equation
2.23 returns a pressure correction rather than the pressure

itself. Pressures arising from this correction may be relaxed

according to 3.12, but this 1is not usually necessary. Demnsity

may also be relaxed by 3.12.

Upwind Biased Differencing

It 18 well known that symmetric central differeunce
representation of first derivative terms in translent equations
leads to unstable numeric behaviour [10,11], Stability is usually
ensured by Incorporating one of two devices in the numeric

scheme. The first, artificial di.sipation, adds an artificially



large viscous term to the equations. The second, upwind

differencing uses difference formulae which are asymmetrically

welghted towards the upwind or approaching flow direction. Both

devices stabilize the computation and, In fact, 1t can be shown

that they are numerically equivalent [11].

Central differencing has the same destabilizing effect in steady

state, and computations can be stabilized by the same devices.

Consider, for example, a one-dimensional central difference

statement of equation 3.5.
(0 + 9p) (9, + o)

c +S8 =20 (3.15)

cn 2 T s i 2 ¢

This can be reduced to

C ¢ - C ¢ - 25
g8 5 R (3.16)

As Cg; approaches C,, the denominator becomes very small,
generating undue excursions in ¢ values. 1In particular if Cg
exceeds C, very siightly, a small increase in ¢4 gives a

large decrease 1iu ¢p - an impossible situation.

However, 1f we add diffusion terms which involve the second

derivative, the resulting equatlon can be shown [13] to be

(Ds + C5)¢S + (Dn - Cn)¢)N - ZSQ

%p = D +D +C -¢C (3.17)
n 5 n ]




Note that 3.17 will always be stable providing the diffusion

influence D, + Dg Is large enocugh.

Similarly on physical reasoning alone, one may consider that ¢
is swept primarily in the direction of flux. The simple upwind
statement of 3.16 already introduced in section 3.5 is

Cn¢P - CS¢S + S¢ =0

This reduces to

cé_ -5
by = 22— (3.18)
n

which will always be stable.

Equation 3.18 is the simplest possible upwind formulation and 1is
equivalent to adding excess viscosity. Its use has been
criticized because 1t can lead to diffusion of the solution,
particularly when the flow direction 1s not normal to the grid
axes [14,15]. A number of higher order difference schemes which
can be used to give more accuracy may be developed {10,12] and

some of these may be implemented 1in schemes similar to that used

in THIRST [15].

in the THIRST code, the simple formulation is retained, however.
The large flow resistances and heat sourr2s due to the closely
packed tube bundles in the steam generators dominate the

computation to such an extent that the differences which would

be caused by higher order methods are believed to be minor.
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3.6 Notation used in THIRST

Finally, we have up to here been using single subscripts n, s,
etc. for simplicity. The code, however, is written in

cylindrical coordinates and uses terms such as AXM to denote

Ay_- On this basis, equation 3.6 becomes
= + .
Ap¢p ZA1¢i SU (3.19)
where:
= + + + + -
Ap Ar+ + Ar— Ae+ + AB- Ax+ Ax- DIVG SP

The upwind formulation can be implemented to consider flow

direction automatically in the following manner:

r+ Cr— +
Ar+ = |5 - 5 3 Cr+ = (spav)r+ ; a = face area

c c
A = |=XI= + r- . cC = (Bpav) (3.20)

r- 2 2 r- r-
[ [
6+ o+
= —— — —— . +
Agr = |72 2+ Coy ¥ (Brawlg,
etc.,
+c = mass flow through'control volume face L depending on the

r+
transport parameter ¢; B, P, v arz elther defined at that

face or interpolated to that face.



]
|
9]
+
(2]
!
2]
+
@]
|
@]

DIVG Cr+ r- o+ 8- x+ x-

Z net accumulation of mass in the control volume

The table below defines Ay and ¢4 for each 1:

i . Ai ¢1

r+ Ar+ ¢R+
r— Ar— ¢R-
6+ A6+ ¢O+
- Ae_ ¢e_
xt Ax+ ¢X+
X- Ax— ¢x_

Note that this formulation also automatically handles possible
extreme cases Iin which all flow directions but one are in

towards (or out away from) a control volume.

Formulation of the Source Terms

For stability of the inmner iteration, it 1is essential that the
coefficients remain positive after the source terms are incor-
porated. Thus, in 3.20, SP must be negative. Cases in which

SP tends to be positive are catered for by artificially
augmenting SU. For example, if § = -vaz, one may write

SPv - -2Kp|V|, SU = +KpV2; SU will then incorporate the old value

of V, and SP will ensure the formulation 1s both stable and

implicit.

This section completes the overall description of the model

implementation. The following chapters contain detafled instruc-

tions on how to use the code.
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APPLICATION OF THIRST TO ANALYSE THE PROTOTYPE DESIGN

Specification of the three-dimensional model must include
details of all relevant geometricai, fluid flow and heat
transfer parameters. It 1s emphasized that the process of
modelling a steam generator relier heavily on diligent assembly
of the specifications, optimal choice of grid layout, and of
course correct preparation of the input data. This chapter is

intended to guide the user step by step through the considerable

effort required.
By means of a detailed example, we illustrate the eatire
procedure required to prepare a THIRST analysis of a particular

steam generator design. We assume the user 1is familiar with the

fundamentals discussed in Chapters 2 and 3, and now discuss
Design Specification - the hypothetical steam generator
Grid Selection - arrangement of optimal grid layout

Preliminary Data Specification - procedure for assembling
the data specification sheets

Preparation of Input Data Cards

Sample Input Deck

Execution Deck - assembly of a THIRST job and submission
to the CLC computer
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Design Specification

The particular case chosen for this example 1s the hypothetical
steam generator discussed in Chapter 1 and shown in Figure 1.2.

Design parameters used in the current exawmple are summarized in

Table 1.2.

A large number of variations of this design can be investigated
using the standard THIRST code by specifying parameter

variation through input data.

Designs which deviate from the hypothetical model 1in major

aspects may require code modifications. These are considered in

Chapter 5.

Grid Selection

The first task is to describe the geometry of the design to the
computer. This 1s accomplished by superimposing a cylindrical
coordinate grid onto the design, and by specifying the location
of flow obstacles in terms of this grid. THIRST accepts a
maximum of 40 axial planes, 20 radial planes and 20
circumferential planes; however,due to a storage limitation, the

maximum number of nodes must not exceed 4900.

In order to appreciate the selection of grid locations, the user
should understand the staggered grid arrangement used in THIRST
described in Chapter 3. Essentially, velocities are centered
between grid lines 1in their corresponding direction and centered
on grid lines in the other two directions, as shown in Figure 3.1.

An axial velocity, for example, has a control element with



boundaries as shown In Figure 3.2. The top boundary corresponds

to the I plane, the bottom to the I-1 plane. The left side
boundary 1is located midway between the J and J-1 planes. The
radial velocfty has a control element that extends between J
planes and straddles I and K planes. And similarly, the

circumferential velocity extends between K-planes and straddles

the I and J planes.

Baffles

Figure 4.1 shows how the code handles flow around a typical
baffle. We observe a radial flow to the left under the baffle,

an axial flow around the baffle followed by a radial flow to the

right above the baffle. Note that the baffle lies in the middle

of the U velocity control element and the radial control
elements lie on either side of the baffle. We can see that
axial grid lines must be located such that the baffle plates lie

midway setween them.

Partition Plate

Figure 4.1 also shows the code treatment of the partition plate.
The circumferential velocity W corresponding to the K plane is

blocked by this partition plate which is centered between the K

and K-1 planes.
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V(I+1,J,K) -carries the
1+ 1 flow out radially

U(I+1,J3-1,K) -carries
the flow unp mast the

U(I+1,3+2,K)
-example of a
velocity blocked by

the baffle baffle
2.9 7%
////ﬁ V(I,J,K) -carries the

TYPICAL BAFFLE

flow in radially
| -1

SHROUD PARTITION PLATE

The I-planes are located so that baffles lie midway between them. The
location of the J-planes matches the baffle cuts for this particular
K-plane; however, the cut will not match other K-planes and the program
is set up to handle this.

Figure 4.1: Grid Layout at a Baffle Plate

SHROUD
J+2 J+1 J J-t

- 1 +2

SHELL

i +1

[T U(I+1,J+1,K)
-velocity inside

{ shroud

U(I+1l,J3+2,K)
~downcomer velocity

v(I~1,J3+2,K)
~shroud window
velocity

TUBESHEET

The I and I-1 .planes are located so that the top of the window lies
halfway between them. The J+1 and J+2 planes center the shroud.
Generally, more grid would be located in the shroud windew to handle
the sudden change in flow direction.

Figure 4.2: Grid Layout at a Shroud Window



4.2.4 Windows

A third example (Figure 4.2) shows the grid layout required near
the shroud window opening. The radial grid lines J+2 and J+1
are located to center the shroud. The axial velocity at (I+1,
J+2, K) corresponds to the downcomer flow. The radial velocity
at (I-1,J+2,K) corresponds to the window flow where the
downcomer flow enters the heat transfer area. Thus the location
of the shroud and the location of the top of the window governs

the I-1,I,J+1 and J+2 grid selections.

Axial Layout (I Plane)

When allocating the grid, the user is advised to start with the

axial planes.

Figure 4.3 shows the axial grid layout on the vertical cut of
the hypothetical model. One can see the appropriate selection
of the axial grid location around the preheater baffles. The
tube support plates cannot always be located midway between
planes because of the 1limit on the number of axial grid 1lines
avallecble. 1In such cases, support plates will be effectively
seen at lower or higher elevation than their actual location.
However, this will not unduly influence the model because the tube

support plates do not redirect the flow but simply add to the

pressure drop.

Two axial grid planes I=7 and I=8 are positioned so that the top
of the shroud window on the hot side 18 located midway between
them. The tdp of the shroud window on the cold side 1is lower
and thus the I=6 plane is located such that the I=6 and I=7
staggers the top of the cold side shroud window.
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AXIAL GRID LAYOUT
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Figure 4.3: Axial

Grid Layout



When the axial planes have been allocated to satisfy the axial
flow obstacles such as baffles, tube support plates, window
openings, etc., the user should then examine areas which are
critical to the aralysis and ensure that a sufficient number of
grid planes are located in these areas. For instance, the
region just above the tubesheet at the shroud window is
particularly important. The I=2 plane 1is located just above the
tubesheet. The I=3 to I=5 are added to this region to provide
wmore detail. The I=22 plane 1is added above the preheater to

handle the migration of hot side flow to the cold side.

To enable the tracing routine used to calculate the heat
transfer In the U-bend, an axial plane must be located at the
start of the U~bend curvature. At least 3 additional axial
planes should be located 1n tﬁe U-bend to ensure the accuracy of
the routine which calculates the pressure drop and heat transfer
in the U-~bend. tinally the last plane should be located very
close to the second last plane so that the axial boundary values

which are based on the last internal values can be calculated.

Radial Division (J Planes)

In our example, we have used 36 axial planes. We have now
4900/36 = 136 more nodes available to share between the radial
and circumferential directions. Figure 4.4 shows a horizontal
cross—~sectional cut of our design. Note that only one half of
the steam generator is modelled as the design 1s symmetric about
a line dividing the hot and cold sides. The bundle boundaries
and baffle plate edges are marked as dashed lines. The shroud

and shell locations are shown as solid lines.



RADIAL AND CIRCUMFERENTIAL GRID

SHELL
DOWNCOMER
ANNULUS

SHROUD

TUBE
BUNDLE
K=3

Figure 4.4: Radial and Circumferential Grid



4.2.7

4,2.8

Figure 4.4 also shows the radial grid layout. J=1 corresponds

to the center polnt. The second radial position, J=2, is located

very close to the J=1 point because 1t 1s the First active point

in the radial grid pattern. The J=9 and J=10 points are located
so as to center the shroud inner radius, as discussed

previously. The J=3 to J=8 points are positioned at equal
intervals as specific locations are not dictated by special

geometrical features.

Circumferential Division (K Planes)

We have now used 36 x 10 = 360 grid planes and we have

4900/360 = 13 grid planes left to be allocated in the circumfer-~
ential direction. To simplify the layout, we will only use 12,
with equal numbers on the hot and cold side. The code can
accept unequal numbers of grid planes on the cold and hot side

i1f the geometry requires it. The K=6 and K=7 planes are located

such that they straddle the partition plate. The K=2 and K=11
planes, the first and last internal planes are located fairly
close to the boundary points as they are the first active points
inside the boundary. The remaining points are spaced equally;
however, this 1is not a requirement, and spacing may be adjusted

to fit perticular geometrical features.

Final Assessment

This then completes the grid layout. One may fiand that the
number of planes in each direction could be juggled to better
model the design. Once the grid layout has been finalized and

the geometry of the design described to the code relative to



this grid, it is a major undertaking to alter the grid location.
Thus it is important at this stage to review the grid selection

carefully.

Preliminary Data Specification

Having examined the design layout and selected the optimum

grid location, we must now provide the code with the information
required to model the design. This section discribes the
contents of data sheets. The specification sheets are 1included
in chart form to emphasize that specification must be completed

and verified before any actual Input data cards are prepared.

Each chart is divided into the following columns:

COLUMN 1: DATA NO, - for reference purposes

COLUMN 2: DESCRIPTION

COLUMN 3: DATA VALUES - to be taken from specifications
COLUMN 4: REMARKS -~ any manipulation of the DATA is

described or a summary of options
is given

COLUMN 5: VARIABLE NAME - code name used in THIRST
COLUMN 6: FINAL VALUE - value to be used as data

The data is arranged in functional groups as follows:

GROUP 1: Preliminary Data (Items 1 - 7)

GROUP 2: Geometric Data Entered by Grid Indices
(Items 8 - 21)

GROUP 3: Geometric Data Entered by Value
(Items 22 - 41)

GROUP 4: Correlations and Resistances (Items .42 - 60)

GROUP 5: Operating Conditions (Items 61 - 69)

GROUP 6: Utility Features (Items 70 - 85)

Items within each group are arranged alphabetically for ready

reference.




planes

through the center of the hot side to each
circumferential plane

IDATA * DATA VARIABL v
N, DESCRIPTION VALUE REMARKS NAME | VALUE
A ITEMS 1 - 7 PRELIMINARY DATA
1 Controls the use of the restart - RESTART = 1.0 - new run, no RESTART tape used RESTART

option (see Section 5.1) as input
RESTART = 2.0 - continue executing from a
point reached in a previous
run ’
RESTART = 3.0 - attach the data stored on tape
from a previous run and print
and/or plot the data
RESTART = -(1 or 2 or 3) - proceed as above
but write the final results
on a restart tape
2 umber of axial plames - Must be an Integer number NI
3 Number of radial planes - Must be an integer number NI
L Number of circumferential planes - Must be an integer number NK
5 Location of axial planes - Distance from the secondary side of the tube~ X
sheet surface to each axial plane - in meters
6 Location of radial planes - Distance from the center point to each radial Y
plane - in metres
7 Location of circumferential grid - The angle {in degrees) from a line passing z

Y



DATA
No.

DESCRIPTION

DATA
VALUE

REMARKS

VARIABL
NAME

VALUE

ITEMS

8 - 21 ARE GEOMETRIC DATA ENTERED ACCORDING TO GRID LOCATION USING GRID INDICES

~

side

inside the window on the 1)

cold side

8 Location of all baffles, tube See layout This array is set up to indicate which axial ICOLD
support plates and thermal plates velocities are passing through a plate
on the cold side resistance. Each axial plane, I, must be
specified as follows-
If ICOLD (I) = 1 + no plates
ICOLD (I) = 2 + normal tube support
ICOLD (I} = 3 + outer baffle plate, see
data no. 23
ICOLD (1) = & -+ inner baffle plate, see
data no. 22
ICOLD (I} = 5 -+ thermal plate
ICOLD (I) = & » differentially broached
plate (usually first plate
on hot side)
9 Location of all baffles, tube See layout This array is the same as data no, 8 except THOT
support plates, etc. on the hot that it applies on the hot side.
side
10 Shroud window height on the cold The last axial planme lying TDOWNC

St



TA DATA VARIABL
O DESCRIPTION VALUE REMARKS NAME | VALUE
.11 ]Shroud window helght on the hot The last axial plane lying TDhOWNH
side inside the window on the
hot side
12 |Top of the feedwater distribution Last axial plane passing 1FEEDB
bubble through the distribution
bubble
1 = I FEEDD
13 ]Feedwater inlet window lower limit First axial plane lying N TFEEDL
inside the feedwater
window t
FEEQWATER ——um
N
N
¥
N
14 Feedb{ater inlet window upper limit Last axial plane lying IFEEDU
inside the feedwater
window
) e ettt
15 (Height of the preheater Last axial plane inside . IPRHT
the preheater == ]
/ -
I S IPRET

9%



DATA VARIABLE]
OhTA DESCRIPTION VALGE REMARKS NAME | VALUE
-16 |Effective elevation where the The code treats the conical ISHRD
downcomer annulus expands section as a change in
porosity halfway through !
the expansion. Y| |DASHED LiNE
 {ruoicatTEs
) = 43HR COOE
‘1 TREATMENT

17 ]Starting elevation of the U-bend The I-planc located at the start of the [UBEND
curvature of the U-bend

18 |(The radial distance from the center In some designs the first tubc support plare JBRCH
to the effective line dividing the on the hot side is differentially broached to
reduced broached side from the induce flow into the center
normal broached size for differen- of the steam generator. The
tiallv breached plates last radial erid line cor- o)
responding to the larger ‘\00
L?iamefer hol.e:: is used to O N
identify this point. [e]
J T JBRCH
19 |K-plane on the cold side next to -— K-plane near the

the 90° angle center of the SHROUD

modeliod region

" BUBBLE
on v cola side )
‘K S XCENTH
Ao e b e SHELL - N R -
20 |K-plane on the hot side next to the - A 14 bt on K T KFEEDL PN
90° angle ot side FEZDWATER =% By
SR O PART Vi CH A -
: . N PLATE W
21 |Angle at which the feedwater K-nlane that lies just inside the ferdeiter KFEEDL

distribution bubble starts distribution bubbile

Ly




DATA DATA VARIABL
No. DESCRIPTION VALUE REMARKS NAME | VALUE
ITEMS 22 - 41 ARE GEOMETRIC DATA ENTERED AS ACTUAL NUMBERS
22 pistance from the partition plate Used to determine which BP(1)
to the edge of the inner baifle control volumes contain
(m) the baffle plate.
) Control volumes which
are partlally exposed
to the baffle (partly
filled) have a weighed
impedance. arly}
23 |Distance from the partition plate Used as above BP(2)
to the edge of the outer baffle
(m)
QUTER
BAFFLE
e (2)
24 |Distance from the partition plate - 13 e BP(3)
ta the edge of the iomer baffle at
the exit of the preheater
(m) e LAt S
= ar (11
————
25 [Oone half of the width of tube free SHAOUD CGAP
lane between the hot and cold side SHELL
(m)
FEEOWATER BUABLE
OUTER TUBE LIMIT

8%



and the shroud inner surface

(m)

SHROUD
-
/=——— QUTER TUBE

I/\\ LIMIT

DATA DATA VARIABL
A
No. DESCRIPTION VALUE REMARKS NAME | VALUE
;26 ]Outer diameter of the tubes DIA
(m)
27 [Inner diameter of the tubes DIAIN
(m)
28 |Hydraulic equivalent diameter in Shell inner | EDFEED = D, -D, EDFEED
the downcomer annulus at the feed- |diam.= SHELL "BUBBLE
water bubble
Outer bubble EOFEED = Dsuece ~ Psusece
(m) diam,= B
. a~YSHELL
Ssuroun
BoussLe
29 }Hydraulic equivalent di'ameter for Shell immer EDNORM = DSHELL_DSHROUD EDNORM
the normal downcomer anaulus below diam'=DS‘{EL
the conical section N
(m Shroud outer
diam,= DSHROU!
30 |Hydraulic equivalent diameter for |Upper shell | EDSHRDX = EDSHRDX
the downcomer annulus above the inner diam. D -
conical expansion zome applies at |[= Dyqups, USHELL USHROUD
I planes greater than ISHRD (see
data no. 14) Upper shroud
(m) outer diam.
= Pysuroup
31 |Total heat transfer area HTAR
(m?)
=— SHELL
32 |Distance between the cutermost tube OGAP

- 6y -



DATA DATA VARIABL
. DESCRIPTION VALUE REMARKS NAME | VALUE

.33 [Porosity in the downcomer at the tell inner INormally the downcomer PFWB
feedwater bubble radius porosity is equal to 1
: RSHELL indicating that the

rea is entirely oven.
ubble outer [For the region around
adius the bubble, one has to

jcalenlate a porosity
RBUBBLE phich when multiplied
hroud outer |times the regular down-

radius jcomer area will give the
= RSHRDUD reduced area
2 2
~ (Rspprr ~ Reyssre)
PMWB = ——F—F———
(R2 2

SHELL ~ FSHROUD)

34 r)istance between tubes (PITCH) PITCH

35 ﬁ‘?otosity in the downcomer annulus loner radius fAs with data no. 28, porosity is used to PSHRD
above the expansion region of the upper {correct the flow area
jshell sectiof]

i RSHELLUP

Quter radius PSHRD =
pf upper (R
Ishroud

Rsnnmmm,

Lower shell
[inner rad.

R
SHELL,

[Lowver shroud
outer rad.

= Rsuroun,

2

2
[¢3 - R )
SHELI..U.P SHROUDU P

2

3
sueLL R SHROUD, )

0

- 06 -

36 {Inner radius of the shroud RADIUS




DATA - DATA REMAR VARIABLE| .\
.37 Calculated inner radius of the Inner radius|The code ignores the thickness of the shroud. RSHELL
shell Sheu=RSHELL To maintain the correct downcomer area, the
(m inner radius of the shell has to be reduced to
Quter radius| compensate for the added area contributed by
shroud the shroud thickness.
= R
OUTSHRD
Inner radius Py 2 2 2
shroud ( -RADIUS )7 = (R - R S
S s RSHELL SHELL ~ FouTgy .o
38 Height of thermal plate above level TPLATE
tubesheet (pm)
39 Tubesheet thickness (m) TUBSHET
40 Helght of the downcomer water XDOWN
above the tubesheet (m)
41 Height at which the two-phase This 15 used to calculate the gravity heaa XVANE
mixture can be assumed to be inside the shroud. Generally, one coula take
separated (relative to tubesheet) the elevarion halfwav along the separator.

- I9




A DATA VARIABL
iy DESCRIPTION VALUE REMARKS NANEE  vaLUE

ITEMS 42 -~ 60 CORRELATIONS AND RESISTANCES

42 Jk loss factor for the centerlinme See layout This array is used to indicate the location of | AKDIV(I)
jbetween the hot and cold side, the partition plate AKDIV(I) = 1.0 E+15, the
AKDIV(I) U-bend supports AKDIV(I) = k, or indicate
where no obstacles occur AKDIV(I) = 0. These
loss factors are used to calculate the pressurq
loss relationship for the circumferential
velocity between the hot and cold sides é:e to
plates or gsupports; the tubes are handled

independently.
43 JPatalater -for selecting two-phase - 1f ITPPD = 1-THOM used for parallel, cross anci TTPPD
multipliers area change
If 1TPPD = 2-BAROCZY-CHISHOLM used for parallel,
cross and area change
If ITPPD = 3 - Separate correlations used
See Section 7.3
& APumter for selecting void - If IVF = 1, homogeneous correlation IVF
Zraction correlatiom If IVF = 2, Chisholm correlation
If IVF =

3, Smith correlatien

-6 -




plate

mo. 45

the thermal plate and leakage through the platd
may occur. The pressure loss relationship is

2
(AKTP + f%) £~ a shock loss and a fric-

tion loss.
loss.

This data no. deals with the shack
Again it is based on the approach area

DATA DATA VARIABL] A
No. DESCRIPTION VALUE REMARKS NAME | VALUE
45 k shock loss factor for the baffle |Approach The loss for the baffle plate AKBL
: plate resulting from area change Area 2

(contraction and expansion) _ L, pv
Device Area | (AKBL + fD) 2
Device Loss This data is the AKBL portion which is the
Factor pressure drop due to the contraction into the
annulus between the drilled plate and the tube
It is based on the approach area.
a 2
AKBL = 0o % (Mgi
ADEVICE
(Also see data no. 58)

46 k lags factor for the tube support |Same as datalThe tube support plates result in a pressure AKBR
broached plate - based on shock no. 45 drop due to an area change. This value is
loss due to area change based on the approach area.

47 k loss factor for the larger Same as data)In some designs, the first plate on the hot AKBRL
broached holes in a differentially |no. 45 side has smaller broached holes near the shroud
broached plate and larger broached holes near the center to

encourage flow penetration. This factor is
for the area change in the central larger
holes.

48 |k loss factor for the smaller Same as dara|Shock loss for the outer small broached holes. AKBRS
broached holes in a differentially fno. 45 See data no. 18 for the radial pasition where
broached plate the hole size changes.

49 Shock loss k factor for the THERMAL|Same as data|For some designs the tubes are not rolled into AKTP

- €49 -



ATA VARJABL
DATA DESCRIPTION VALOE REMARKS e ] vaLue
indow area =
S50 Shock loss k factor for the shroud This pressure loss velationship is based on a | AKWINDC
window on the cold side nular Area| 90° flow direction change and an expansion
from the downcomer annulus into the shroud
0° Elbow window. Both kgp° and keyp are based on Agy:
ss = koq A2
xpansion ARWINDC = (kgoe + k) (%)
) = k exp’ A
0ss = Keyp an
51 Shock loss k factor for the shroud [Same as data | Because the shroud window height may differ AXKWINDH
window on the hot side no. 50 between the hot and cold side, a second loss
factor may be required,
52 Area ratio multiplier to determine | Approach The local Reynolds number is: ARATB
Reynold's numsber in gap in baffles.]area
(See also data no. 58) = ap otv. ke QRARATBAY  *e
R = loc - 2pp
Gap area u u
= A
2
Diametrical | where: ARATB = (A_ /A D*c
clearance b 8
. =c
53 Area ratio multiplier to determine |See data ARATTP = (A__/A )*c ARATTP
Reynold's number im gap in thermal [no. 52 ap 8
plate




two-phase flow from the last

modelled plane inside the shroud

to the separator exit, k is
P ’ “sep

Loss Factor

= k
sep

normally given by the manufacturer Contraction

k. (based on V ) is calculated
sep

[Factor = k
c

by user, and is generally much lesgA = total

than k.
sep

flow area
before enter-
ling separatory

2 = total
sep
beparator

Frea

lation ratio the flow from

the last modelled plane

inside the shroud to the T3 2
last modelled plane out-

side the shroud is . 'ATE: LEVEL
modelled one-ddmension- {t! —_——— -
a.ly. CONl is a
combination of the loss
factors for the two-phase
mixture. It is based on
the total flow as shown
below. CON2 (data no. 55)
is the loss factor for the
saturated liquid flowing
out of the separators.

From (1) to (2) - area contraction into
separators.

_2
4P = k vaEP where V, = velocity in
c - SEP
separator
FLOW = 0 Agpp Vgpp
5 . FLOW ke FLOW?
8 =ke3* 77 ~ 3 *e
PAggp  Agpp 2

From (2) to (3) - separator loss

- G I .
SEP 2 2 e
Asee P

CORL = & 4 SEP

7 2
Asep  Agep
A
ArP

Vsgp = A" Vaep

SEP

pATA DESCRIPTION el REMARKS VIRNELE  vaLue
54 Loss factor calculated for the Separator To calculate the recircu- CON1




DATA
No.

. DESCRIPTION

DATA
VALUE

REMARKS

VARIABLI
NAME

VALUE

55

Logs factor calculated for the
separated liquid flowing from the
water level to the last modelled
plane in the downcomer.

This loss is assumed to be a frictional loss
and treated as flow in a pipe.

2

2 2
ap = gk BV _ gL, 1 FLOW® _ CON2*FLOW

D 2 D 2 2p 2p
Apc

where CON2 = ﬁ% C—Lﬁ

Apc
XDOWN-X(L)+see data no. 39
Hydraulic Diam. = Diam, Clearance
ADC = Downcomer Area

o
L]

p = Saturation Density of Water

_ 0.316

R
e

R 1s based on an estimate at the
velocity calculated from a recircu-
lation ratio estimate.

J 26 | REcIR * Frowe _ FLOM
e u o * ADC PrANG

CON2

56

Parameter used to optimize the
estimate of the recirculation
ratio.

This ratio provides the code with an estimate
of how the pressure drop through the modelled
region changes with recirculation ratio
(i.e., total flow). The code uses this value
to estimate the recirculation ratio needed to
balance the pressure loss against the driving
head. CON4 is set at 2000. If severe
convergence problems are encountered, other

estimates (i.e., 2000 + 10G0) should be tried.

CON4




D = diametrical clearance

Because this loss is based on approach
velocities, the area correction is included.

A2
Thus FLDB = .316 * & * (—‘*2-’1)

Aonp

,. AP = [AKBL + FLDB % Re—.zs

A DATA VARIABL
DAY DESCRIPTION VALLE REMARKS NaMe| VALUE
57 | Thermal conductivity of the tube Obtain from material property data. CWALL
wall material
(W/(m*°C))
58 Friction pressure loss for the Baffle Also see data no. 45 and 52. FLDB
baffle plate thickness
=1, 2
Ap = [AKBL + %1 R‘ZL
Piametrical
clearance
=D The variable is concerned with the second
term - the frictional loss.
Area
approach 25
= AAPP f= .316/Re
Area gap L = thickness of baffle
= Acap

LS




IDATA DATA VARIABLI
No. DESCRIPTION VALUE REMARKS NAME | VALUE
59 Friction pressure lass for the See data nod This variable stored the friction coefficients FLDT

thermal plate 58 mentioned in data no. 4% and 53.
2
fL AAPP : BVAPP
bp = “‘T“Tr*(r) 2
GAP.
2
A
rior = £ » (——AAP P)
GAP.
_ 2
v
S ap = [k * FioT * R 727y APE
&0 Resistance due to fouling on the Fouling is assumed to act uniformly over the RFOUL
external surface of the tube tube surface
ITEMS 61 - 69 ARE OPERATING CONDITIONS
61 Feedwater flow rate This is the total steam generator feedwater FLOWC
Ggfs) flow rate.
62 Reheater flow rate Some designs include a reheater circuit, FLOWRH
(kg/s) The flow returning from the reheater is
assumed by the code to enter the steam
generator at the top of the downcomer. If
there is no reheater circuit, set this value
to zero.
63 Primary flow rate (kg/s) Flew rate for the whole unit FLOWTU
b4 Saturation pressure of the primary Used to calculate primnary properties PPRI
(MPa)

8¢



DATA DATA VARIABLE]
No. DESCRIPTION VALUE REMARKS NAME VALUE
-65 Saturation pressure of the Used to calculate secondary provertics. PSEC
secondary (MPa) Take tne value at the normal water level
66 Inler qualityv of the primarv fluid For a two-phase mixture, it is the actual QLTU

quality. For a subcooled primarvy flow this
value is calculacted using

QLTU = Enthalpy of Liquid-Saturation Enthallpy
Latent Heat

67 Inirial estimate of recirculation

he recirculation ratio {s unot adjusted for RECIR
ratio [&f9)]

the first 9 steps to allow the flow
to settle out. This value serves as an
initial condition.

68 }Temperature of the feedwater {(°C) TINC

e R R

60 Temperature of the reheater return

TRH
flow

S Ao

ITEMS 70 - 85 ARE UTILITY FHATURES AVAILABLE TO THF USER

T — [ S I
70 The horizontal lines of data which - Tn areas where T plancs are concentrated, 1P o7
are to be included on the vertical one mav decide ro leave out some T lines from
cut plots vertical plots so that the plotted arrows do

not overlap. Normallv all the lincs would he
plotted,

IF LIPLOT(1) = 1 - plot the lime
IF TIPLOT(I) = 0 - skip the line

Note: [TPLOT(I) must have NI ecntries

66




be plotted

a maximum of 8 horizontal cuts. This variable

is used to specify the I planes of interest.

For example,

If IPLOTI = +10, the 10th plane will be
plotted to the right of the
vertical cuts - see

1f IPLOTI = =10, the 10th plane will be
plotted on the left of the
vertical plot. Note there
must be only 4 specified for
the left side (negaiive
number) and 4 specified for
the right side (positive
number) .

Section 6.3 for more details

DATA DATA VARIABL
No. DESCRIPTIUN VALUE REMARKS NAME | VALUE
n Selection of the I position for - A subroutine MASSFLO has been set up to cal- IMASSF

which the hot side and cold side culate the mass flow in the axial direction
mass flow will be calculated and for selected planes. This information is
printed out printed out amy time the axial velocities or
densities are adjusted. Any number of I
planes may be specified up to WI.
72 Selection of the K-planes to be - This variable allows the user to select any IPLOTK
plotted. number of the circumferential planes for
plotting. Note the K=2 and X=N planes are
automatically plotted to give the first
frame and should not be requested again.
73 Selection of the I axial planes to - The plotting routine is set up to plot up to IPLOTI

09



DATA DATA VARIABLI
No. DESCRIPTION VALUE REMARKS NAME | VALUE
74 Select the variables to be printed - This parameter allows the user to trim the IPRINT
. out output down to variables cf specific interest.

If IPRINT = 1, the variable 1s printed,
If IPRINT = 0, the variable is skipped.
The order of variable storage:
TPRINT(1) = axial velocity
IPRINT(2) = radial velocity
IPRINT(3) = circumferential velocity
IPRINT(4) = mass flux '
IPRINT(5) = steam quality
IPRINT(6) = primarv temperature
IPRINT(7) = tube wall temperature
IPRINT(8) = static pressure
IPRINT(9) = densitv of mixture
IPRINT(10) = local heat flux
IPRINT(11) = porositv
75 Relaxation factors - The order of variable storage: RELAX Aﬂ
RELAX(1) = axial velocity
RELAX(2) = radial velocity
RELAX(3) = circumferential velocity
RELAX(4) = pressure correction
RELAX(5) = enthalpv
RELAX{6) = (inactive)
RELAX(7) = tube¢ wall temperature
RELAX(B) = pressure
RELAN(9) = densitv
RELAX(10) = wedges and rings
RELAX(11) = (inactive)
76 Contour intervals for the plotting - Allows the user to specifv the quality con- TCON
routines tours of interest. Can have up ro 15 values.
Zero valuee ~r (ne end of the arrav are
ignored.
- Lf""""'”""“"‘,“‘“""* : - T
77 }Last execution step -- Sets the last exccution step. On completion LASTEP
of LASTEP itcrations, the computation ceases
and detailed printing and plotting starts.

T9




DATA DATA VARIABL
No. DESCRIPTION VALUE REMARKS NAME VALUE
.78 |Parameter to specify when, during - IF PLOTO = 0, plots are never made PLOTO

the execution, plots are to be IF PLOTO = 1, plots are made at the end of the
made Job
1F PLOTO = 2, plots are made after each
iteration
Note: If PLOTO = 2, a very long plot file
will be produced. Careful selection
of values for IPLOTI and IPLOTK are
necessary, (data no. 72 and 73)
79 (Parameter to specify when, during - PRINTO is set up the same as PLOTO in data PRINTO
the execution, the variables no. 78, Note that PRINTO and PLOTO may be
specified in IPRINT will be printed reset in the logic to turm the PLOTTING and
out PRINTING routines on or off.
80 |Parameter for overriding the time - THIRST has been set up to print out all the TIMELT
limit routine variables, make plots and write a RESTART
tape if the execution or INPUT/OUTPUT time has
been reached. To suppress this feature, set
TIMELT to zero.
81 |Width of the plotting frame when - Xi1
I-planeg are to be plotted both on Q\- — m
the left and on the right of the /
vertical cut (see data no, 73) iQr _:Q
I\
L—— AL ———
82 Width of the plotting frame when - XL2
only I-planes are plotted on the ,,\\_Q
Tight side of the vertir~" cut
A\t 'LQ
83 |Height of ... pirotting frame - l YL
(—- XLz —.l

9




DATA DESCRIPTION ALOE REMARKS VARINGLE vaLuE
84 Extra integer input locations. Data put into | TEXTRA(I)
these variables is common to all subroutines I=1,9
8s Extra real input locationms. REXTRA(I)
1-1,9

- €9 -



Preparation of the Input Data Cards

Once the data specification sheets have been completed, it is a
stralightforward matter to transpose the requisite information

into data card form.

In THIRST, the data 1is all processed through a routine called
READIN. READIN not only reads the data into core, but also

performs a detailed check on the completeness and precision of

the data supplied.

The course of execution of the program is directed by the

RESTART feature which is described in Section 5.2.

The 1Input cards are assembled from the variable names and values
already detaliled in the last two columns of the charts in

Section 4.3, immediately preceding.
The cards must adhere to the following rules:

(1) The first card must contain the title (1 to 40 columns) and
the RESTART value (word RESTART in columns 50 to 59 and
value in 60 to 69). If the RESTART name and value are not
included, READIN assumes a RESTART value of 1.

(2) All succeeding cards are read with the following format

statement

FORMAT (A%, 6 (A9, 1X), 49)



The input cards for data arrays or single variables are,

10 20 30 40 50 60 70
|
ARRYN | NN .
1 -1, 6.2 8750.5 1.0E+20 -.0068 -6.8E~4
NAM1 1 NAM2 ~1 ANAM3 1.3456789 | ANAM3 180040.7

(NN is the number of entries in the array called ARRYN. It is only
required for arrays IMASSF, IPLOTI and IPLOTK.)

(3) The second card must contain the number of grid points NI, NJ,
NK, selected for each direction to provide READIN with the

counters for checking array data.

(4) From this point onwards, the data may appear in any order since
the variable name is always included with the data. READIN
treats each variable rame and the corresponding data as a

variable set.

(5) It is possible that after a data deck is prepared, some tem-
porary changes are found necessary. In this case, a data
item may be changed in situ in the deck, or a single card
with the changed variable may be inserted immediately after
the NINJNK card. In such cases of multiple definition the
definition encountered earliest in the deck takes precedence,

so0 the new value will be used.

Sample Input Data Deck

The data deck sheets in Table 4,2 have been prepared from the
gspecification sheets of Section 4.3 according to rules outlined

in Section 4.4.
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THIRST INPUT OATA SHEET
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The Standard Execution Deck

At this point, the major effort of preparing the data deck 1is

complete. It is now necessary to enter the THIRST job into the

computer system.

Execution control cards can vary between CDC computer
installatiors. However, the following decks are included as
examples, and operate satisfactorily on the CRNL systenm. For a

full explanation of CDC control cards, see references 13 and

14,
The decks consist of the following:

JOBCARD containing job name and account information
CONTROL CARDS directing execution

7/8/9 END OF RECORD CARD

DATA DECFK

7/8/9 END OF RECORD CARD

6/7/8/9 END OF JOB CARD

Card Content Explanation
1 JOBNAME, BXXX~-YYY, Tttt,IO1ii. JOBNAME - 7 char-

acter job name

2 ATTACH, THIRST, ID=THIRST, CY=1. Attach THIRST
object code

3 THIRST. Execute THIRST

code



Card Content
4 7/8/9 END OF RECORD CARD

5 to N COMPUTER DATA DECK
N+1 7/8/9 END OF RECORD CARD

N+2 6/7/8/9 END OF JOB CARD

Explanation

The above simple executlion deck will execute the standard THIRST

code without reading or saving any RESTART data.

Advanced

Execution Decks are discussed in Section 5.5.

Job Submission

A complete 1listing of the entire deck
This may now be submitted to the CRNL

As turnaround time for a large Jjob 1is

discuss in Chapter 5 some additional
output will appear 1n Chapter 6.

is given in Figure 4.5.

ayatem.,

not particularly fast, we

features of the code. Qur
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SOME FEATURES OF THE THIRST CODE

While the instructions Included iIn the previous chapter are
sufficient to prepare an input deck, an understanding of some
additional features of THIRST is required for advanced use of

the code. This chapter describes some of the THIRST input and

output options.

The RESTART Feature

RESTART has been introduced very briefly in chapter 4. This
feature was included in THIRST to reduce the repetition required
in making several runs with only slight data modification, and
to enable results to be stored so that later printouts and plots

can be made without re-executing.

In THIRST, all the variables are initialfzed in START with, at
best, a rough guess. Using RESTART, the variables can be

initialized with results saved from a previous run, resulting in

improved convergence,

RESTART has been set up so that a user can stop, at say the
twentfeth step, examine the results and then proceed further if
desired. The user can also run the code, examine the results,
make logic or input changes and continue running the progranm,
or merely change the plotting or numbering parameters, and

produce new output without executing the program.
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The RESTART variable can have six values, three positive and

three negative.

RESTART=1 is used for a new run in which all variables and
arrays are initialized with rough guesses by the program. All
routines are executed to attain a solution. RESTART must

always be set to 1 1f the number of grids or the grid layout

is changed.

RESTART=2 is used to continue an old run. All the variables in
common blocks are set to values calculated in a previous run,
which has been stored on a RESTART tape. New values for selected
variables can be entered by including these in the input deck,
they then replace any stored values. Variables which are not

to be changed are omitted from the input deck. The new run is

then executed until a total of LASTEP iterations have been

completed.

RESTART=3 is used mainly to obtain new output from a previously
completed run. With this option, all parameters except those
read in to specify the type of output required are set to their
values from the RESTART tape. The EXEC routine then passes the
control directly to the OUTPUT routine for the summary of the
last step, and a printout of all arrays requested through the
IPRINT(NN) parameter. Finally, if PLOTO # O, the plot routine
generates the plots -requested by IPLOTI and IPLOTK. After this

output, the program terminates; no further execution is attempted.

RESTART=-n writes a RESTART tape on completion of a run. The
absolute valur of n (1.e., [ni = 1,2,3) determines the initial
conditions for the run. On completion, a tape 1is written
through the WSTART routine ready for subsequent reading with
|RESTART| > 1.



Saving and Accessing a RESTART Tape

In WSTART a special global parameter "R1" is set to O when the
tape is written. A set of statements can be included in the

execution control cards to catalog the tape 1if this global

parameter fis sget.

IFE(R1.NE.0)JUMP
CATALOG(TAPES50, THIRSTDATA, ID=THIRST)

ENDIF(JUMP)

If R1=0, control jumps past the CATALOG card to the END1  JUMP)
card. If WSTART has set R1=0, the CATALOG card is executed and
the RESTART tape iIs stored under the name THIRSTDATA, ID=THIRST
and CY=n, the lowest agvallable number. Thus each time a RESTART
tape is made, a new THIRSTDATA file 1s created. The user will

have to exercise strict management of these files to avoild

confusion and the creation of unnecessary files.

To RESTART from this tape, the user includes the card
ATTACH(TAPES50, THIRSTDATA, ID=~THIRST, CY=n)

before the execution card in the JOB control statements. The

information stored on this file will thenm be used in the RESTART

routine to initialize the arrays and the variables providing

RESTART is set at 2 or 3 in the fnput deck.



The READIN Feature

To assist the user with the entry of data into the cocde, &
subroutine called READIN has been written . READIN extracts
the variable name and 1ts value from the data cards. As each

plece of data 1is associated with the computer variable name,

READIN can:

(a) ensure that all the data required are provided and

determine which data are missing

(b) allow the user flexibl!lity 1in choosing the order of the

data

(¢) initialize the variables with values on the restarr tape.

READIN is set up to accept the title card with the RESTART value
as the first card. The title can be set up to 40 characters in
columns 1 - 40. The word RESTART sh~ 1ld be located in columns
50 - 58 and the RESTART value in coluwns 60 ~ 68. If the
RESTART name and value are left off, READIN assumes a value of

1.

If RESTART is set to 1, the second card must specify NI,

NJ and NK. These variables svezify the array sizes

for all the variable arrays except IMASSF, IPLOTI and IPLOTK.

If NI, NJ and NK are not speciflied, a: error message is sent and

the run "erminates.



It the RESTART is set at +2 or +3, the run will continue from a
print reached in an earlier execution. Because the values are ,
stored im matrix arrays, the number of grids in each direction

must remain fixed. Therefore, any attempt at re-specifying the

number of grids, f.e., changing the value of NI, NJ or NK, is

ignored.

All the remaining data can be introduced in any order. In our
examples, we have elected to Rroup the data according to its
usage, l.e., geometric, correlation-related, operating

conditions and input/output parameter selection.

READIN contalns !isis of 211 the variables required by the code.

As the data cards are read, READIN searches through the 1ist to [
match input variable names vith the ones on its list. If the i
subroutine can make the match, it stores the fdata in the )

variable and removes the variable name from the list.

If READIN cannot match an Input variable to one on 1its 1list, it

issues the following message:
*%k% X CANNOT MATCH X VARNAME DATA *%*%*

This message contains the input variable name and its value so
the user can trace the nature of the error. This error could
result from a misspelling of the variable name, from reading the
same variable twice, or using improper data. This error does
not result in a termination of the run. If a variable appears
twice,  READIN stores the first value and disregards the second.
If a variable 18 mispelled, READIN ignores the variable and 1its
value, and thus the inteunded variable name will not be removed

from the list.



When the end of the input deck (END OF FILE) is encountered,
READIN checks that all the variables on its list have been

initialized. Some variables may not be stroked off because they
are either mispelled or simply left out. If a variable name

remains, but has not been Initialized, READIN issues one of the

following messages:

* THE FOLLOWING VARIABLE(S) HAVE NO INPUT DATA: VARNAME *
or * THE FOLLOWING ARRAY(S) HAVE NO INPUT DATA: VARNAME #*
READIN then checks the value of RESTART and:

If (RESTAKT=+1) =~ READIN terminates the run

If (RESTART=+2o0r +3) - READIN uses the values stored on the tape
vade from a previous run and continues

executing, thus only variablies to be

changed are required as input data.

Time Limit Feature

If the code senses that insufficient time remains to complete
another iteration step and to print ana plot the output, it will
automatically call FPRINT for a printout, and call the WSTART
routine to write a RESTART tape. The user can subsequently
attach the RESTART tape and continue executing with additional

time.

Both execution time and input/output time are monitored, but

the time limit feature can be suppressed by setting the




parameter TIMELT to zero. If TIMELT is not set in input or is
set to 1 in the input deck, time remaining is checked at the end

of each iteration.
The statements: IFE(R1.NE.0)JUMP
CATALOG ( ----

ENDIF(JUMP)

should be included in the job control deck to catalog a RESTART

tape when a time limit is encountered.

Advanced Execution Deck

The simple execution deck introduced in Chapter 4 is sufficient
to run a standard "HIRST job in which no RESTART tape is read
or saved. For more advanced use, we now include an execution
deck which will permit the use of a RESTART tape, and also
permit certain code changes to be made, using the CDC program

library editor, UPDATE.

This "advanced use” deck contains three major segments:

(1) job control statements
(i) update correction set

(1it) input data

Because the function of each section in the execution deck is
dtfferent, they will be explained separately. It is assumed
that the reader has a basic understanding of the job card
sequence and the update routines avallable through the computing

system. A listing of the execution deck without explanations is

shown in Appendix C.



SUBST=PLOT-PLT)

5.4.1 Job Control Statements
Card
No. Explanation

1 THIRST, B652-EXAMPLE,T500,I0100

2 ATTACH(OLDPL, THIRSTPL,ID=THIRST) Attach the code
stored on file name
THIRST

3 UPDATE(C=DISC) Update the file
THIRST with any code
changes in the associ-
ated correction set
and 1list on disc

4 FTN(I=DISC, B=THIRMOD) Compile the file
THIRST from DISC.
Store compiled file on|
THIRMOD

5 ATTACH(THIRST, ID=THIRST) Access standard THIRST
code

-

6 COPYL(THIRST, THIRMOD, THIRST2) Merge modifications
and standard code to
crcate new program
THIRST 2

7 ATTACH(PLOTLIB) Attach l1library plot-
ting package

8 COMMENT.

9 LDSET(LIB=PLOTLIB,




Card

No.

Explanation

10

ATTACH(TAPE60, THIRSTDATA,
ID=THIRST)

This card is required
only when the RE-
START option is used
(ABS(RESTART). GT.1l)
The data catalogue
from a previous

run under file name
THIRSTDATA with ID=
THIRST aand for CY=1
will be attached and
used to Initialize the
variables. Tf RESTART,
is 1, this card will
have no useful purpose
and should be omitted.

11

THIRST2(PL=30000)

Execute the job and
set the printing limit
at 30000 print lines

12

IFE(RL.NE.0)JUMP,

If a RESTART tape has
been written either
through a time limit
or a negative value of
RESTART then R1 is set
to one. If the pro-
gram has not written 4
data RESTART tape then
R1 = 0 and the execu-
tion jumps to ENDIF
(JUMP). Thus this
card coatrols the se-
quence to CATALOG only
when the data RESTART
tape exists.




Card

No. Explanation

13 CATALOG(TAPE60, THIRSTDATA, Catalog the RESTART

ID=THIRST) tape

14 ENDIF(JUMP) Point to which the
IFE( ) card direnats
control

15 7/8/9 End of record card

To enable the computer to allocate storage, the size of the grid
layout must be gpecified in the EXEC ioutine. The following
update correction may be used to change this allocation and is

included for example purposes.

Card

No. Explanation

16 *D EXEC.4 Delete the fourth card
in EXEC

17 COMMON F(4320,13) Reserve 13 arrays (lll
variables plus 2 work-
ing spaces). Each
array contains NI*NJ
*NK = 36*%10%12 = 4320
storage places

8 7/8/9 END OF RECORD

5.4,2 Input Deck

Unless the changes made above incorporate new input data, no

form changes in the deck of Chapter 4 are required.



THIRST OUTPUT

In this chapter, we present the basic output obtained from the
THIRST code. Possible variations of output are also discussed.
Output from THIRST is in both printed and graphical form.

The following paragraphs refer to sample output which appears

consecutively at the end of this section starting on page 99.

Printed Output Features

Preliminary Output

After the program logo, THIRST prints out the values in the

input deck. The arrays are printed first, the single integer
values second and the single real values last. All the error
messages related to the input are printed out in this section,

Figure 6.1.
The next sectiom of the printed output contains a summary of

all the input received by the code for this run and a summarvy

of the properties which THIRST has calculated from curve fits.
Figures 6.2.1 to 6.2.3 contain:

(a) Operating Conditions

- Primary

- Secondary

(b) Properties as Calculated by THIRST (using Curve Fits)

- Primary Saturation Values
- Secondary Saturation Values

- Secondary Subcooled Inlet Properties

(c) Output Selection and Control Parameters

(d) Geometricil Parameters




Figure 6.3 contains:

(a)

(b)

The Grid Locations for Scalar and Vector Components

- The Axial Positions in Metres
- The Radial Positions in Metres

- The Circumferential Positions in Degrees

Primary Fluid Flow Distribution per Typical Tube in kg/s

All the above output is generated in START before the

iteration procedure begins. The user has no control over

the format without altering the program logic.

Individual Iteration Summary (Figures 6.4.1 to 6.4.5)

During the progression of the solution to convergence, the

following information is summarized on one page for each outer

iteration.

(a)

(b)

(c)

Iteration: At the beginning of each iteration prior

to any further calculation, the EXEC routine prints the

outer 1teration number.

New Estimate of RECIR (only after the ninth step):

After the ninth 1iteration, the program begins to calculate
the RECIRculation ratio. Because the solution technique
is iterative, the value will change until the solution

approaches convergence.

Mass Flows at Planes of Interest: The mass flows are

calculated at I-planes selected by the user. The user

can choose any or all of the I-planes by using the IMASSF



(d)

parameter (see data no. 71, Table 4.1). The mass flow

information is preceded by a line indicating the point

within the iteration step at which these calculations were
performed. The mass flows at designated I-planes are
plotted in five columns of elght entries each for a maxiﬁum
of forty positions, if required. The mass flows are given
for both the hot and cold side. The calculations are made

tn MASSFLO. MASSFLO is called whenever the axial velocity

or local density 1s changed.

Summary of Overall Performance Variables and the

Convergence Indicators: At the end of an iteration step, a

summary of the overall performance variables and the

convergence 1Indicators are printed. The user has no direct

control over this format. The informaticn provided

includes:

RECIR Recirculation ratio used for this iteration

PRESS DROP is the pressure drop between the average
in Pa pressure at the last I-plane (L-plane)
ingside the shroud and the average
pressure at the last I plane (L-plane)

outside the shroud in the downcomer.

PRIM H.T. is the net amount of heat given up by the
in MW primary fluid



(e)

SEC H.T. is the amount of heat picked up by the
in MW secondary. This includes the heat required to
raise the feedwater and reheater drain flows
to saturation, plus the heat absorbed in

evaporating the secondary liquid.

NOTE PRIM H.T. should equal SEC H.T. when convergence

has been achieved.

AVG/OUTLET/QUAL average outlet quality

SUM3QURCE is the summation of the absolute value of the
mass imbalance for each control volume
normalized by dividing by the total flow. This
indicator should approach.zero with conver-

gence,

MAXSQURCE (2,7,11) 1s the largest mass Imbalance
normalized by dividing by the total
flow in the modelled region. The
location is given 1in the brackets as
I=2, J=7, K=11. 1If the location
remaings fixed, and the imbalance is
significant, the use ghould examine
the region for a possible error in

that area.

Summary of Local Values: The last section of the iteration

by iteration printout summarizes local values at strategic
locations in the model. The locations are fixed in the

code at such points as window inlets, above the preheater,

in the downcomer, etc.



Three sets of variables - AXIAL VELOCITY, CROSS FLOW
VELOCITIES and THERMAL VALUE are printed. The location of
each variable is described including its (I,J,K) coordi-
nates. If the user wishes to charge the locations to be

printed, the OUTPUT subroutine must be altered.

The overall values (d) and local values (e) are printed out
in OUTPUT. OUTPUT can be called at any point in the
execution if the user desires to. At present it 1s called

at the end ~f each iteration step.

Detailed Array Printout (Figure 6.5)

The last type of printed output, again under user control, is
the complete printout of selected variables at every active node

in the medel. The format for the printout is

XXXXXXXXXX VARIABLE NAME (1) XXXXXXXXXX
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XXXXXXXXXX VARIABLE NAME (2) XXXXXXXXXX

etc.

This printout can be very long depending on how many variables
are specified for printout. Figure 6.5 shows the first page of
a detailed array printout of axial velocity obtained by setting
IPRINT(I) to 1. Each selected variable takes a similar format
and each generates five pages of output for K=12, so the feature
should be used with caution. Variables to be printed may be

selected by the input variable IPRINT.

If IPRINT(NV) 18 entered non zero, the array of values for
varlable NV 1is printed, where NV is selected as follows:



NV
NV
NV
NV
NV
NV
NV
NV
NV
NV
NV

This printout is generated by the FPRINT subroutine.

N

H F W oo N oUW

= O

axial velccity

radial velocity
circumferential velocity
mass flux

steam quality

primary temperature

tube wall temperature
static pressure

density

heat flux

porosity

The PRINTO

parameter calls FPRINT as follows:

If PRINTO

If PRINTO

If PRINTO

the FPRINT array is never called

this would be used where the user is interested

in the plots only

che FPRINT array 1is called after exit from the

iteration loop at the end of the run

the FPRINT array is called every (N-1) iteration
steps. This tends to create large output files
and thus 1s only used for debugging p-rposes.
Careful selection of the IPRINT (NV) parameter

is suggested.



Graphical Output Features

The plot routines have been set up to produce:

(a) quality contours
(b) velocity vectors

(c) mass flux vectors
for any planes of interest.

Quality contour values are specified by TCON in the {input deck.
Up to 15 contour intervals are allowed. If less than 15
contours are desired, then set the remaining position of the
TCON array to zero and the plotting subroutine ignores them.
Velocity vectors are determined by first interpolating each
velocity component to the grid nodes. The two velocity
components 1lv.., Iin the plane of interest are added vectorially.
The resultant vector 1s printed as an arrow with its length
indicating magnitude 2nd angle indicating direction. Mass flux
contours are determined by multiplying the velocity vector

calculated earlier by the local density.
Two plotting formats are available to the user:

(a) Full Diameter/Horizontal Cut Composite
(b) Vertical Cut Composite

Full Diameter/Horizontal Cut Composite

This composite includes plots of values of the K=2 and K=N
planes which lie next to the line of symmetry. These are put

out by the plot routine automatically. Included on this frame



are up to eight horizontal cuts through the modelled region
corresponding to eight axial lines specified by the IPLOTI
parameter. The selection of horizontal cuts is nade by the user
in the input deck, by specifying the number of desired [-plancs
(maximum of eight). A negative sign in front of the specified
I-plane positions the plot on the left of the Full Diameter
Plot, otherwise the plot appears on the right of the Full
Diameter Plot. No more than four I-plots for the left and four
for the right may be specified. If only four f-piancs are
specified, all the plots should appear on the right as the
plotting routine will redure the frame size. Fxamples of thuis

composite are given 1In Flgure 6.6, which depicts quality,

velocity and mass flux profiles consecutively.

Vertical Cut Composite

The second plot format is a composite of four vertical cuts
corresponding to circumferential planes. The number and indices
of K-planes to be plotted are specified by the parameter IPLOTK.
There is no limit on the number of K-planes to be selected.

Examples of this composite for quality, velocity and mass flux

profiles are given in Figure 6.7.

In some grid layouts, axial planes are grouped together to
provide greater detail. Unfortunately, when velocity or mass
flux vectors are plotted, they tend to overlap. To ensure
clarity of the plots, an additional plot parameter called I[IPLOT
has been Introduced. If IIPLOT (I) = 1, the values on that
I-plane are included on the vertical cut plots. If IIPLOT (I)

0, the corresponding I-plane values are left off the plot.



The user has control over the plotting frame size. For the
first composite, the width is specified by "XL1" and "XL2". If
horizontal plots are made on the left and on the right of the
vertical cut, the routlne uses the wider plotting frame
specified in XL1. If other horizontal plots appear only on the
right, the routine uses the narrow plot XL2. The height for all
plots Is YL. The length to width ratios of the plots may not be
in proportion to the actual design, as the width may be
increased to add clarity. Scaling factors are determined by the

code.

The plotting routines can be called at any poilnt in the code by
the statement CALL CONTOUR. The parameter PLOTO has been

introduced to control the calling of the plot routines.

If PLOTO = 0 - the plot routine is never called. This may %e
used where the user wants only a printout.

If PLOTO = 1 - the plot routine is called at the end of the
program.

If PLOTO = 2 ~ the plot routine is called at the end of each

iteration. This leads to a very long plot 1life.

PLOTO is set in the input deck. PLOTO and PRINTO can be reset
in the program to initiate the plotting and printing funection.



Interpretation of the OQutput

Having discussed the layout of printed output we now turn again

to the printed output, Figures 6.1 to 6.5, to examine its content

and its significance.

The first page of printout, Figure 6.1, contains a summary of
all the data introduced through the input deck. No error
messages of consequence were issued and a comparison with the

data sheets 1indica*es that the data has been introduced

correctly.

The second, third and fourth pages (Figure 6.2) contain 1input
values and calculations made with the input. The operating
conditions should be checked against the information sheets.
Property values generated by the code should be checked against
values in standard tables. Correlation data should be verified.
The input/output parameters are simply informative. Finally,
the geometric data should be verified against drawings or data
sheets. The modelled heat transfer area should be examined to
ensure that 1t is not radically different than the prescribed

value. Although the correction factor will correct the modelled

tube surface, a large dlscrepancy may indicate an error in

treating the tube~free lanes or in the location at the start of

the U-bend (IUBEND).

The main grid lucation (Figure 6.2) and particularly the
displaced grid locations should be checked to ensure proper

modelling of flow obstacles. For instance, the displaced grid



at I=13 for the axlal velocity should in this case correspond to
the elevation of the first inner baffle. Thé primary fluid
flow, also included on this page, is distributed to reflect the
different tube lengths. Scanning the distribution, one should

see a drop Iin primary flow along the K=2 plane with increasing

J.

When satisfied with the validity of the input, one can proceed

to examine the iteration by iteration output (Figure 6.4). Of
prime importance 1s the line bounded by asterisks. Part of

this line contains the overall parameters which must converge on
single values - RECIR, PRESS DROP, PRIM and SEC HEAT TRANSFER

and QUAL. The last two terms are the sum of the absolute value of
the mass imbalance over all control volumes and the maximum mass
imbalance at an indicated control volume. These should

approach zero at convergence, By examining the line of

printout as the solution proceeds, one can sssess whether the

solution 1s converging to a single solution or oscillating

slowly about the solution.

Assuming thet the run has completed normally without any
execution errors, we will concentrate on the last several
iterations to verify that a converged solution has been
obtained. Later in thilis section we will discuss handling runs

that terminate in execution errors.

Comparing iterations 58, 59 and 60, Figures 6.4.3, 4 and 5, we
observe that RECIR has converged to the fourth significant figure,

which indicates that the pressure distribution has also

converged.



Examining the mass flows at various stages in the 1iteration
step, we see that the values are basically stable. Minor
changes can he expected due to the nature of the finite
difference technique; however, a swinging from oz2 value to
another would indicate an inconsistency in the modelling between
stages. If the swinging 1is significant, further debugging of
the logiec should take place.

In the middle of the mass flow printout 1s the SUM OF RING
(WEDGE) MASS IMBALANCE. As explained in earlier sections,
continuity 1Is enforced simultaneously over groups of control
volumes. Control volumes are grouped altermatively into wedge
and ring geometries. The MASS IMBALANCE should approach zero at

convergence; however, the level indicated is considered

acceptable.

At the end of the run we also should be satisfied that the
pressure drop value 1s stable, that the heat transferred out of
the primary (PRIM H.T.) is equal to that absorbed by the
secondary (SEC H.T.) and that the source terms are sufflciently
small. The location of the maximum imbalance is given in
brackets after the MAX SOURCE. This information can be useful
during debugging to Indicate trouble areas. If the location
remains fixed and the imbalance fairly high, one should examine

the region for a modelling error.

The last three lines on Figure 6.4.5 contaln local values of
thermal and hydraulic variables. These values should be
compared with earlier iterations to ensure that they have
converged; The positions shown in brackets have been selected

to monitor variables because they are particularly sensitive

areas.



When we are content that the solution has converged, we should
examine the printouts to check numbers against Intuition and
then examine the plots to verify “hat flow and quality patterns
are consistent. These outputs will not provide additional
evidence of convergence but will enable the user to intuitively
verify the results. For Instance, the quality profiles on the
I=2 plane could be superimposed over the velocity vectors to
verify that the velocities are concentrating near the point of
highest quality. The velocity vectors 1in the U-bend should
indicate an outwards radial flow to the lower resistance
regions. The flow around the baffles should be well defined.

Having examined the output, we conclude that, for thils example,

the solution has converged.

Treatment of Diverging Solutions

If the solution has not converged, we should elther restart the
program and continue for mire iteration or examine the modelling

for errors. It may be necessary to use lower relaxation factor

to promote convergence.

If the solution terminates on an execution error or will not
converge, the user will be required to debug the model. The
efficiency of the user's debugging methods will improve only
with experience. To assist Iin debugging, the following

potpourri of examples is included:

(a) If the program has terminated before completing one
iteration, 1t is 1likely that insufficient input data has
been given or that the array sizing doesn't match the
arrays referenced. One can 1dentify the line 1In which the
error occurred and generally find the error using an

"OPT=0" on the FTN card.



(b)

(c)

(d)

(e)

If the program fails after the elghth iteration, examine
the RECIR subroutine because it 1s called after the eighth

iteration.

If the program terminates with an error message "ARGUMENT
LESS THAN ZERO", this is most likely generated by quality
values greater tham 1 arising from a very high pressure
gradient (the user should refer to DENS to see how pressure
affects quality). The high pressure gradient generally
occurs when a gross inconsistency in the treatment of flow
ohstacles occurs between various stages of the 1teration
Large pressure corrections are required to

procedure.

maintain continuity. The stage within the iteration that

contains the Iinconsistency can be determined by examining

the mass flows printout.

Large swings in thermal values generally indicate a problem
in the heat transfer subroutine source terms, especially
1f a new correlation has been iIntroduced. Reduce the

relaxation factor for Ty to promote stability.

If the solution is not converging and the reason is not
clear, it may prove useful to call for plots for several
succeeding iterations. The plocrs should then be super-
imposed to identify regions that are oscillating. In this
way, the region(s) of possible modelling errors can be

pinpointed. One could also call for FPRINT output for

several succeeding iterationg-.



(£)

(g)

(h)

(1)

N

(k)

If the FPRINT array is called and columns of zeros appear
in the output or if a mode error occurs, check that the
common card im EXEC -hich sets the size of the F-array has

been dimensioned correctly.

If the PRIM H.T. is different than the SEC H.T., the
problem 1s most likely located in the SOURCH rcutine where
the heat transfer source terms are calculated. Check that

the no-tube reglons are bhandled correctly and that any new

correlations are used correctly.

If the results seem to oscillate between two sets of
values, check the wedge and ring routines to ensure con-—

sistency of treatment. These routines are used on alter-

nate steps.

If the flow oscillates between the hot and cold siie shroud

windows, examine the treatment of flow obstacles in the

downcomer.

If resistances appear to be incorrect, one can print out
the DU, DV and DW arrays after the CALCW subroutine. These
arrays can be printed using the logic in FPRINT. They
contain all the resistances in the model and can be checked

to see if any resistances are out of line.

The pressure correction generated in RINGSl and WEDGES1l can
be printed out to identify trouble spots. Printing out the
pressure corrections for the CALCPK and CALCPIJ is more

involved since the control volumes are not grouped.



(1)

(m)

When RESTART is set to -1, there should be no control card
that attaches a RESTART tape to the program. An ATTACH
statement is necessary when RESTART is set to +2 and +3.

If an ATTACH statement 1s present when RESTART equals -1,
the program will run and output will be printed, including
any plots, but the RESTART tape requested by negative value
of RESTART will not be made and you wili get a DMPX. The
dayfile will indicate "ILLEGAL I/0 REQUEST", the "FILENAME
«+." and "FET ADDRESS..." as well as "WRITE NOT AT EOI ON

PERMANENT FILE".

Finally, the user should document convergence problems and
their solution so that future problems will be easier to

track down.
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OPERATING CONDITIONS:

PROPERTY

AT

PRIMARY

PPRI 9,8790000 N/R2
SECONDARY

PSEC 5,1000000 NIM2
FLOMRH 23.700000 Ro/§
VALUES CALCULATED BY THIRST

PRIMARY SATURATION VALUES
TSATU 349,20115 CEL
vFu 1.3.°206299€-03 H3i/KG
SECONDARY SATURATION VALUES
15A 2e31A11%8 caL
ALA 63[348,1 J7RG
Ay 1,01089552E=04 Kb/Mes
STEN 2.26241818E-02 N/M

HYPOTHETICAL

SECONDARY SUBCOOLED INLET PROPERTIES

ENFy 749868,28 J/KG

DENC

60U MW STEAM GENERATOR

2484,9300 KG/8

1348548,5 J/KG
1,59764798E 02 MI/KG

8ls4 kG /M3
l-g J/KG
[} KG=CEL

40Dl L/ (N/M2)

893,52101 KG/H3

OTHER SUBCOOLED PROPERTIES ARE CALCULATED AS NEEDED os

CONTROL VARIABLES 1TPPU IVF 1
INPUT VARIAHLES

AKBR 5000000 AKBR 00
AKBL 123508088 Aafhoc  1a28808
ARATTP 0O, N1 9495000
CuALL 16.700000 FLDE 21000.00
AKDIV

= 1 1.0E-10 1= 2 = 3
= &6 1.4f-10 1= 7 i- 8
[z legels I= 12 =13
= le “0E+15 It 17 I= 18
= 21 0. I= 22 I= 23
= 28 I'N l. 27 (- 28
u 31 1.8E+00 = 32 = 33
i= 3¢ a.

Figure 6.2.1:

THIRST OUTPUT -

WA
FOFrOroF

QLTuU

ALATU

o

DHD

ENRH

AKTR 0,0
ARATH 1189028
Cona 00,0
RFOUL 2.64200

WA
PYononawr

4.40000000E~02

176,67000
5.3800000

1177907,.6

1094158,3

Interpreted Data

(Summary of Operating Conditions)

oL

J/KG

RG/MY
K8/H~S

{I/KG)/ (NIMZ)

J/KRG

00T



1., 0400006
INCHES

1,1000000 FESTART
YL Gelidbbod
40 50

INCHES

TIMELT
3.

642500004
25,

22.

101

23,

PLCTC

INCHES

TCON (%)
G,
IPRINT

IKPUT/CUTPUT ANC CCNTFROL FEATURES
RELAX

Qe
"o

zz

ac
o

zz

zz2

IIFLCT

I A Ny
uagoadon
e selala]
-t b bt

IFASSF

7 18 19 2r 21 22

16

wun
-

zr
-

mn
-

ey
-

et
parey

.o

=14

10
=35

THIRST OUTPUT - Interpreted Data
(Summary of Output Parameters)

~€ 1a =21 25 =32 33
Figure 6.2.2:

IPLCYK
IPLCTI
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THIRST OUTPUT - Summary of Grid Locations
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9
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Figure 6.3
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¥ASS FLOWS AFTER SOLUTICN OF MOMENTUM EQUATION FOR U VELOCITY

ITERATION NUKBEF =
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STEAM QUALITY CONTOURS
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THERMAL-HYDRAULIC DATA

This chapter details the content and sources of (1) the
thermodynamic property data for light and heavy water, and
(1i1) the empirical correlations used In the THIRST code.
Normally the user will not change these. However, if it 1is
desired to investigate the possible effect of introducing
different correlations, this may be accomplished by simple

coding changes to the routines mentioned below.

The user can easily insert his own property functions to cover
different temperature and pres: ure ranges or different fluids.
Pertinent information related to each property or parameter

calculated in PROPRTY is listed in Table 7.1.

Thermodynamic Properties

Heavy water and light water saturation and subcooled properties*
as well as property~-related parameters are calculated in the
function subprogram PROPRTY, Saturation properties are computed
from polynomial functions of user—-specified saturation
pressures** whereas subcooled properties are calculated from

polynomial functions of temperature and/or enthalpy.

The user can easily 1insert his own property functions to cover
different temperature and pressure ranges or different fluids.
Pertinent information related to each property or parameter

calculated in PROPRTY is listed in Table 7.1.

* Heavy water primary propertlies are based on an AECL
proprietary program. Light water secondary properties are
based on the ASME steam tables.

*%* THIRST 1is set up to handle a two-phase primary flulid. For
steam generators which have a subcooled primary fluild
entering the tube bundle, the primary inlet pressure is
specified rather than a saturation pressure. The subcooling
is specified by defining a negative thermodynamic quality.



TABLE 7.1: Fluid Properties and Parameters

FORTRAN ACCURACY OF
PROPERTY OR PARAMETER NAME 1IN POLYNOMIAL COMMENTS
PROPRTY EXPRESSION
%)
Secondary Fluid Saturation Properties:

Pressure (MPa) PSEC specified by | - Secondary Fluid Saturation Proper-

user ties are expressed as polynomial

3 functions of the user-specified
Liquid Density (kg/m”) DEN 0.00 secondary saturation pressure PSEC,
3 Each function is valid over the
Steam Density (kg/m™) DENSM 0.01 pressure range of 4 MPa to 6 MPa.
The properties are calculated in
Saturation Temperature (°C) TSAT 0.03 the funection subprogram PROPRTY,
ENTRY PROP1.
Enthalpy of Vaporization (J/kg) ALAT 0.01
- DIDP is the derivative of the TSAT
Liquid Saturation Enthalpy (J/kg) ENSS 0.01 versus PSEC expression.
Liquid Viscosity (kg-m_los_l) AMUS 0.05 — DHDP is the derivative of the ENSS
-1 _1 versus PSEC expression.

Liquid Specific Heat (J-kg +°C ™) CPWS 0.00
Liquid Prandtl Number PRWS 0.02
Steam Viscosity (kg'm-l-s_l) AMUG 0.00
Surface Tension (N/m) STEN 0.02
Change in Saturation Temperature per DTDP -
Unit Change in Pressure (°C/Pa)

- LI -




TABLE 7.1:

Fluid Properties and Parameters (Cont'd)

FORTRAN ACCURACY OF
PROPERTY OR PARAMETER NAME IN POLYNOMIAL COMMENTS
PROPRTY EXPRESSION
%
Change in Saturation Liquid Enthalpy DHDP
per Unit Change in Pressure
- The Chen correlation parameters are
Chen Correlation Parameters: AKBO defined in Section 7.3. The two
XTTE parameters are expressed as functions
of various saturation properties.
Primary Fluid Saturation Properties
(Heavy Water): ’
Pressure (MPa) PPRI user-specified|- Primary Fluid Saturation Properties
are expressed as polynomial
Saturation Temperature (°C) TSATU 0.01 functions of the user-specified
primaty saturation pressure, PPRI.
Liquid Saturation Enthalpy (J/kg) ENPS 0.02 Each functicn is valid for heavy
water over the pressure range of
Enthalpy of Vaporization (J/kg) ALATU 0.03 7 MPa to 11 MPa. The properties are
3 calculated in PROPRTY, ENTRY PROPIL.
Liquid Specific Volume (m”/kg) VFU 0.07
Steam Specific Volume (m3/kg) vGr 0.47

- 811 -



TABLE 7.1: Fluid Properties and Parameters (Cont'd)

FORTRAN ACCURACY OF
PROPERTY OR PARAMETER NAME IN POLYNOMIAL COMMENTS
PROPRTY EXPRESSION
(%)
Feedwater Subcooled Properties:
Feedwater Temperature (°C) TINC Lser—specified - The subcooled feedwater properties
are calculated from the user-
Reheater Drains Temperature (°C) TRH nser-specified specified temperatures TINC and
TRH. The properties are calcula-
Feedwater Enthalpy (J/kg) ENF¥W 0.1 at 5 MPa ted in PROPRTY, ENTRY PROP1l and
0.2 at 4 to are valid for the temperature range
6 MPa of 150°C to saturation.
Reheater Drains Enthalpy (J/kg) ENRH 0.1 at 5 MPa
0.2 at 4 to
6 MPa
Feedwater Density (kg/m3) DENC 0.1 at 5 MPa
0.2 at 4 to
6 MPa

- 61T -




TABLE 7.1:

Fluid Properties and Parameters (Cont'd)

PROPERTY OR PARAMETER

FORTRAN
NAME IN
PROPRTY

ACCURACY OF

POLYNOMIAL

EXPRESSION
(%)

COMMENTS

Primary Subcooled Properties
(Heavy Water):

Temperature (°C)

Heat Transfer Coefficient Parameter,
RCONVA

0.67 -0.47
Bw-m'1-°c'1) (kg'm_l's_l)

0.33
(@kg teoch ]

PROP (ENTRY
PROP2)

IPROP (ENTRY
PROP3)

0.01 at 9 MPa
0.30 at 7 to
11 MPa

0.12 at 9 MPa
0.50 at 7 to
11 MPa

-~ The primary temperature and the heat
transfer coefficient parameter are
calculated from polynomial functions
of enthalpy. They are valid over
the temperature range of 245°C to
saturation.

- The heat transfer coefficient

parameter (RCONVA) is defined in
Section 7.3.

Secondary Subcooled Properties

(Iight Water):

Liquid Viscosity (kg'm-l-s-l)

PROP (ENTRY
PROP4)

0.96 at 5 MPa
2.5 at 4 to
6 MPa

-~ All subcooled properties (ENTRY
PROP4 to PROP8 inclusive) are cal-
culated as polynomial functions of
enthalpy and are valid over the
temperature range of 150°C to saturad
tion.

- 071 -



TABLE 7.1: Fluid Properties and Parameters (Cont'd)

FORTRAN ACCURACY OF
PROPERTY OR PARAMETER NAME 1IN POLYNOMIAL COMMENT S
PROPRTY EXPRESSION
(%)
Temperature (°C) PROP (ENTRY | 0.1 at 5 MPa
PROP5) 0.1 at 4 to
6 MPa
Liquid Specific Heat (J-kg_1'°C-1) PROP (ENTRY [ 0.3 at 5 MPa
PROP6) 0.6 at 4 to
6 MPa
Liquid Prandtl Number PROP (ENTRY | 0.5 at 5 MPa
PROP7) 1.1 at 4 to
6 MPa
Liquid Density (kg/m3) IPROP (ENTRY | 0.1 at 5 MPa
PROPB) 0.2 at 4 to
6 MPa
Derivative of Saturation Pressure PROP (ENTRY
with Respect to Temperature for PROPY)

Caen Correlation (Pa-°c-1),
(Section 7.3).

~ 12T
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Range of Application

The thermal-hydraulic data in the THIRST code is limited to the

following range of operating conditions:

Primary - heavy water; 7 MPa to 11 MPa inlet pressure;
subcooled to two-phase inlet (the overall temperature drop

should be such that the outlet temperature is not less than

245°¢C

Secondary - light water; 4 MPa to 6 MPa mean pressure;

feedwater temperature range of 150°C to saturation

If it becomes necessary to investigate different fluids or
conditions outside of the above ranges, the user must redefine

the appropriate property polynomial functions in the PROPRTY

subprogram.

Empirical Correlations for Flow and Heat Transfer

All the fluid flow and heat transfer correlations used in THIRST

are given in Tables 7.2 to 7.6.

The secondary side smooth bundle friction factors and heat
transfer coefficients are calculated in the function subprograms
FRIC and HTF, respectively. These relatioaships are valid for
equilateral triangle tube bundle arrays with pitch-to-diameter

ratios ranging from 1.3 to 1.7. The user can easily insert his

own correlations if those coded are unsuitable for his

application.

Tube support plates and baffle plates are assumed to resist the
flow only in the axial direction. The tube support plate

pressure loss {s assumed to result entirely from the sudden area
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change through the plate; friction resistance 1s ignored. The
baffle plate pressure loss 1s a combination of shock loss plus
frictional loss in the reduced area. The value of the loss
factors are determined by the user. The method for calculating

these factors 1s shown in the data sheets.

Two-phase pressure drop correlations, in the form of
multipliers, are coded in the subroutine TWOPH. The user can
choose various combinations of these multipliers by setting the

appropriate value for the index ITPPD.

The mixture density distribution is calculated in the subroutine
DENS. The user has the option of calculating density using the
homogeneous, the Smith*, or the Chisholm* void fraction

relationships by setting the appropriate value of the index

IVF.

The Chen* correlation 1s the only two-phase heat transfer
relationship used in THIRST. Because of their non-linear
nature, boiling heat transfer correlations require considerable
coding work to ensure convergence and stability. In view of
this, it 1s recommended that the user consult with the authors

1f he wishes to insert another bolling heat transfer

relationship.

* These correlations are discussed in detail in reference 5.



TABLE 7.2:

Single Phase Pressure Drop Correlations*

CORRELATION

COMMENTS

o

£=40.132 Ry

0.066 Re

(~3.3 + 22.8 p/d)/Ry;

for Re < (=25 + 172.2 p/a)’+416

~0-294 ¢ ¢ 35000

-0.227,

R > 25000

Smooth Bundle Parallel Flow Pressure Drop:

- calculated in the function subprogram FRIC.

- ENTRY FRIC1l: calculates the p/d-dependent coefficient
PDA(1l). This is done from START, once per program
run.

- ENTRY FRICll: calculates the friction factor as a
function of Reynolds number. This is done as
required from SOURCU, SOURCV, and SOURCW.

f. =

i
A%,

28.1 (p/)™*"% g "

m=0.62 [2a (p/d) 072

£ G2
2 c max
0.866p o]

£

Smooth Bundle Cross-Flow Pressure Drop:

calculated in the function subprogram FRIC.

— ENTRY FRIC2: calculates the p/d~dependent coefficient
PDA(2). This is done from START, once per program
run.

- ENTRY FRIC3: calculates the p/d-dependent exponent
PDA(3). This is done from START, once per program
rum.

- ENTRY FRIC12: calculates the friction factor as a
function of Reynolds number. This is done as required
from SQURCU, SOURCV, and SOURCW,

* The pressure gradient is related to the source term by S = ~AP/AJ.

w1 -



TABIE 7.2: Single Phase Pressure Drop Correlations (Cont'd)

CORRELATION " COMMENTS
64/Re; Re < 2000 Downcomer Annulus Pressure Drop:
£= -0.25 - calculated in the function subprogram FRIC.
0.316 Re 7 Re > 2000

- ENTRY FRIC13: calculates the friction factor as a
function of Reynolds number. This is done as

2 required from SOURCU, and SOURCW.
A_P=(_f_)c_
AR 2de Pe
2

Kt G Tube Support or Broach Plate Pressure Drop:
AP = -

pr -~ the loss factor is stored as AKBR in code.

- K¢ based on the contraction into the support plate

Kt = tube support loss factor based on and the expansion out of the plate. dt is based on

approach area the approach area before the contraction.

6er -




TABLE 7.2:

Single Phase Pressure Drop Correlations (Cont‘'d)

CORRELATION

COMMENTS

AP

%

[ B0 S

0

2

A2 flt G2
v 2erel T
A £

area
= approach area
= local area

= baffle thickness

= baffle loss factor based on approach

= diametral clearance

Glc -0.25
= 0.316 { — ,
0.31 ( m )

= local mass flux

local friction
factor

Baffle Pressure Drop

-~ Ky, is the shock loss factor based on a contraction
into the baffle and expansion out of the baffle. It
is based on the approach area.

-f1is the friction factor which varies with Reynolds

number.

The constant portion is stored in FLD (see

data sheets for discussion of FLD calculation).

- 92T ~



TABLE 7.2: Single Phase Pressure Drop Correlations (Count'd)

CORRELATION

COMMENT S

= downcomer window loss factor

Downcomer Window Loss Factor

~ K; is determined by the user and is stored as AKWINDH
for the hot side and AKWINDC for the cold side.

~ It includes the downcomer-to-window contraection
shock loss plus the 90° elbow (due to change in flow
direction) shock loss. K, is based on the window
area.

13T -



TABLE 7.3:

Separator Pressure Loss

CORRELATION

COMMENTS

il

u

n

2
clw

th

2
A

Ks/ s

separator loss factor

total separator throat area

total mass flow through separators

homogeneéus mixture density

C1 = CON1. CON1 is calculated by the user and read
in as input. The separator loss factor Kg and the
total separator area Ag should be available as design
specifications for the steam generator of intervest.

- g8¢1 -



TABIE 7.4:

Two-Phase Pressure Drop Correlations

CORRELATION

COMMENTS

(o]
"
—
i
N
0
o |
\—/
L1
+
TN
| T
o
\—/\...
o
|
]
(=
N

-~ All two-phase pressure drop multipliers are calculated

in the subroutine TWOPH, and called from the SOURCU,
SOURCV and SOURCW subroutines.

Three types of pressure drop are calculated in the
program: area change (i.e., expansion and contraction
losses), cross flow, and parallel flow. The corres-
ponding two-phase multipliers are TWOA, TWOC and

TWOP .

The user can use the listed correlations as follows:

ITPPD = 1 - use Thom's correlation for all three
pressure drops

ITPPD = 2 - use Baroczy's correlation for all
three pressure drops

ITPYD 3 - use the homogeneous expression for
area change, Baroczy's for parallel

flow, and Ishihara's for cross flow

Note that each multiplier is multiplied by

DR (=RHOM/DEN). This is necessary because all
pressure droo calculations in SOURCU, SOURCV and
SOURCW are based on the mixture density RHOM instead
of the liquid density DEN.

- 621 —



TABLE 7.4: Two~Phase Pressure Drop Correlations (Cont'd)

CORRELATION

COMMENTS

Baroczy:

62 =1+ (e2-1) [Bx°'9 1-0°2° + xl's]

B=55//6 ; G>500
= 2.45 H G < 500
0.2
2. (1‘5) P
He Dg
Ishihara:

2 _ 1.8 8,1
¢° = (1-x) [1 +y+ xz]

- 0t1-



TABLE 7.5:

Void Fraction Relationships

CORRELATION

COMMENTS

e, = apg + (1-0) pg
N
&= B¥s@f)
X
8= o
x + =2 (1x)
Pe
homogeneous:
$ =1
Chisholm:
1
P 2
S =11+x —'D—-l)
g
Smith:
b
Pg
— 4+ 0.4

Py
L

=)

S$=0.4+0.6]°
1+ 0.4

[y

- The mixture density,
routine DENS.

- The user can choose

based on one of three different

void fraction relationships, is calculated in the sub-

one of the three relationships

by setting IVF as follows:
IVF = 1 - homogeneous expression
IVF = 2 - Chisholm correlation
IVF = 3 - Smith correlation

- TET T



TABLE 7.6: Heat Transfer Correlations

CORRELATION

COMMENTS

parallel flow:

(0.023) (C) Re°'8 p 0-4

l

C = 0.58 + 0.4 (p/d)

cross flow:

hd _ .36 8 06 p 003
[ r

Single Phase Secondary Side:

- calculated in the function subprogram HTF.

- ENTRY HTF1l: calculates the parallel flow p/d-depen-
dent coefficient, HTPL. This is dome from START, once
per program run.

- ENTRY HTF2: calculates the parallel flow Reynolds-
number~dependent portion of the Nusselt number, This
1s done from SOURCH as required.

- ENTRY HTF3: calculates the cross-flow Reynolds-
number~dependent portion of the Nusselt number. This
is done from SOURCH, as required.

Chen Correlation:

htp = hl + hnb

Saturated Boiling Heat Transfer, Secondaxry Side:

~ calculated in the subroutine SOURCH. The saturation
pressure and temperature-dependent terms are calcula-
ted in the function PROP, These terms are valid for
light water in the range of 4 MPa to 6 MPa saturation
pressure,

- 2T -



Heat Transfer Correlations (Cont'd)

TABLE 7.6:
CORRELATION COMMENT S
Chen Correlation Cont'd: ~ ENTRY PROP1: AKBO and XTTK are calculated:
’
0.8
kf (l—x)(.‘;de 0.4 k 0.79 A 0.45 0 0.49
(T) (0.023)[——-——-— Pr ° Fc; parallel £ )¢ £
e L3 flow AKBO = 0.00122
hﬂ, =4 O().SMf().29Hf 0.240 0.24
0.6 g g
ke (-3 G g 0.36
—=K0.36) }————————| Pr F ; cross-floy 1
\ d ue c o L . 0.1
- (32)(5)
( 0.73 -~ ENTRY PROP9: calculates (dP/dT) so that AP_,. can
0.35 + 2.43 (Xl ) + 0-1% _;—-1—20.1 be calculated. (dP/dT) is thiArcI;erivative o?’A'ihe
te 0| % ec ed. SAT
ch saturation pressure versus saturation temperature
Fc = 4 relationship.

- < 0.1

- €ET -



TABLE 7.6: Heat Transfer Correlations (Cont'd)

COMMENTS

CORRELATION

h

nb

f

X 0.79 c 0.45 0 0.49

B

= 0.00122
00.5uf0.29H

0.24 AP 0.75

B = ATg,r SAT

(105
10; ‘Ro) < 2000
N )

4

=4{1.. -an [10“‘

.

s 2000
L’ (Re)z :

0.24p 0.24
fg g

S
c

-1
1.17
Fcl.zs(R) ] )
g
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TABLE 7.6:

Heat Transfer Correlations (Cont'd)

CORRELATION

COMMENTS

0.8 0.33

hd Gdi Cgu
P 0.023 {—— X X
£ Ue £

A= [1 + x(vfg/vf)]Li

Primary (tube-side) Heat Transfer Correlation:

- The parameter A is a two-phase heat transfer coef-
ficient multiplier. It is activated when the primary
flow is two—phase.

- The temperature-dependent parameters k¢, Mg and (Cp)

are calculated in the function subprogram
PROP (ENTRY PROP3) as:

33

RCONVA kf0.67 uf—O.lﬂ (cp)fo.

F (primary enthalpy)

RCONVA is based on heavy water properties over the
temperature range of 245°C to 315°C. 1t is valid in
the pressure range of 7 MPa to 11 MPa to an accuracy
of 0.5%.

 Note that h is the primary-side heat transfer coeffic-
lent referred to the tube outside surface.

~ G¢T ~



TABLE 7.6:

Heat Transfer Correlations {Cont'd)

CORRELATION COMMENTS
2kw
hW = m Wall Heat Transfer Coefficient:
- The wall resistance referred to the tube outside
diameter, RWALL = ﬁL-is calculated in START. CWALL =
W
kw, the thermal conductivity of the tube wall material
is specified by the user in READIN,
RFOUL = 1 Fouling Resistance:
h
foul

- RFOUL is specified by the us-r in READIN.

- 9¢T -
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GEOMETRICAL RESTRICTIONS AND POSSIBLE VARIATIONS

The baslc steam generator geometry as illustrated in Figure 1.1

has obvious geometric restrictions. Foremost is the restriction

to cylindrical coordinate geometry. However, a number of minor
geometrical changes can be made quite readily, enabling the code

to accept a wider variety of designs.

Tube Bundles

The tube bundle is U-shaped with a spherical U~bend. Porosities
and control volume centroids for the U-bend region are
calculated in the subroutine VOLL. TIf the design of interest
has a non-spherical U-bend geometry (i.e., square - elliptic)
major modifications of NEW as well as some changes in SOURCU to
SOURCH wi1ll be necessary. The user is advised to consult the

authors before such modifications are undertaken.

The user can specify any tube bundle outer diameter and
tube-free lane width. There are no provisions in the code to

handle cylindrical tube~free areas in the centre region,

however.

Porosities and single-phase fluid flow correlations are based on
an equilateral triangle pitch arrangement. The user should
modify the correlations in FRIC and HTF 1If other arrangements
are of interest. If the arrangement is square, ATR in the

subroutine START must be redefined as ATR = 0.5 * PITCH ** 2.

Preheater

The preheater geometry 1s defined by specifying the following:
thermal-plate elevation, top of preheater, elevatlon, feedwater
inlet opening and baffle plate cuts. The feedwater inlet
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opening can extend over the full 90° circumferential arc on the
cold side*. Baffle cuts must be parallel to the divider plate.
Code modifications are required if other types of cuts (i.e.,
normal to divider plate) or other baffles (1.e., triple

segmental) are considered.

Tube Supports

The user can specify any number of horizontal tube supports up
to the start of the U-bend. The code can handle a vertical

U~bend tube support if it is located midway between the hot and

cold sides.

Downcomer Windows

The downcomer window heights on the hot and cold sides can be
specified independently. Once specified, each window extends

over the full 90° circumferential arcs on the hot and cold

sides.

Separators

The three~-dimens®*onal modelled region can be extended to just

below the separator deck. The separators are treated as a

one-dimensional resistance.

* Remembering that only % of the steam generator is modelled.
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ADAPTATION OF THIRST TO A NEW DESIGN

As discussed in earlier chapters, THIRST has been generalized to
accept minor geometric changes and most sizing changes. As the
user becomes more familiar with the code, alterations to handle
radically different designs will become easier to make.
Initially, the user is advised to return to the authors for
advice on preparation of modification decks to handle radically

new designs. An example of such modification is now considered.

In order to eliminate problems that can arise with a pre-
heater, several steam generator designs introduce the feedwater
through a distribution ring located at the top of the downcomer
annulus, below the liquid free surface. The colder relatively
dense feedwater mixes with the saturation liquid coming from the
separators and flows down the annulus to the shroud windows.

The average density in the downcomer 1Is increased thus the
recirculation ratio increases. The log-mean temperature
difference (LMTD) cof the units 1is reduced, however, and thus we

would expect a drop in overall heat transfer without the

preheater.

This section considers a design which does not contain a

preheater but iIntroduces the feedwater at the top of the

downcomer. All dimensions remain the same as the original

values. All operating conditions remain the same. This unit
may not be well designed since the basic layout normally would

be altered when feedwater is introduced at the top. However, it

will serve to illustrate the extent of code modifications.

Altering the code to handle new geometries requires both data
and code logic changes. To simplify the logic changes we will
locate the last I-plane just below the feedwater distribution
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ring. The downcomer flow rate i1s thus increased by the amount
of the feedwater flow. The downcomer enthalpy is also reduced
because the feedwater 1s subcooled. Both of these parameters

serve as boundary conditions to the model.

To illustrate the changes required, we must look at how the
downcomer flow 1s deterrined. In the code, a subroutine called
RECIR estimates the recirculatlion ratio which will balance the
driving head agalnst the flow-dependent pressure losses.

Recirculation ratio is defined as

RECIR = FLOW OF SATURATED LIQUID OUT OF THE SEPARATORS
- INLET FLOW

where the inlet flow is the sum of feedwater and reheater drain

flows.

If we add the feedwater flow to this liquid separator flow, we

have the flow in the downcomer annulus

DOWNCOMER FLOW = RECIR * (INLET FLOW) + FEEDWATER FLOW

In terms of code variables, we have

FLOWH = RECIR * (FLOWC + FLOWRH) + FLOWC

The code then determines the veloclity at the boundary by

dividing the new downcomer volumetric flow rate by the annulus

area.

The downcomer enthalpy 1s calculated by summing the individual
flows coming into the downcomer multiplied by their enthalpy
values, and divided by the total downcomer flow
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FLOW FROM SEP * SAT. ENTH. + PREHEATER FLOW
* PREH. ENTH. + FEEDWATER FLOW * FEEDWATER ENTH.
ENTH. OF D.C. = TOTAL DOWNCOMER FLOW

In THIRST the liquid saturation enthalpy 1s set to zero and all
other enthalpy values are relative to this zero level. Thus,

the above expression reduces to the following form in terms of

code varilables

FLOWRH * SUBRH + FLOWC * ENC
SUBH = FLOWH

The enthalpy value at the I-plane 1s set to this value, and thus
the boundary conditions handle the introduction of feedwater

into the downcomer.

The code changes required to Incorporate these changes are
In START - initializing subroutine

*D START.112
FLOWH = RECIR * (FLOWC + FLOWRH) + FLOWC
(this statement initializes the downcomer flow rate to

include the feedwater flow)

*D START.1l1l4
FLOTOT = FLOWH
(this statement tells the program that the total flow is

equal to the downcomer flow as all the inlet flows occur

at the top of the downcomer)

*D START.159, also *D START.260
SUBH = -(FLOWRH * SUBRH + FLOWC * ENC)/FLOWH

(this statement initializes the downcomer enthalpy value)



In RECIR - calculating the recirculation ratio

*D RECIRC.65, RECIRC.66
FLOWH = RECIR * (FLOWC + FLOWR1l) + FLOWC

FLOTOT = FLOWH

*D RECIRC.67
SUBH = -(FLOWRH * SUBRH + FLOW * ENC)/FLOWH

We now have introduced the feedwater in the top of the

downcomer. Our next task is to eliminate ihe preheater and the
feedwater inlet. For the most part, we will leave the data the
same if it Is not related to the preheater. The following chart

contains the essential changes to remove the preheater.

Data

No. Name Reason for Change New Values

8 ICOLD Set plate loss locations 7*1,6,3*%1,
to the same as in IHOT. 5%¥(1,2),2*1,

7%2,6%1

12 IFEEDE Remove preheater bubble by 1
reducing its height to I=1.

13 IFEEDU Set upper limit of feedwater 2
window to the I=2,

14 IFEEDL Make the lower limit feedwater 10
window greater than the upper
limit so that no control
volumes lie between the two.

15 IPRHT Set the top of preheater to 1

I=1 for the plotting routine.

Other data values that deal with the preheater could be altered;
however, the changes made above ensure that these data values are

never used. An example 1is AKBC, the baffle resistance, which is

not used because ICOLD never equals 3 or 4.
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These changes were inserted as {llustrated in Figures 7.1 and

7.2. Results are summarized in Figures 7.3 and 7.4. Two major

prediction changes are evident:

(1) The recirculation climbed from 5.4 to 7.06.
(2) The heat transfer dropped from 662 to 577.

The quality profiles undercut the larger subcooled region on the

cold side. Mass flux plots indicate a uniform flow distribution

across the bundle.

In concluding this chapter, it should be pointed out again that

these changes were to illustrate the flexibility of the code and

not to compare two deslign types. Each design could be altered

to maximize its performance. Although the number of changes

required to handle this new configuration were small, it

required a good overall understanding of the code to identify
them. We therefore stress that when faced with radically

different designs, the user is advised to consult with the

authors.
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APPENDIX A

LOGIC STRUCTURE OF THE THIRST CODE

This appendix discusses the loglic structure of the code, including the

outer and inner iteration sequences, the pressure correction, and the

function of the subroutines.

The Outer Iteration Sequence

The executive subroutine orchestrates the outer iteration
sequence, computing in turn each velocity component from the
assoclated momentum equation to obtain velocity and pressure
corrections as described in Section 3, computing the enthalpy
from the energy equation and finally obtaining new densities

from the equation of state.

The Inner Iteration Sequence used in CALCU, CALCY, CALCW and

CALCH

Because it 1s possible to set up all the conservation equations
in general transport form, the solution of each equation follows

the same general sequence. The problem is to solve the matrix

equation 3.6.

Ap¢p + EAi¢i = SU

i =n,s,e,w,h,?2
An = +Crl N AS = —CS etc.
Ap = ZAi + S
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This is accomplished by setting up the alternating direction

tridiagonal solution in a plane as described in Section 3.4.

The general sequence used in CALCU and CALCV is given 1in Table

A-2. However, as W is a 6 velocity, the K-planes must be

incorporated more implicitly 1In CALCW. The sequence in CALCW is

identical to Table A-2, except that it is done by I-planes and
uses routines SOLVE3 and SOLVE4,which set up the tridiagonal

systems in KJ and I, respectively.

The energy equation solution CALCH also uses the same sequence

as Table A-2.
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TABLE A-1

THIRST LOGIC STRUCTURE EXECUT1VE ROUTINE ITERATION

Routine Called

READIN

RECIRC

‘ CALCW

EXITT

( CALCP )
( CALCH

J

Al
y

DENS

MASSFLO

Purpose
Read all data.
Initialize all array pointers,

Compute all geometry and initial
correlations

Compute recirculation.

Compute U vector from axial
momentum equation

Compute V vector from radial
momentum equation

Compute W vector from azimuthal
equation

Force exit axial velocities to be
positive

Compute pressure and velocity
corrections from continaity equation

Compute enthalpy distribution from
energy equation

Compute densities from equation of
state

Compute axial mass flows
Impose exit plane boundary values

Output summary

SEQUENCE

Equations

Repeat unless time or no. of iterations

is about to expire

Final output

Write tape for Restart
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TABLE A-2

GENERAL SOLUTION OF TRANSPORT EQUATIONS

{ Routine ) or Purpose

Compute K = 1 boundary flux.

Start next K plane.

SOURCE Call appropriate SOURCE routine to
evaluate resistances and assemble SU

and S, terms.

P
FLUX Compute all flux terms to complete
definition of Equation 3.6.
{ SOLVE 1 Incorporate under-relaxation. Set up
the system Ap = B using tridiagonal in

x and solve using forward and backward
sweeps through r.

LAST K PLANE Repeat tridiagonal in r and sweep in
x, Assemble coefficients in the K plane
preparatory for a K block solution.

( SOLVE 2 ) Set up the system A¢ = B using tri-
diagonal in 6. Perform one solution
using coefficients assembled above
thus correcting the above results for

K variation.
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The Pressure and Velocity Correction Routine CALCP

The pressure and velocity correction obtains pressure
corrections by embedding the velocity corrections in the

continuity equation as described in Chapter 2. The sequence is

shown 1in Table A-3.

First, the continuity equation is solved for the embedded
pressure corrections as in Section 2.4. Then, each velocity is
corrected following equation 2.21, and finally, the new values
of pressure are computed. As mentioned in Section 3, unlike the
other variables, pressure is under-relaxed if necessary after

the lirear equation solution rather than before.

The solution of the embedded continuity equation in routine
CALCPK is performed exactly iIin the sequence of Table A-~2, except

of course, there are no source terms to evaluate in the

continuity equation.

In standard applications of the Spalding and Patankar technique,
this pressure correction would be performed several times, and

then the sequence would pass on to the energy equation as shown

in Table A-1.

However, CRNL experience has shown that convergence can be
promoted more rapidly if further pressure correction is done
using an alternative iteration sequence. In this sequence, a
further standard pressure correction 1s performed in CALCPI.
This imposes continuity over the I-planes following the modified

sequence used in CALCW.
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TABLE A-3

THE PRESSURE AND VELOCITY CORRECTION SEQUENCE

Routine or

< CALCPK >

CORRECT

b,
CALCPI

ALTERNATE

STEPS
( RING 1 )

CORRECT

RING 2

WEDGE 1 )

CORRECT

< WEDGE 2 )

Purpose

Solve continuity equation for pressure
corrections by K planes.

Apply velocity corrections and compute
new pressures.

Solve continuity equation for pressure
corrections by I planes.

Apply velocity corrections and compute
new pressures.

Solve continulty equation for pressure
corrections by rings.

Apply velocity corrections and compute
new pressures.

Adjust W velocities tor continuity in
neighbouring rings.

Solve continuity equation for pressure
correction by wedges.

Apply velocity corrections and compute
new pressures,

Adjust V velocities for continuity in
neighbouring wedges.
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Finally, continuity 1is imposed, on alternate iteration steps,
over 'wedges' and 'rings'. In the latter two cases, the
resulting equations are not solved by alternating direction
tridiagonal iteration, but by direct solution of the banded
linear equation set. This 1s done fully by Gaussian elimination

using the decomposition and back substitution routines MATSET

and SOLN.

Auxiliary Routines

The routines that form the inner and outer {teratlon sequences
call a number of auxiliary routines, which have not yet been

described. They are listed here:

Routine Function
RSTART Read Restart tape
SOMOD Find maximuu .ource term
FRIC Multiple entry routine for all

single-phase friction factors

HTF Multiple entry routine for all
single-phase heat transfer

PRPRTY Multiple entry routine for all
fluid thermodynamic properties

TWOPH Multiple entry routine for all
two-phase nressure drop correlations

VOLL Compute control volume parameters
in tube filled regions

BCUT Compute fraction of control volume
in the tube free lane, or occupied
by a baffle
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