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ABSTRACT

In this work a mathematical model and a Computer program developed
to perform thermahydraulic analysis of a>p1ate type fueled, water cooled

nuclear core is presented.

A finite element numerical solution was obtained fof the fwo
dimensional heat gonduction modei developed. For the transient case, the
-finite difference method was chosen to approximate the time derivative. In
the early stages of this work a lot of time and effort were necessary for
the préparation and entering 6f the needed data for calculations. This

‘difficulty was overcome .later after using a grid generating subroutine.

Ain the determination of coolant temperature and pressure change
mass, energy and momentum balance equations were evaluated for a ébntrol
volume,

The computer ‘program NEKA developed, throughout this work is used
for the sﬁeady state calculations. Ifldesired, subcooled boiling and .
~transient calcuiatiohs can also be performed using NEKA. In all cases thé
program may be used either interactively or using data file.

Two sample reactor cores were analyzed‘fOr various operating
conditions such as the steady étate analysis.for a given power level,
transient analysis with the change of power,toolant inflow temperature,

inflowing mass flowrate as a function of time.

In the 1MW power generating core, the Reactor I in Cekmece Niikleer
Aréstlrma ve Egitim Merkezi , showed to have a maximum fuel temperature
of 76.7°C under normal operating conditions £for 37°C coolant input temperature

This temperature reached to 66.8°C if coolant enters at 23%:. In the

transient analysis, for a éiven step change 90 per cent of the total change

was observed to complete within 5.2 seconds.



In the ca-se"of'.Remtor II Awhich produces 5MW, the maximum fuel temperature
reééhed to 69.2°C under normal operating conditions for130?3 coolant input
temperature. If the coolant flowrate is dec;eased to 0.065 kg/s from
0.31 kg/s or power'level‘is increésed to 17.5 MW subcooled boiling

occurance was predicted.

For both reactors, the operating conditions were found to be safe.
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0 ZET

Bu caligmada, plaka yakit eﬂsmnﬂi',~su sogutmali niikkleer reaktor

kalbi ig¢in termo-hidrolik hesaplamalar yapmak iizere gelistlrllen matema—

tiksel model ve bir bilgisayar program sunulmu$tur.
oxees el

Gelisfirilen modelde 1s1 iletiminin iki yonde oldugu kabul edilmig
ve saylsél ¢Oziim i¢in sonlu elemanlar metodu kullanllmlstlr..Karar51z
durum hesaplamalarinda zaman tiirevi i¢in sonlu farklar yaklasimi metodu
kullaﬁxlmlstlr. Bu ¢aligmanin baglarinda hesaplamalar i¢in gerekli olan
'vefilerin hazirlanmasi ve programa girilmesinde gok fazla zamana ve
gallgmaya gerek duyulmugtur. Daha sonra bir eleman olusturan alt program

kullanimiyla bu giiglik bertaraf edilmistir.

Sogutucu sicaklik ve basing degigimini hesap etmek'maksadlyla bir
kontrol hacmi i¢in kiitle, enerji ve‘héreket miktari denklemleri uygulan-
:m1$t1r. |

Bilgisayar programi NEKA goriigmeli veya bir veri kiitiigiinden veri:
girdisi ile kararli durum ve istegie bagll olarak asiri sogutulmug kéynama

ve kararsiz durum hesaplamalarini yapmak lizere gelistirilmistir.

-Veriien bir gii¢ seviyesi ig¢in kararli durum, sofutucu giris sicak-
1131, giris debisi veya giiciin zamana bagli degigiklikleri i¢in kararsiz
durum gibi ¢egitli g¢aligma sartlari altlnda»iki ornek kaldb bu c¢alisma-
da incelenmigtir.

Normal ¢alisma sartlari ve 37 °c ~sogutma suyu girig sicakligi igin
Cekmece Niikleer Arastlrma ve Brltim Kbﬂ«ﬂdn%kki 1MW gii¢ iireten- reaktériin
yakait plakasinin maksimum 51cak11g1 76,8°C olarak hesaplanmigtir. Sogutma
Vsuyu giris sicakliga 23°¢ oldugunda ygpllan hesaplamalér bu 81¢ak11g1n

66,8°C indigini gostermigtir. Verilen bir adim degigimi i¢in, kararsaiz
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~ durum hesaplamalérinda,toplam degigimin yﬁzdeQOGﬁn 5.2 saniyede tamam-
'1and1g1. gézlenmi@tir, 306C sogutma suyu girisg 31cak11§1'ye normal ca-
ligma $artlarinda SMW gii¢ ilireten reaktérde ise maksimum yakit sicakliga-
nin 69;2°(loldugu bulunmustur. Eger sogutma suyu debisi 0.31 kg/s ' den
0.065 kg/s'ye indirilir veya gii¢ seviyesi 17,5 MW'a g¢ikarilirsa asiri

sogutulmug kaynamanin bagliyacagi gézlenmistir.

Her iki reaktor igin ¢alasma sgartlarinin tehlikesiz oldugu saptan-

migtar.

. e
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I- INTRODUCTION

...In this work, thermal-hyraulic behaviour of water cooled plate
type nugléar reactor cbre ié examined. The finite element method ‘fis
used as a numerical solution procedure for the mathématical models_
'developed, The introduction chapter consists of fouf parts. In the first
part, the importance of thermo-hyraulic analysis in nuclear reactor

design is explained. The second part gives -a short explanation of the

finite element method related to its application areas and, the method's-

advéntages and disadvantages. Computer codes which perform themmo-lyraulic
analysis are presented in the third part of the introduction. The 1last

part gives a short description of the contants of the thesis work.

A~ THERMO-HYDRAULICS OF NUCLEAR REACTORS

Nuclear power is one of fhe saurces of energy in either stétioﬁary
power plants for the generation of electricity or for the propulsion of:
mobile systems. The application of nuclear edergy is not confined only
to huclea: power systems. Radioactive isotopes, which are produced in
' ,ﬁuclear reactors, have been found to have a wide range of important

applications [17 .

In the design of nuclear reactors except for the zero power

reactors, the process of heat generation in the fuelrelement, heat

transfer and thermal transport parameters are the most important factors.

Thé‘thermal—tranSport path proceeds from a poiht of fission energy

deposition within a fuel through layers of fuel, cladding and then
through the cladding to the interface with a fluid coolent. The heat

tranéported into the body of the flowing coolagt causes a rise in the

temperature of the coolant. The coolant transports the absorbed energy



to the heat exchanger in which steam is generated, and thé steam is then
expanded in a turbine generator to produce electricity. Howeve; in- some

research reactors useful energy is not produced.

_In général'the temperéture in an operating-reactor varieé fromﬁ
point to point within the system. The power level of the reactor, design
of the coolant system, and.the nature of the fuel détermine the maximum
fuel temperature to which a fuel element can safely be raised. Above this
temperaturé there is a danger that the fuel may melt, which can lead to
the rupture of the cladding and the-réleése of the fission products. One of

the major bbjectives in the design of a reactor cooling system is to provide
"fdr ﬁhe removal of the heat produced at the desired power level, while
keeping the maximuh fuel temperature below a ﬁredetermined value. The
power of the reactor could be increased by removing control . rods and
placing a reactor on a positive period, Therefore its power could be
'increased indefinitely. Eventually a point would be reached at which
éoolant cén no langer remove all of the heat produced. After thiskpoint
the temperaturé of the fuel will rise to its melﬁing point, énd a portign
of it will start to melt doWn; To avoid this situation power is maintained
-at a desired 1evé1 by.the position of the contfol rods. Thus the amount
of power generation in a given reactor is limited by thermal rather than
by nﬁclear considerétions. The reactor _cofe must be operated at such a
"power level that with the best available coolant system, the temperature

of fuel andcladding anywhere in the core must not exceed safe 1imité.

In the thermal designof a fuel element the following points must
be taken into consideration (2] :

- The maximum temperature must not lead to the deterioration of the

f

materials

-~ Thermal stresses from the effécts “of thermal gradiehts and



adcumulated fission gases should not lead to the cladding creep and
embrittlement.

| ;‘Thermal heat flux must be below the so called critical heat flux
in which coolant boiling inétabilities éccur. |

- Thelchange in the core dimensions because of maximum temperature
canvélso cause the failure of the éoolant system‘blugging the coolant
channel.

Therefore;-from the view point of safety of a nuclea; power plant,
the thermal'hydraulic analysis is ﬁhe most important and complex part of
the reactor desién. |

| Thermo-hyraulic analysis is also the‘basic consideration in the case
of an accident, such as LOCA (loss of coolant aﬁcident) ; a major pipe
break leading to loss of coolant completely or partiaily from the core.
In this case if téoling is not provided in sufficient quantity in a short
.fime claddihg, fuel and core melt‘down may take place with the relaase of

considerable amounts of radioactive isotopes.

LUt

B- FINITE ELEMENT METHOD

During the past two decades, the finite element method has become
a widély used n@merical’procédure for the computer orientéd colutdon  of
‘éumplexl problems in engineering. The method is applied to the probiems
governed by Laplace or Poisson equations which are closely rélated to
the_minimization'of a functional. After a weighted residual procedure such
as Galerkin's _method havevbeen used for the'derivation of the elemenf
eéuaﬁions rélated to struétural mechanizm, heat transfgr, and fluid mechanics

application range of the finite élement method was enlarged [3]. Since the

Galerkin's method allows the finité element method to be applied to all

differential equation. This knowledge eliminated the need for a functional



formulation of the bhysical problem.

The success of the finite element method is largely based on the
basic finite element procedﬁres used :.the formulation of the problem in
variational or weighted residual form, the finite element discretizagion
vdf this'formulation, and the effective solution of the resulting finite
element gquations. These basic steps are the same for all types of problem
considered.'- ' _

The fundemental concept of the finite element method is that any
continuous quantiﬁy, such as témperature or pressure can bé approximated
by a discrete model composed of a set of piecewise continuous functions
defined over a finite number of subdo@ainé. The discrete model is constructed
aé follows. | ‘

1- A finite number of pointsrcalled nodal  points or nodes in the
domain are identified
2- The domain is divided into a finite number of sub-domains called

elements which are connected at common nodal points and collectively

..

' approkimate the éhape of the domain.
| 3~ The value of the condinuous quantity at each nodal poiﬁt is
denoted as a variable which is to be determined.. |
4—. The continuous quantity‘is approximated over each element by
apolhgmﬁal that is defined using the nodal values of the continous
quantity. |
The equafibns for the ihdiyidual elements are then assembled to
give éﬁpfoximate.equationsvfor the domain as a whole and the solﬁtion
éf thesg equatiqns'repreSents an approxiﬁate solution to the problem as
a whole. |
-The present—day applicationé of the-finite element method are very

exténsive. Several advantages properties of the finite element method have



contributed to its extensive use, Some of the main advantages of the

method are as follows {31.

1- The material properties in adjacent -elements do not have to be
the same. This means that”the ﬁethod can be applied to 5odies compased
of several materials

| 12— Irreqularly shaped boundaries »Can‘ be " approximated using
elements with straight sides or matched using elements withvcurved
boundaries . Tﬁe method, therefore, is not limited to regular shapes with
easily defined boundaries. |

3~ The size of the‘elements can Be varied. This property allows
the element qfid to be ‘expanded or refined as the need eiists.

4—:Boundary conditions such as discontinous surface loading present
no difficulties for the method.

The primary disadvantage of the finite element method is the need

.for computer programs and computer facilities. The digital computer is a

¥
.

necessity, and computers with large memories are needed to solve large

complicated problems.
C- THERMO-HYRAULIC COMPUTER CODES

Fer a long time, a great deal of effort has been devoted to the
development}of techniques that would allow the analysis and prediction of
the thermal and hydraulic behavior of reactor fuel assemblies.

Tﬁe code TERHID [4] performs the thermal hydraulic analysis for-
steady state and unsteady state conditions of eater—cooled reactors. The
: ‘fuel heat transfer model.inciuded-in TERHID considers plate type fuel
elements and allows the-calculatiqn.of the fuel and cladding temperature
fof a'specified power level. The fuel and cladding temperatures are ”

caieulatedrby using a lumped parameter technique ahd assuming one




dimensional .heat transfer model.

The code COBRA-3 C/KF KI [5]cal;u1ate§ the steady state and
~unsteady state flow and enthaléy transpértxin rod—bgndlé.in both boiling
and non-boiling conditions. A semi-explicit finite difference scheme is
used to perform a boundary-value solutioh where the bound;ry conditions are

the inlet enthalpy, inlet- flowrate~ and exit pressure.

RQDCON aﬁd‘ HOTTEL .[6] are two computational codes used to
calculate thermal and radiation heat transfer for the Core . Flow Test
Loop (CFTL) analysis efforts. RODCON wasldéveioped to calculate the
intefnal temperature distribution of the fuel rod simulator (FRS) for the
CFTL in two-dimension. The governing elliptic, partial'differential heat
equation is cast into é'fully implicit, finite—diffefence form by
appfoxim&ting the derivatives with a forward differencing scheme with
variable mesh spacing. HOTTEL is uged in calculating radiation heat
transfer in a rod bundle. HOTTEL uses geometric view factors, surface
emissivities, and surface areas to culculate the gray-body or composit?
view factors in an enclosure having mﬁltiple refléctions in a nonparticip;ting
medium, _

The code RAT-3 D{7] wusing a twﬁtﬂep itération procedure performs
the calculation of two and three-dimensional transient heat ﬁransfer. The
set of‘heat—conduction equations are solved by the alternating—difection
" method. The two dimensional steady-state program, RAT-2IS is simple to
use thanjthe transient program, in that no time history is required. Rudiation |
- between solid regibns and to the outside environment is allowed for in
all ﬁhe programs.

THAC-SIP—Bi)[S]' is a transient heap analysis code designed to use
b_tﬁe Stfohgly 'IﬁpliCit Proéedqre to célculaﬁe.temﬁmaUHe . distributions

: forkproblems that can be modeled in the three dimensional cartesian




coordinate system. The cede uses a finite difference scheme to generate
the system of equations solved by theStnxgﬂy ImplicitfProcedure to
obtain the transient remperature distribution..

The code BIOT 2 {9] is a three dimensional steady-state and transient
‘heat conduction code for a given geomerry. The code calculates temperarure
distribution in fuel elements.

The_code FEM [10] is used for the solution of two-dimensional
traneient heat conduction equation. The. time derivation is approximated
by use oﬁ}Saul‘ev ADE method which is motified for FEM. The.realization
| of the method is based on a modified version of the program DIFGEN which
solves the neutron diffusion equation.

The computer program HT2D ([11] performs finitevelement, two
dimensional, cenduction heat transfer analysis in either Cartesian or
cylindrical eobrdinates. In time domain a backward difference implicit
infegration scheme is used'the user needs to supﬁly only initial temperatures

to restart the program.

*u

The UNCLE {121 finite element system provides routines to carry

out the operations which are common to all finite element programs.

In the code TEMPEL {13) finite element method in two dimensions,
‘using linear' triangular finite elements is used. Variational principle

is used to produce the set of finite element equations'for heat conduction.

 HETRAP [13] is a heat trensfer analysis program developed for
use in theEWaluatidn of LOCA experiments. The code can be used to
celcuiate the steady;state and transient temperature field in fuel rods and
electrically heated rods. The code uses finite element method to calculate
_ the transient temperature field within the rods.
The other computer codes published between the years 1980- 1985 are

all given in table (1-1)




TABLE 1-1 List of Computer Codes

i’rogrém—nahle (s). Description

 GHT, 3-D steady-state and transient heat conduction :
BEATING-5 , steady-state or transient. heat conduction,3-D Y-—Y-Z 1-D Sph geom.'
ﬂRTHAT, tran51ent heat conduction in 2-D X-Y,R-Z and R-Theta geom. .

ORTHIS, steady-state heat conduction in 2-D X-Y,R-Z and R-Theta geom.

TAFE , 2-D
TAFEST,, 2-D transient heat conduction

steady-state heat conduction for struc w1th gas gaps

TEMP, steady-state and transient heat conduction in pl.or cyl. geom.

ARGUS , transient temp. distr. cyl. geom, space dep. or time—dép heatgen.’

SIRZ - 2 -F4, steady-state temp. distr. in inhomog. cyl. with heat srce and radn srce

6~ KILER ‘core heat transf, ZR-steam reactn, decay heat during bwr loca

. &IROS—ZA » space . indep reactor kinetics and space-dep heat transf, mss transf.

.&”XFLU,, heat transf fuel elem cluster to coolant, slug flow or laminar. flow
AXTHRM, heat transf fuel elem cluster to coolant, sl'ﬁg flow or laminar flow

- BEACON/MCD3, 1-D and 2-D 2 phase flow and heat transf in coﬂtainment, Lwr loca
BEOOST—-6 . space—indep reactor kinetics and 2-D heat transf in R-Z geom.
CEDRAZAL, steady-—state heat transfer in htr with multifuel reg.

€LUS, heat transf and fuel power in liquid cooled 7 rod fuel elem cluster

EKERGY, mebr, ‘ wire wrapped fuel assembly heat transf and coolant temp distr

¥ Abs-Id : Abstract name and identification number

e

" Abs-Id ¥
NEA 0073
NESC 0517
NESC 0525

NESC 0525

NEA 0532
NEA 0531
NEA 0570

- NESC 0152

NEA 0056
NESC 0636

NESC 0326
NESC 0182

NESC 0183
NESC 0767

' NESC 0303

'NEA 0553
NEA 0255
NESC 0696




TABLE 1-1 List of Coﬁpufek Codes (céﬁtinued)

Program-name (s). Description » ' | . Abs-Id
EXCURS, heat transf transients in cyl reactor channel loca NEA 0424
EXCURS,3, reactor kinetics and heat trénsf in cyl.channél¢huing accident NEA 0228
HEATMESH, geom data gen for heat tfansf,célc in axisym sys. ' NESC 0434

LOCK; steady-state and transient heat transf, temp in FBR with blocked channelsNESC 0732
MANTA,VhEat transf fuel elem cluster to single-phase steady-state fluid flow - NESC 0256
REFLUX, time-dep heat transf and therm anal of fuel elem during loca refiood . NESC 0763
REFLUX—GRS, time~dep heat transf aﬁd press of fuel elem during loca refiood NESC 0763

'REPP, heat transf and temv ansl of triapgl oOF squ fuel elem lattice in ifr NESC 0483
SAS-1A, Lmfbr transient anal’ with heat transf, fuel deformation and feedback NESC 0400
SCALE—l, modular sys for critlty, shielding, heat transf calc : CCC-0424
SCALE-2, modular sys for critlty, shielding, heat transf calc CCC-0450

- SCALE-3, modular.sys for.critlty, shielding, heat transf calc CCC-0466

SIEX, steady-state heat transf, swelling,mixed oxide fuel pin in fast N flux NESC 0673
SPARK, time-dep 1-D 2-D , 3-D diffn with heat transf and feedback - NEA 0468

~ TAC-2D, steady-state and transient heat transf in X-Y,R-Z or R-theta geom NESC 0408




TABLE 1-1 List of Computer Codes (continued)
érogram—name (é). Description
TAC—BD; 3- D steady-state and.transient heat transf in X-Y-Z and R-theta-Z geom
TACO—BD, 3—I?1in or noﬁlin, éteadyvstate or transient heat transf
THETA—lB; fuel rod temp disﬁ£ by 2—I)diffn, heat transf to coolant, TIWR loca
TRANS?FUGUEel; single channel 2 phase floQ heat transf after boiling
VARR2 VARRLXSG, 2-D transient fluid flow and heat transf in X-Y énd.cyl geom

VELVET-2, heat transf for triangl spaced fuel elem clusters in Lmfbr

Abs-Id

NESC 0414

NESC 9838
NESC 0512
NESC 0268
NESC 0755
NESC 0458

.0l
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Technical assessment of accident conditions in nuclear reactors,

and many problems in other fields, require the solution Qf the transient

temperaturé distribution in solid regions usually cooled by'a flowing

fluid.

The purpose of the present work is to establish a realistic

appfoach to the thermo-hydraulic behaviour of a nuclear reactor under

normal operating conditions and similar structures where thermal and

hydraulic problems are of interest. The computer code NEKA reéulting from
this work performs the calcﬁlation of steady state and transient temperature
distribuﬁipnvin.anteskm; coérdinaté'in two-dimensions.In this situation
the.flowing fluid temperatures are dependent on heat transfer between
fluid and solid, and so these temperatures caﬁnot be supplied as preset
boundary conditions. The finite element procedure is used gor the solution
of héat—conduction equaﬁions, and finite—differen;ezﬂﬁhimh is applied to.
heat balaﬁce-equations for coolant fluid so that a new set of boundary
;onditions are achieved for the next iterétion; Tbe program contains a
grid .generator which is used to construct triangular  elements and to ‘
number nodal points. Furhermore, using this program it is possible to
calcule the pressure change in coblant channel and to peffprm'subcooled
boiling calculation.

Following'chapterS»give more détailed eqﬂamﬂiony,bf the code.

‘In chapter 2, a description of physical system is given. Heat transfer

and heat transport models are developed and application of finile element
method to these equations is presented. The resultant equatiohs of the

second‘chapter are transformed into a computer program in the third chapter.
In the fourth chapter, steady-state and unsteady-state numerical application

of the program is given. In the fifth chapter, conlusions of the work are

presented.
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II. MATHEMATICAL MODELLING

This chapter mainly consists of three parts :
descfiption of the physical system, finite element formulation of heat
conduction model together with the boundary conditions and, heat; mass

and momentum transfer models,

‘A~ DESCRIPTION OF PHYSICAL SYSTEM

The nuclear reactor core generally is rod or plate typed. In this
work, a plete type fueled nuclear reactor core is analysed. The eore
consists of many fuel elements as shown in figure (2;1). The fuel element
also includes the fuel which is a 20 per cent uranium-aluminium mixture,
and aluminium' cladding around the fue1.>The coolant fluid is passed
through the channels between feel'elements in downward direction. The energy
produced in fuel element is removed by two fundamentally different heat
transfer process, conduction and convection. Heet produced is first
transferred to the surface of the element. The heat conducted to the ;'
suffaée of the fuel element is carried into the coolant and out of the-.
system by convection. As the eoolant moves along the fuel, because of
absorbed heat its temperature contiumually increases. However, the temperature
does.not increasevat a constant rate since the heat released nonuniformly

from the fuel.

B- FINITE ELEMENT FORMULATION OF HEAT CONDUCTION IN NUCLEAR

 FUEL PLATE

The governing differential equation for heat conduction in

solids is
Kx;a.T N Ky o°T + K, a Ll + Qepc— (2.1)
| éxz , ayz : 5 22 » st
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FIGURE . 2-1 Reactor Core and Fuel Plates
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~where T is the temperature
Kx’Ky,and K, are the conductivities in the x,y, and z direction

Q is the heat generated within the body

¢ and c are the density and heét capacity of the solid. -

Equation.(2.1) can be applied to a two-dimensional problem simply
by deleting the term associated with the coordinate in the direction of
which there is no heat conduction. The governing equation for the two-

dimensional (figure 2-2) case is

, . |
2T+ K, 2T, q-pc-2al -0 L (2.2)

X
3 x2 3y2 : ot

The most pbpular of the finite element formula;ions is the Galerkin
method. The Galerkin method is é means.of_obtaining.an aﬁproximate solution
to'a'differentiai équation; It does this by requiring that the error
between the approXimate'sqlution and frue solution be orthogonal to the
functions used in fhé apbrbximation. If the solution bf‘a differential .
equétion of the form Li-f= O (where L is a differential operator), is
assumed ﬁo be 1 ithen the solution is L @ - f =¢ where € is a residual
or error_because the solution is only approximate. One way of making € as
‘small as possible isfto require the integrél Jﬁ Wp € dR =0 for the
interpolation function Wp . This integral'states that the interpolation

function must be orthogOnalkto the error over the region R.

The application of the Galerkin method with the finite element
approach yields the equation [3] ,

Sk Vplip) @R = 0
where ¢ is an unknown parameter and‘apprOXimated by



| g Y
4 . 7/ 7
. 4 /7 i

o Y / |

] / % ’
X / ’/ // l

P4

Ll
I
|
|
|
|
cog
FUEL CLADDIJG :
|
|
|

LANT

FIGURE 2-2 Fuel and Cladding Design

X

15




‘16

and W is equal to the shape function N@ (fs: 1,5kyees) &

Application of the Galerkin methdd to (2-2) yields»
SRR 9
T T A
\i[N] (KxgT +Kya +Q—pca
2 22 3 y2 at

ydVv =0

or term by term

2 2
T
f N RS —av + J[_N] K -—a-%dv + L T qav
ox2 | ay |

T | |
-4 T peS—av -0 (2.3)

sécdnd'derivatives in this equation have to be transformed

into first derivatives noting that

T 9% . J[N]T_ Jd

au2 du u

This can be rearranged to yield

2 T
T 3 ¢ N 29
[N] 5 | (2.4)
Jdu” du ou ou Ju
and the first volume‘integral of (2-3) becomes
T
Jm" &, av = Sy av
v : 2 : 8
ax-
. * T . -.- '7 '
{Kx a[n] 9T __ av (2.5)
dx dx ‘ '

Abplication of Gauss's theorem to the first integral on the right side

gives

[ x

v X

T 9T 5 ay =ff [ NJT 2T 2, 45 (2.6)
ax 8 . ax

the same kind of equation can be obtained for
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IJK_@___NTE)T wed g T_ar g
A ralli ek S-Y_” el .en

Combining the results of equations (2.5) (2.6) 2.7). with equation

(2-3) yields.

f T OT T ,
K, [N] 9xas - ['x oIN~ 9T
s Tax { ¥ 9x . ox @

-

: T 5T T -
+Jx N oy as -J k2T 9T 4y . [ AT
s ¥ - JY vy Ay ay . v () QQV

ot (2.8)

T ) .
—J[N] o 2T gv=0
Assuming the width of the plate is unity, and that the surface integral
in equation (2-8) can be written as T/ dn along the boundary where n

is the outward normal to the surface, and also that in one element there

is no change of the conductivity in x and y directions, Equation (2-8)

becomes. )
T . T T '
_{Ak(J[N} = + oIl _oT ) dA + ff[N]T o _ap :,
dx . ox oy oy & an -

) |
—i [N]" QA + {fN]T pe 2= an =0 (2.9)

dt

1- MODEL FORMULATION FOR STEADY STATE

In‘the'qase of steady state the last integral in the equation

(2.9) drops and the eQuation becomes

. — | | |
| 27 _or D17 ot ) ah + JT—2-ag
A AR S IX QY oY £ an .

- JYN]T QdA =0 - | | | | ~ (2.10)
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a. Finite Element Formulation For Elements in the Fuel
Boundary conditions for these elements are

AT

=0 _ .at x=0
IX ' ‘
S =0 at  y=0 and y=Y - (2.11)

Thus flux term in equation (2-10) drops, and expressing the
displacement function T by
T =[N] {T} . S (2.12)

and noting that

T N]
9 = L T}
ax X
S . (2.13)
5T IN]
— = {}
oY 98
‘equation ~ (2.10) becomes |
§ oMt ond o™ ol s (1)
A IX o X QY 9 ‘
T
- { [NJ Qar=0 (2.14)
which can be rewritten as
{ k [B]TI'B] dA {T} — JfN]TQ dA =0 (2.15)
, A
This équation in matrix natation.becomes ,
[k?]{'r} ~{ffY=0 - ' _ o (2.16)

Here [k®Jis known as the element conduction matrix and { £°} is the

element force vector




19

b. Finite Element Formulation For Elements in the Cladding

Boundary conditions for’ these elements are

o T

= h(T-7p) at %=X (2.17)
o T

. =0 ‘ at y=0 and y=Y (2.18)
9y : : :

Since there is no heat generation in cladding heat generation
related term in equation (2.10) drops, and substitution of equation

(2.12) into equation (2.10) gives

T ] ' T
o2 aNL [N _oNLy gy my
.9y

A 3x . 93X Ay y
< T )
+JO[N] h( [N] {T} - 1) df =0 , C(2.19)
O~ . .

which is also written as

{k (8] [5] éA (1) + é h l[N]T[N] aL iT} _lfz h (N]" Tz d£ =0

(2.20)
and in matrix_notation_ equation (2.20) written as
(K] (1) - [£7] = 0 | | o 12.21) -
. 2—- MODEL FORMULATION‘FOR UNSTEADY STATE
Equation (2.9) is also applicable for unsteady state case

a. Finite Element Formulation For Elements in the Fuel

Since the boundary conditions are the same in both cases (steady-
state ‘and unsteady) , flux term in equation (2.9) .drops. Differentiation

of the displacement function T with respect to time yields
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o T ’
o W ~(2.22)

fsince [N] is a function of the coordinate system and not of the time.
" substitution of these into equation (2.9) yields'
: [ ]T '[ ] [ ]T l |
‘A 3x 9x 9y y A
- a{T)

* Joe W[

A ot

dA =0 (2.23)

which can also be written as

[ Blaato - [T qans o 007 an 2 2 g
A ' A A ot

(2.24)

and in matrix notation this equation becomes

[c] a{z} + [kﬂ{fr}'-{fe} =0 (2.25)

- Transient problem' gives a new matrix.[ c] , called the capacitance

- matrix.

- b. Finite:Element Formulétion For Elements in the Cladding

Equation (2.9) can be written by means of equation (2.19) and
(2.22) as .
{k“ﬂPﬂM{N&£h[M[N“w{N—£h[ﬂ T, dR

-

T}
-

el L (2.26)

NEIE.
*gpéLN][f*]dA

- In matrix notation this equation can be rewritten as
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»

Jt

o{T} A ' 4
[®] 221 4 k®]MT) - (£°) =0 (2.27)
43— FINITE DIFFERENCE SOLUTION OF THE EQUATIONS IN THE TIME DOMAIN

One of the popular procedures for solving the differential equation
in the form of (2.25) or (2.27) is. to approximete the time derivative

using a central difference scheme. Derivate of the nodal values between

two time points is given as

alm -
T he ({T h -q{T % ) (2.28)

since derivative is evaluated at the midpoint of the time interval.

. {T},[k]and {f)values must also be evaluated at this point (point

A in fig (2.3) )

N
I :
Y To T=f(t)
§ T Ty-Tp )
- at
2 dt At node A
(]
(o
E
Q
|._
| |
t —t —
, ;to ot
Time

FIGURE 2-3 Numerical Approximation of the First Derivative
These quantities are

(T} = 1/2 ( {T} + {T})
. ‘ 1 o

1/2 C [k], + [k]o) ©(2.29)

(k]

£}

1/2 (‘{f}1 *,{f}o)

substitution of (2.28) and (2.29) into the equation of the form

S
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(2.25) and (2.27) yields

(/2 (K], +-[k]07)+ 2/At [c] ) (T =

/acele] - 2/ [, + ], ) ‘{T}o"+‘(‘{f}1 +1£))

(2.30)
this equation can be written in a genéral'form as

[EQL: (Ty ., = [EP] (Ty g4 *( £+ {f}old ) (2.31)

C. MODELLING OF THERMO-HYDRAULIC BEHAVIOUR OF THE COOLANT

The equation of mass, energy, and momentum conservation are

written for a control volume to obtain the temperature distribution in

coolant channel.

1- Equation of mass

UL NN

|
I

b
L)

I
e

NEVANURN RN R NN NN NN

, ’Smi -,
& oy dy
#i Sy

~ FIGURE 2-4 Control Volume for Equation of Mass
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Input — Output = Accumulatibn

9pjAi 3 mi

dy =mj - ( mi + dy) , ' (2.32)
ot .
where
Pi, and ‘m; are coolant density and mass velocity respectively

Aj 1is the cross-sectional area of the coolant channel. Equation (2.32),

since Aj is constant, can be written as

.- dp
Ai i

+-9mi _o | (2.33)
dt 3y ‘ '

2- Equation of Energy
Conservation of energy can be written for the control volume as

myhj

B

MO RN

|

o

:D' q;dy

A\ SN AN SRS RN S AN RN SNSRRNN

"/ =
:; .
/]
S .
— ?—— —_— — ————— — |ef = _1\-
//_ - G(mihi)
: vmihi + —é;— d

FiGURE 2-5 Control Volume for Equation of Energy
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o (mi hy)

5 o ‘ i
(e, ) dy =mj hy —(my hy+

-t

dy)+ qi dy

)

(2.34)

"where

Uj and hj are the coolant internal energy and enthalpy respectively

and qi is the heat flux  in equation (2.34) Uj term is replaced by

Ui-_-hi—Pi/ pi_

» o ahy dmg .
Ao (Ohi — P = -mi——— Ligi (2.35)

3y 3y
assuming that 93Pi/ . =0 equation becomes

9 hy ap. . “3h 5 mj
-+ A hy 1 tmj 1oy —
3t _ ot oy 2y

(2.36)

substitution of equation (2.33) into»equation (2.36) yields

1 3hi ohs | |
£ e B _o_o (2.37)
Vi 3t 3y my,

3- Equation of Momentum

For i th control volume conservation of momentum equation is

: : | .
9 mi ' ' omi Vi
. 1 dy + mg Vi + Pj Aj + g-Ajp; dy- (B Vi + 24— dy)
Lt ey
| 3 P: A :
- (Pj_Aifk' i a4 dy) - Fi dy | (2.38).

2y

Where Fj is 4friction loss per unit length by rearranging the

equation (2.38) , it~beéomes o

5 mj amy Vi- ' o
O L. S W L N S VO - AN 2.39
S B 11?1 ' 5y i 9y ( )

A s | o - (2.40)
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FIGURE 2-6 Control Volume for Equation of Momentum

substitution of equatibn (2.40) into eduatioh (2;39) and, taking the

derivative equation. (2.39)‘becomes.

. | o (1)) .
o m4j . . - Om- S P
st~ —shiri -*——1—'(_._‘“rp2 L S LA ——— - Fi
Ay i 3y ay 3y.
- , o : ' (2.41)
substitution of equation (2.33) into equation (2.4)
Co9my o 8ps 2; " 8(1/p3) s .
=gAy Pyt 2vi Aj—i—— — = Lopy AR F
ot kY ot Ai  yy 3y
(2.42)

rearranging the last equation to obtain pressure change, one obtains

ap' ) . a . ! 2. ) a 1 . F. . 1.‘ am.
oy =B PLY vy glﬁ - B (fpi) B . mi
™ B S A Y Ai Ai ..ot

(2.43)

e EA7ic DNVERSITES] KUTUPHANES]
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ITII. THE COMPUTER PROGRAM NEKA

Mathematical models. and solution procedure»devglobed in the preceeding
éhapter are formulate&'intq a computer program to perform steady state .
and transiént calcﬁlatidns. | |

Flow chartbof the computer program, interaction betweeh the main
program and‘ﬁhe subnoutines, and also the capabilities of this program
are giveﬁ in section A. In the following se;tion, a full description of
the mainipfogram the subroutines and'the fuhction routines-are given.

Transformation of differential equation into computer program is also

given in the related subfoutiné'description.

A- . PROGRAM DESCRIPTION

Program NEKA consists of 6ne main,:17 subroutines and 7 function
routiJuas.TheAflowchart’ of program is'giveh in.figure (3-1). Interaction
between main program and sub programs is also given.in figure (3-2). The
input parameters are introduced into’the program in one of two ways: :
through a data file,or interactively. First, two dimensional mesh gauﬂatﬁm
" is performed for a maximum 20 subregions meaning that 20 different
- dimensioned group of triangles , and 400 elements. The element numbers,
nodel points; the coordinates of the elements, and-bandwith quantity are
.written.When-tﬁe-numbers of elements, and bandwith>are determined; physical
ﬁropertiés of each element are calculated and cuhbined into one gloﬁal '
matrix. Solution of'this_matrix for unknown values gives the result.After
this step, if .desired the subcooled'boiling'calculation and the unstéady
state calculation are performed fbr any chénge iﬁ heat génerétion,coolant
flowrate and coolant input temperaturé.' i

In progrém NEKA, watér is assumed to be the coolanﬁ éndythe

tempéfature dependeﬁcy of physical properties of water are taken -into
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FIGURE 3-1 Flowchart of The Program NEKA

.
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FIGURE 3-2 Main Program -and Subroutines of .NEKA
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consideration.

The computer language of the program is FORTRAN, -and the SI units

have been used.

B- THE MAIN PROGRAM AND THE SURROUTINES : | o

The main program of NEKA is a driver program which réads the input.
parameters by calling the subrautine GIVEN and performs the mesh gamiadon
calling the subroufime ‘GRID. After the intialization 6f global matrix, it
starts to determine the element matrices and then stores the values into
global matrix making use of the related éubroufine actions. Finaily
solutions for nodélnvalues are printed.

SUBROUTINE GIVEN

GIVEN entersbthe necessary input data to.the progrém by means of
a data fiie (NEKADAT)‘or interactively, and also reprints these data for
- an echo check. These data are, in the order of, ;hermal conductivity of
"fuel and cladding (W/m %) , densiﬁies of fuel and cladding (kg/y3) ,
heat capacity of fﬁel and cladding (J /kg °c) , the power generated (W)-.
:in one plate which is under consideration, and the dimensions of the core,

fuel length (mm) , fuel half thickness (mm) , fuel width (mm) , channel
‘width (mm) ,'channel thickness (mmj , and then the coolant inlet temperature
(oc)'and mass_flowfate (kg/s ). Tabulated axial heat flux diStribution
data is read frdm the data file RELDATA which is called by subroutine
GIVEN. The other data which are requiréd for grid generation are read by
subroutine GRID from the data file (NEKADAT) of supplied interactively to .

the program.
SUBROUTINE NORMLIS =~ - - -

This subroutine performs the unit conversions . Unit of coordinates

.of elements which are genératgd in subroutine GRID, and of dimensions of
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fuel is transformed into meter. Alsolintialization of FLOW and TEMF

matrices is performed in this subroutine.

SUBROUTINE GRID

.The prepération of element data is e time-consuming task. This ’
subroutine automatically generates the element data. Subroutine GRID
uses a group of elght—node quadrilateral regions to deflne the body under
con31derat10n. GRID is capable of modelllng two~d1mensional domains that
are composed of triangles . Element nodes are numbered and bandwidth is
also calculated by the subroutine. The expension contraction option is
of speeial interest, this option makes it possible to change an existing

mesh such that some regions are refined and other are made coarser than

the original mesh. 
SUBROUTINE INTERP

This subroutine calculates the ordinate value for a given absissa
‘'value. The input to this subroutine is a tabulated ordinate and absissa |
values. Searched.value is calculated by linear interpolation between twg

values afound.that value.

SUBROUTINE SHAPEj'

Thie subreutine calculates the element area using the equction
(3-1) | | l
Xt X Y- X3, ) /2 | (3-1)

As (X Y- X Yok ¥ X Y

where X and Y. are the coordinates of element A is the element area |

B B

and, b ‘on ,‘c values are- calculated using the equation (A—6)
bgon ¢y q

SUBROUTINE MAT

In the subroutine MAT element conduction matrix ESM(KK,I,J) is
.calculated by means of the equation (A—S) , where KK is element number,

and elementcapac1tdncelmatrix ECM (I J) using the equation (A-16). EP(I, J)
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andlK)(I,J) matrices which are the combination of conduction and capacitence
matrices in equations (2-30) and (2-31) are also calculated using Athe
following equations.

2
At

[EP]'.= [e] - .1/2(4[k]1 +[i<']o) B (3.2)

EP] = w/2(], + K1) +22ele] . (3.3)

SUBROUTINE CONVEC

This subroutine is deviéed to introduce the boundary condition to
the“elemen; equations., First it calls thé_subroutine TFLUID to calculate
fluid temperature aﬁd then the subroutine HCAL to calculate the convection
éoefficient. After theée valves are calculatéd, contributions to element
cqndﬁction matrix are introduced using equation (A—il). The force vector
EF (I) is calculagéh by meéns of the equation'(Aelz)band, EP (I,J) and

EQ (I,J) matrices are renewed because of the change in element conduction

-matrix.

 SUBROUTINE HEAT S | ‘L
This subroutine performs the calculations for the elements in wﬁich
heat geneiation occurs. The value of heat generation rate Q in equation
(A—14) ,.for the coardinates of each element is determined using the heat
- flux distribution tabulated values by subroutine INTERP'wHich is called at
the very begining of this subroutine. So the element force vector EF(I) is
calculated by equation (A-14). Then the element conduction matrix ESM
(KK, 1, J) , EP (1,J) and EQ:(I,J) matrices are éalculated by means pf

the'eQuations (A-8) , (3-2) and (3-3) respectively.

SUBROUTINE TFLUID
Fluid- temperature change in the axial direction is calculated in

this subroutine. After calling the subroutine HEFLUX the change iJ1enthalpy'
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is first determined by ﬁsing the equation (3-4) which is the modified

. version of the equation (2-37). The temperature is then calculated by

means of the function. routine TWA.
1 h; -hi old hi - hig : ai
— . —= + = — (3.4)
Vi At Ay _ mj
where'.

hj-1  : enthalpy one axial step‘ago

hi old : enthalpy one time step ago
and also pressure drop for steps and overall pressure differential are
calculatéd after Subroqtine friction is called,.by the equation (2-43).

Using the finite difference method equation (2-43) can be written as

Pi _ p;. : : Pi. Py m¢ 1/p. - 1/p.
- i 1 - g Pyt 2 v i i old T /p_l A%_]
Ay : At _&? ' Ay
- Fy 1 mj - mj ’
. c M i old ) (3.5)
A; Ai At :

where
Ay : channel area , m
mj : water flowrate, kg/s

Fi : frictionallost per unit length,

SUBROUTINE HCAL

In this subroutine convection heat transfer coefficient h is

calculated using the Dittus- Boelter correlation [4].

14

0.8 _ 0.4 0.
x PR /de) x Cu [y, ) (3.6)

H = (0.023 x k x RE

" where

k : thermal conductivity , W/m ¢
RE = : Reynolds number

PR : Prandtly number
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de . : equvalent diameter, m

TR viscosity at the fluid bulk temperature, kg/ms
u : viscosity at the wall temperature, kg/ms'

w .

SUBROUTINE FRICTN

The fanning friction factor is calculated using [4]

f= 0.047 x RE 02 (3.7) -

and frictional last

per unit length of channel is calculated by the following equation [4]

where

F=2xfx m% / ( de xl3i x Ai) . .‘(3.8)

RE ¢ Reynolds number
mj s fluid mass flowrate , kg/s
de : eq&#alent diameter of flow area, m

Pi  : fluid density , kg / m>

A; : flow area, m2

SUBROUTINE HEFLUX

In this suBroutine heat flux in the cladding-fluid interface is

- -calculated by the equation

where -

q=h (Tw-T6) SR (3.9)

"q : heat flow , w/m2

20

h : convection heat transfer _coefficient, w/m” "C

Tw  : wall temperature , °c

Tf : fluid bulk ‘temperature , °C

SUBROUTINE MULTB

By the use of this subroutine, thevmatrix product between a banded

matrix and a rectangular array Ais.performéd. The product is (R = B§?ﬂﬁ3ﬂ
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when it is written using the variable names of the program.

SUBROUTINE STORAGE

This subroutine stores the global conduction:matrix and the global

force vector and the solution vector in one-dimensional column array. The

main reason for the usage of the column array is to eliminate the

dimensioning errors and allows the storage requirements for the

stiffness (conduction) matrix to be deleted once the system of equations

has been solved.

' SUBROUTINE DCMPBD

The subroutine DCMPBD decomposes the banded matrix. Using the

Gaussian elimination method, elements of the matrix are transformed into

a triangular form that is easily being solved.

“and is

SLVBD

SUBROUTINE SLVBD
The subroutine SLVBD is the second part of the solution process
used with DCMPBD to obtain a solution to Ikl{T} ={F}.

first decomposes {F} and then Solves'fof {T} using the method of -

backward _ substitution. -

(4]

where

o = 61840 —— 4 438.4 — Y

'SUBROUTINE SUBCOOL

In,this subroutine, using the Bernath's subcooled boiling correlation

o (Two - Tv) - - (3.10
q, =ac(Two - Tp) N | (3.10)

Two= 57 1n (14.503p) - 54 —L— _ 0 g2 v (3.11)

P + 1.034

De + Di | Deo"

Tp : bulk temperature , G -
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p : absolute pressure , kg/cm?.

De : équvélent»diameter , I

Di : heated perimeter devided by , M

v : coolant velocity , ﬁ/s

critical heat flux 4c is first calculatéd then thé ratio betweeﬁ

critical heat flux and heat flux is calculated.If this ratio is less or

equal to two , subcooled Boiling is predicted.

FUNCTION VISCWA

This function  routine calculates the water viscosity (kg/m s)

for a giveh temperature (20°C - 125 °C) from the equation. [4]

B - 0.148237 x 1072 - 0.205743 x 107 T + 0.358156 x 10 T2

N - 0.822939 x 1072 T° | (3.13)
FUNCTION VISCWA1 | | |
This function. routine also calculates thé water viscosity in

the temperature range of. IZSQS to 160%C using the equation (3-14)

which was obtained using least square approach from the tabulated data 16

+ 6.853976 x 10 ~ T -5.680827 + 1078 72

¥ 1.209773 x 10720 ¢°  (3.14)

9 6

U = - 6.896276 x 10

FUNCTION CONDWA

This  routine calculates the conductivity of water (w/m’c) for
a given temperature (OC) from the equation; (4]
k= 0.570671 + 0.178690 x 1072 T _ 0684359 x 107> T2 (3.15)

FUNCTION SPEHEAT
This routine calculates the heat cgpaéit& of water ( J/kg %:)

.‘fdrda given temperature (%) from the equation. [4)
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4

Cp : 0.419318 x 107" = 0.744678 T + 0.100875 x 10~ T2 (3.16)

FUNCTION TWA

v This  routine calculates the_water temperathre (%}) for a given
epthalpy (J /kg) from the equation. Eﬁl

3 11 2

T = - 0.121704 + 0.240234 x 10> H-0.682278 x 10~ H

: o _ : 09 4
+0.230918 x 10720 B> _ 0344210 x 10722 H (3.17)
FUNCTION ENTWA

This routine calculates the'enthalpy'of water (J/kg) for a

given temperature (%}) from the'equation. 141

H = 0.166564 x 10° + 0,419253 x 10° T - 0.386479 T2

+ 0.352709 x 1072 T3 (3.18)
FUNCTION RHOWA
This - routine calculates the water density (kg/m3) for a given

temperature (°C) from the equation. [4]

o = [0.997426 x 1075 + 0.135802 x 10°°

(3.19)

o - 17
T +0.325184 x 100 12| -
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IV. RESULTS AND DISCUSSION

The épplication of the program NEKA to thermo—hmhﬁdﬁc analysis of
a blate type fueled nuclear power uﬁer is examined in three parts: the .
application of the'program to the steady state conditions; and application
" to the transient cphditions (the responces to a given‘stép change) together
with the results obtained from TERHID ; and also application ﬁo subcooled

boiling calculations.

A- STEADY STATE CALCULATIONS

The steady state calculations Qere based.on to the two possible
feactor configurations at Cekmece Niikleer Arastirma ve Egitim Merkezi :
Reactor:I‘(TRI) agd Reactor II (TRII). The Reactor I hés 10 fuel eleménts,
each one COntaiAing:ZO fuel plates;.The‘Reactor II consists of 10 standart
and‘4 contrbllfuel_elements which have 23 and 17 fuel ﬁlate respectively.
| The input parameters for the Beactor I are given in table (4.1).
As seen from the table, to dbtéin'lMW power, the central plate which j
generates maximﬁm power produces 8929 W at mid point ‘of the plate. Since -
power generationishows.a cosine distribution, it isinof thé‘same throughout
the plate, the avarage value is 6268 W. The heat flux distribution is
also inclﬁded in the table. The usage of tabulated heat flux distfibution
instead of the cosine function enables the program to be applicéble for
different heat flux distributions. To have é comparisoh to the results
of the program TERHID, 30 a#ial steps were used. Résuits of calculations
for 37 0C and 23°C coolant inle; temperéture are given in tables (4.2) and
: (4.3)\respectively, gnd the tabulated results of the program TERHID are
aléo givén\iﬁ taﬁles (4.4) and (4.5); As seen from ﬁﬁe tables, the difference

. o : o)
of the temperatures calculated by two codes are in the range of 0.1 ¢



TABLE 4-1 Input Parameters for Reactor-1 |

Fuel conductivity 167.0 w/m°

Cladding conductivity - 210.0 - w/m°g

Fuel demsity = = ~ 19000.0 kg/m3

Cladding density ~2707.0 kg/m3

Fuel specific heat : 740.0 kg/ °c

Cladding specific heat 896.0 J/kg ¢

Fuelwitdh B -~ 69.698 mm

Fuel thickness | 0.508 mm

Fuel length 596.138 mm

Cladding thickness .0.381 mm

Channel width 69.9 mm

Channel thickness . _ " 6.476 mm

Coolant mass flowrate 0.189 kg/s

.Coolant input temperature - 37°% and 23%

Plate power generation . 8929.0 . w

Heat flux distribution v _ Y/H Q (n.) / Q (0.)
0.0 0.165
0.1 . 0.432
0.2 0.665
0.3 ' 0.846
0.4 0.960
0.5 1.000
0.6 0.960
0.7 0.846

0.8 : 0.665

0.9 _ 0.432

1.0 ' 0.165
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TABLE 4-2 Thermo-Hydraulic Calcullation for Tf(in)=37°C

TEMPERATYURES OF

oy T it —m—

-

DISTANCE FUEL FUEL CLAD CLADDING COOLING PRESSURE
: CENTER INTERFACE SURFACE WATER PIFFERENCE
(MA) Q) (c) (§9] C) (N/Me*2)
ou 43.0 £3.0 4249 37.0 o0
19.9 47 .0 47.0 40.9 37.1 - 18849
39.7 S0.4 50.4 50,3 37.2 377.8
59.0 53.9 53.8 53,7 3743 5667
795 5043 56.8 567 37.5 755a5
79 o 5%.8 59 .7 59.6 37.7 Q44 aih
112.2 62.8 62.7 6246 . 3640 1133.¢
139.1 6541 65 .0 [ ] 3862 1322.0
159.0 67 .4 67.3 6742 3845 1510.8
173.9 69.8 697 09.6 38.48 1699.6
195.7 7.3 71.2 71.0 39.1 1888 <4
214.0 2.3 72.8 7246 39.5- 2077 .1
238 ,5 4.5 T4 oo 7442 39.8 2265.9
293,43 75.1 7540 74.48 40.2 2454406
274 .2 75.4 757 7540 h0.0 204342
295 .1 7646 " T6.6 7 6.4 40.9 2831.9
312.9 Tuab 76.3 Thel 413 3020.5
337.5 762 7041 75.9 1.7 3209.1
357.7 0.1 76.0 75.8 42.1 3397.7
3770 75.0 75.0 74 .8 L2k 358643
397 .4 74.0 73.9 73.8 4247 37748
417.3 73.1 73.0 72.8 43.1 3963.3
43742 7142 71.2 71.0 &3.4 £151.8
457.0 094 6943 69.2 43,7 4340.3
L7049 07.6 67 .6 6746 43,9 452848
4%0.8 ©S.1 - 65.1 65.0 Ly .2 4717.2
510.7 4.t Y 4 6345 hb b 49057
53045 - 60l a0 .1 oli .0 44,6 3509441
350,46 . - 5741 57 «1 57.0 Gho? | 5282.5
570.3 S4.1 541 54 .0 46.8 5471.0

37641 U.4 T 50.4 . S0 46,9 5659.4

TABLE 4-3 Thermo-Hydraulic Calculation for Tf(in)=23°C

, TEMPERATURES OF - ~
0ISTANCE FUEL  FUEL "CLAD  CLADDING COOLING  PRESSURE

- CENTER INTERFACE SURFACE WATER DIFFERENCE
Ha) ). «) Q) - €e) (N{Ha=2)
.0 30.0 30.0 29.97 23.0 .0’
19.9 34.3 34,3 34,42 23.1 189.5
39,7 3d.1 3341 © 3641 2342 379.1
59.0 42.0 42.0 41,9 23,3 568.6
79.5 45.3 45.2 45 41 23.5 75841
99 .4 43.6 ' 4845 484k 23.7 94747
119,2 51.9 . 51.8 51.7 2440 1137.2
1391 Sheb .. 54 .3 54 42 2642 132647
159.0 5649 56 48 5647 24.5 151641
178.8 59.5 . 59.4 59.2 24.8  1705.6
194,.7 61.1 61.0 60438 2541 1695.1
213.6 - 2.7 6247 62,5 2545 208445
233.5 6445 64 o 6442 25.8 2273.9
233.3 65.2 6541 64,9 2642 2463.3
278.2 05.9 . 65 .8 6546 2646 265247
298.1 66,7 66 46 6644 2649 2842.1
317.9 604k 60,3 . 6041 27.3 3031.5 .
337.8 6642 6641 65,9 27.7 - 3220.8
357.7 6640 T 6549 65,7 2841 3641041
377.0 6heB - 64 .7 64,5 2844 359944
397 .6 63.6 . 6346 . 83,4 2.7 378847
417.3 0245 6245 - 6243 29.1 3978.0
437.2 60.5 . 6044 60,3 29.4 4167.3
457.0 5345 5844 58.3 29.7 435640
470.9 5045 C Sk 5643 © 2949 4545.8
470 46 5347 5346 - 53,5 30,2 T 473541
516.7 50.9 50.8 5047 30,6 . 492443
53645 4841 48,0 4340 © 3046 511345
55644 - Lha? Y | 4446 307 5302.7
576.3 41.3 T 4143 41.2 30648 5492.0

59041 37.3 3743 37.3 30.9 . S081.2
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| ' ' : . o
TABLE 4-4 Thermo-Hydraulic Calculation for-¥.(in)=37"C [4]

DISTANCE TkM

(1mun)

~00.0
19,9
39.7
9Y.6
79.5
99.4
119.2
39,1
59,0
74.8
48,7
18.6
238.5
258.3
278.2
298.1
317.9
337.48
357.7
377.6
397.4
417.3
437.2
AS57.0
476.9
4496.8
516.7
536.5
556.4
976.3
596,11

CLADDING

FUEL

Pglm’l‘UuE 'l'h‘Ml.':‘)ZRA' 'URE
(¢ (C)
43,6 43.6
d47.0 47.0
90.5% %0 .4
4.9 53.9
56.9 56.4
59.9 59.8
62.8 62,7
bh. 1l LLb, 0
67.5 67.4
69.8 69,7
71.3 71.2
72.9 72.7
74 .4 74.3
75.1 75.0
75.8 75.7
76,06 76.4
6.3 7G.2
76.2 76.0
76.0 75.8
74.9 74.8
73.9 73.8
72.9 2.8

.7l.l 71.0
6Y.3 69,2
67.5 67.4
65.0 64.9

 62.5 62.

- 60.0 59.9
57.0 57.0
54.0 54.0
50.9 50.9 .

COOING
WAYER
. (éc)

37.0
37.1
37.2
37.3
37.5
37.7
37.%5
Ju.l
38,4
38.7
39.0
39.4
3v.7
40.1
40.4
40.8
4l.2
41.6
41.9
42.3
42.6
43.0
43.3
43.6
43.y
44.1
44.3
44.5
44.7
44.8
44.9

PRESSUKE
DIEFERENCE
~ AN/m2)

.000.0
Luy.8
377.%
Sub.2
755.0
943.7 -

1132.4

“1321.1

150 4. 8

l64.4

1887.1

207%.7

2264.3

2452.9

2641.4

2829.9

3018.5

3206.9

3395.4

15483.8

3772.3

3960.7

4149.0

4337.4

4525.7

4714.1

4902.4

5090.7

5279.0

5467.2

5055.5

- ‘ . . ) i . o
TABLE 4-5 Thermo-Hydraulic Calculation for Tc(in)=23 g [4]

DISTANCE

(uum)

00.0
19.9
39.7
59.6
79.5
99.4
119.2
139.1
159.0
l78.8
198.7
214.6
- 2348.5
258.3
278.2
298,11
317.9
337.8
357.7
377.6
397.4
417.3
437.2
447.0
476.9

496.8-

81647
5$36.5
556.4
576.3
596.1

FUEL

TEMHSNAT
°c)

30.5

34.4

34.3
42,2
45.5
48.8
52.1
54.6
57.1
59,7
61.3
62.9
63.6
65.3
66.0
66.8
66,5
ub,2
6.0
04.8
63.6
02.5
0.4
LY. 4
56.3
53.6
40.48
47,9
44,6
41.2
7.7

CLADDING
URE 'l‘l-JMPBl(ATURB
(c)

10.5
34.4
38.3
42,1
45.4
38,7
52.0
54,5
57.0
. 59,5
61.1
62.4
04.5
65.1
65.9
66.6
66.3
66,1
65.8
‘4.6
. 63.5
62.3
60.3
58.13
56,2
L3.5
50,7
. 47.9
s 44.9
al.1
7.9

COOLANT
WATLR
c)

23.0
23.1
23.2
23.3
23.5
23.7
24.0
24,2
24.5
24.8
25.1
25.5
25.8
26.2
20.6
27.0
27.3
27.7
28.1
28.4
25.8
29.1
29.4
29.7
29,9
30,2
.30.4
J0.0
30.7
30.4
30.9

PRESSURE
DIFFLRENCE
{N/m2)

000.0

189.4

378.8

5648.2

157.6

946.9
1136.3
1325.7
1515.0
1704.3
1893.7
2083.0
2272.3
2461.5
2650.8
2840.0
3029.3
3214.5
3407.7
3596.8
3786.0
75,2
4164.3
4353.4
4542.9%
4731 .6
4920.,7
5109 .8
5294,Y
5488.0
T%677.1

]
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excgptvfor the end points. In both works maximum fuel and cladding
temxmamnes are at the midpoint of the plate length. Coolent temperature
increase from inlet to outlet is also the same (7.9°c)Ain these results,

VThis states that the amount of power generated in platebis the same.

If more then 11 points for heat flux distribution are used to
fit thé cosine function more accurate results are obtained, if heat
generation changes exatly as thé cosine funcfion.Results obtained using
51 points (table 4-6) for heatlgeneration distribution are given intables
(4-7) and (4-8) for 37‘QZ and 23 ¢ coolant input temperatures.Graphs of
coolant and fuel centér témperatures’along fuel length are given in figures
(4-1) and (4-2). As seen from'taﬁleé and graphs fuel-and cladding
temperafures increase up to well below; the mid point of fuel height and
then decreases. However, coolant temperature shéws a continuous increaée
and at the exit pdint reachs to aimaximum of 44.9 °c and 30.9 ¢ for
37%} and 23%¢ coolant inﬁut temperatures respectively -

The preésure change is also given in the tables. Two factors genq;ally
determined the pressure difference :’1.:Bééause ofAthe calumn of water,
an increase in pressume. 2. Pressure drops, because of fri;tional loss. .
Pressure last at inlet and outlet sections of coolant channel are not

taken into consideratidn:in the pressure change calculétions-

Usually, a smaller grid gives more accurate results in mmerical
methodé. This is also valid for the finite element method.-Sb mofe than 30
axial steps were testéd to see whether 30 steps are sufficient for the
calcdlationérinvthe range-of occmracy requifed.‘ResultsAof Reactor I for
37 ﬂ: water input‘-températmre’with-60 and‘9C)axia1_steps are given in

N tables (C—l) and (C-2). Tables (4—7)>, (C-1) and (C-2) show that there is
an agreement between among them. Only fluctiatlon occurs at the end points.

Another example was based on the Reactor II. The input parameterb



TABLE 4-6 Heat Flux Distribution

:000 0.165
.020 0.220
.040 0.275
.060 0.328
.080  '0.381
.100 0.432
.120 . 0.482
.140 . 0.531
.160  0.577
.180 0.622
.200 0.665
.220 .~ 0.706
.240 - 0.745
.260 0.781
.280 0.815
.300  0.846
.320 0.875
.340  0.901
.360 0.924
.380 0.944
.400  0.961
.420 0.975
440 .0.986
.460  0.994
.480 0.998

1.000

.500

— O O O 0O O 00O OO0 0.0 0O 0O OO0 OO0 O COo o o

.520
.540
.560
.580
.600
.620
.640°
.660
.680
.700
.720
.740
.760
.780
.800
.820
.840
.860
.880
.900
.920
.940
.960
.980
.000

.998
.994
. 986
. 975
.961
.944
.924
.901
.875
.846
.815
.781
.745
.706
.665
.622
577
.531
.482
.432
.381
.328
.275
.220
.165

42
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TABLE 4-7 Thermo-Hydraulic CaTcu]ationfbr<Tf(in)=370C

TEMPERATURES OF

oISTANCE FUEL FUEL CLAD CLADDING COOLING PRESSURE
CENTER INTERFACE SURFACE WATER - DIFFERENCE
() ¥3) @ 13) ) (N/Hu2)
. 43,0 43.0 42.9 37.0 0 ;
19.9 471 RE 47.0 37.1 186.9
39.7 5005 5045 5044 37.2 377.6
59.6 53.3 53.8 53.7 37.3 56647
7905 . 57.0 - - 57.0 5019 37.5 755.5
994 %0.0 5919 5918 3707 94ink
19,2 62.3 62.7 62)6 38,0 1133.2
13901 6513 - 6543 6511 T 132200
159.0 7.7 S 67}4 3b.5 1510.8
1784 69.3 6947 691s 38.8 1099.6
19027 71eo 7145 7154 9.2 168644
21dm0 73.2 309 - 12)e 39.5 207701
233.5 7405 Tans 7412 . 3909 2265.8
253.3 7545 7544 7592 0.2 24545
278.2 70.2 70.1 7549 4026 2043.2
29841 Tous 7645 7643 41.0 2631.9
517.9 6.7 76006 Zouk 41.3 3020.5
3374 6.6 7645 6.3 4.7 320911
357.7 70.1 7640 75.9 - 4241 3397.7
3770 7504 753 7501 2.4 358642
397 .4 Tauh 74.3  taad 2.8 3774.8
“17.3. 7301 73.0 72.8 431 396303
437.2 7.5 7144 71.3 3.4 4151.8
457.0 89,7 09406 69.5 43.7. 4340.3
47029 o7u0 6716 6744 4420 4528.7
496.3 . 65.3 6543 65.2 442 4717.2
S16.7 6219 62.8 627 PPy 4905.6
530.5 0.2 601  60.0 44e6 509401
5504 - 5703 57.2 5742 447 5282.5
57023 54,3 54.2 5422 44,9 5470.9

5%a0.1 50.5 . 50.4 50.4 . 46,9 56593

TABLE 4-8 Thermo-Hydraulic Calculation for T.(in)=23%

TENRERATURES OF

JISTANCE FUEL FUEL CLAD CLADDING COOLING PRESSURE v,
CENTER INTERFACE SURFACE WATER DIFFERENCE
(idn) (c) . (c) (), ) (N/Mwa2)
o0 - 30.0 30.0 2949 23.0 «0
19.9 34 ,4 - 34 o4 34 b 23.1 189.5
39.7 36.3 38.2 3842 . 2362 379.1
59.0 42.0 41.9 4149 23,3 56846
7945 45.5 4545 4544 23.5 758.1
29 % L8.8 . 43,7 4846 23.7 947.7
119.2 51.8 51.8 51.6 2440 ) 1137.2
139.1 Sha.b Sh 46 Shak - 24e2 1326.6
159.0 57.2 571 57.0 2445 15161
178.6 59.4 5%.4 5942 24 .8 . 1705.6
123.7 6144 - 61 44 61,2 2542 1895.0
214d.0 4341 63,0 62,8 25.5 © 2084,5
233.5 64 .5 6h b 6442 2549 T 2273.9
254.3 6545 65 ok 6542 - 2642 2463.3.
273.2 6043 . 6642 © 6640 _ 2046 265247
294 .1 66,7 6646 6644 27.0 2842.1
317.9 66.8 60.7 | 6645 27 3 3031.4
357.3 6645 6645 66.3 7.7 3220.8
357.7 60,0 65 o9 65.8 . - 2841 341041
377.0 65,2 . 6541 64 o9 2844 - 3599.4
397 o4 64,0 63.9 63.8 28.8 378847
417.3 6245 62.5 62.3 _ 2941 3978.0
43742 60.8 . 60,7 . 6U .0 . 29,4 4167.3
457.0 5448 53.7. 5844 29,7 4356.5
47649 56.5 "S56 ok 5643 30,0 4545 48
490 48 53.9 53.8 53.7 3042 4735.0
3167 5141 511 51.0 046 . 4924,3
53045 . &dat - hBel . 48.0 30.6 . 5113.5 -
35046 4b o8 hb o8 b4 o7 30,7 5302,7 '
T 574943 4144 41 ob S I 30,9 5491.9

$94.1 37,3 o 3743 37.3 . - 30.9 5681.1
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for Reactor II are given in table (4-9). The maximum power generation in

the'plate, iﬁ'this case, is 30201W and the channel thickness is much

‘smaller ;han the TRI. Flowrate of coolant is about 1.6 times that of TRI.

For the case of axial heat flux distribution same as TRI and for coolant

ihput temperature of 30°C , temperature distribution and'pressure change

TABLE 4-9 Input Parameters for Reactor-II

- . Fuel conductivity
Cladding conductivity
Fuel density
‘Cladding density -
Fuel specific hegt
Cladding specific heat -
Fuel witdhness .
‘Fuei thickneés
Fuel length
‘Claddihg thickness
_Channel witdness
Channel thickness
Coolant mass flowrate

Coolant input temperature

Plate power generation

167.0
210.0
3336.0
2707.0
740.0
896.0 -
62.3
0.51
598.0
0.38
66.6
2.1
0.31
30 %

30201 W

w/m°c
w/m°c
kg/m3
kg/m3
J/kg

J/kg ‘c

mm

thm

P

mm

mm

kg/s

in channel is given in table (4-10). The graph of coolant and fuel center

temperatures versus fuel height are given in figure (4~3). The maximum

temperatﬁre‘diffgrence*bet&eeh claddingAand coolant is 29;0 ¢, whereas

this différence was 35.3 °¢C in 'TRI. This is becauée of the change in the

~
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TABLE 4-10 Thermo-Hydraulic Calculation for Reaétor-II

TEMPERATURES OF

vISTANCE FUEL FUEL CLAD CLADDING . COOLING PRESSURE
CENTER INTERFACE  SURFACE WATER  DIFFERENCE
(H4) ) 103) ) <) (N/N=*2)
.0 34.2 34.2 D 3449 " 30.0 .0
19.9 39.2 39.2 39.0 30.2 =157.2
39.9 42,0 41.9 1.7 30.4 -314.2
59.8 45,2 45.0 BTN 30.7 -470.9
79.7 481 -43.0 4746 3141 - =627.4
99.7 50.9 " '50.3 5043 31,5 -783.3
119.0 53.6 53.4 52.9 32.0 -934.8
139.5 50.2 5549 5544 . 32.5 -1093.8
15945 58.5 58.2 5746 +33.1 -1246.1
179.4 60.6 6043 59,7 33,8 -1401.7
19943 62.5 6242 T 6146 3a.b «1554.0
2195 0he2 . 63.9 6342 35.1 -1706.8 :
239.2 . 6540 6543 6646 35.9 -185841 .
259.1 06.8 66.5 6548, 36.6 ~2008.6 :
2791 6743 6745 6648 37.4 -2158.3 .
. 299 5845 6342 67,5 © 38.2 © =2307.1 o
313.9 . 69.0 - 6847 6840 39,0 -2455.0
334.9 09.2 . 68.9 6842 39.7 ~2602.1
35844 69.2 6849 6842 40.5 -2748.4
373.7 63.9 68.6 6840 4142 -2693.8
393847 0deb 6841 6745 4149 ~3038 44
418.0 67.7 6Tk 6648 42,6 -3182.2
434.5 66.7 " 664 ¢ - 6548 43,2 -3325.3 :
453.5° . 6544 6542 6447 43,8 “3467.6
473.4 64,0 T 63.8 63,3 b ok =3609.3
47843 62.3 62.2 61.7 4449 -3750.4
51343 60,5 60 4 60.0 - 45,3 -3890.9
533.2 5845 5844 58.0 45.7 -4030.9 .
55341 5642 5641 55.8 46.0 -4170.5
57,1 . 54,2 5441 53.9 4642 ° =4309.7
59440 5041 50.0 49.9 Lbok  =hbhE.S

value of the convecfive heat tfansfer cdeffigient which isﬁdiféétly
related to tﬁé coolant velocitysA

Some changes in tﬁé dimension pf fuel core is encountered. In the
Reactor II, fuel length chaﬂgesqhetwegn 586 mm and 610 mm, fuel width

‘between 59.2 mm and 65.4 mm, and channel thickness between 1.85 mm and

2.35 mm; For this reasbn; the éffect of dimensiona1 differenceé on the
température distribution Qas examined. Two per- cent increase iﬂ the
lgngth of fuel (610 mm) cauéedithe»maximum fuel'tempefatprelto fall down
to 68.7°crfrom'69.2°c , and two per éeht,decreése in.fhis,dimension

(586 mm) caused the maximum fuel teMpérature to rise to 69.8%, this is

due to thé area exposed. to cooling hujxaseamm.danraSe reﬂncthmiy.‘
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. In the case of ux:changecﬁ‘ﬁxﬂ.WduﬂxbeUmaayesaaun{amISQ;amu the corresponding
meximm fuel temperatures were 67.9 °C and 70,7 <C. 'Ihat is, five per cent increase in
fuei width re;ults in 1.9 per cent ,deérease in the temperature, where-
as five per cent.decreéselcauseS'Z.l pér cent increase in the temperature.
The:previOuSieaSOHing' for temperature change is alsovalid in this case.
An increase Qf 12 per cent in the thickness of channel (2.35 mm) caused_“
the maximum temperature to rise to 72;4 °c from 69.2 °C ; and the same
per cent degrease .caused 3.1 °C decrease, this is because of the increase
in channel thickness reducing the convective heat transfer ;oefficient
and viceversa.

Another point which is observed in this parametic analysis is the

change of the position of the maximum fuel temperature. In the case of

610 mm fuel length, 65.4 mm fuel widthness, and 1.85 mm channell thickness

maximum fuel temﬁerature.were found at one axial step below that of reference

.system table (4-10). In cylindrical coordinates, the distance from the

mid—piane'of fuel length at which maximum fuel temperature occurs forltﬁe

cosine axial heat flux distribution is calculated using the egpation (4-1)

(1s] - . N
=™ el )
el Yl T ey

where ' ‘

Z; = The distance from mid plane of fuel 1engtﬁ, ft

He = Extfapolatéd.deighf, ft o

Cp = Specific heat of coolamt fluid, vBu/'Qm ?F

m = Mésé—flow rate of coolant fluid, Lbm /hr )

R. = Fuel radius;fft’ |

c = Cladding thicknéés,vft;
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Thermal conductivity of fuel, Btu/hr ft °F

kg =

ke = Thermal conduétivity of cladding Btu/hr ft °F
. . , .

h = Convective heat transfer coefficient, Btu/hr ft °F

There is an agreément between the result of NEKA and this equation
the increase in fuelvlength that is, the increase in extrapolated height
‘cause the maximum fuel temperature to occur further?frbm'the fuel element

| mid—plane..Alsb the increase in (R+c) term in equation (4-1), that is,
én increase in fuel width causés the makimum fuel temperature point to
be further away . The other effect, the decrease in channel thickness
resulting in the increase in convective_heat transfer-coefficient (h) ,

increases this distance.

B- UNSTEADY STATE. CALCULATIONS

Unsteady state thermo-—hydraulic calculatioﬁs wére'examined-for
"timefrate of change of tempefatures,'afte; a step change, in coolantfinflow
temperature, coolant flowraﬁe or heat generation is encountered in the ,
‘reference system. The properties of the reference System'ié of Reactor I
which has the temperature distribution as given in-the tab}ez(4e7). The
fespénce of the system to these step changes‘will be examined below using

a time step (At) 6f 0.0473 seconds which is the tiﬁe required for cooiant

to pass through one axial step.

a. The first calculation -v'vas carried out for the step changg of
’coolan;\ flowrate; The flowrate was changed with the fact&f ofm0.8 and 1.2.
Thus the ;eference coolant inpﬁt_flowrate was changed to 6.1511 kg/s and
0.22677kg/s respectively. Tabulaﬁed results for 0.8 flowr;terfactor are
in tables (C-3) through (C-8) for the times 0.473 ; d.é46.,”1.419 , 1.892
3.311Jaﬁd'5.2Q3 éecondsﬁrésbectively. The maximu@ fﬁel temberature reaches

83.9 % and coolant outflow temperature reaches 46.9 ¢ asymptotically

'
it
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(figure 4.4). The time required for 50 percent change of the total coolant
outlet temperature change (ZOC) is 2.0 seconds, and for 90 per cent change
is 5.2 seconds. For the same change,the time requirements calculated by

TERHID are ,2.2 and 5.0 seconds. The total change in the maximum fuel
temperature is 7.2 % . The 50 per cent and 90 per cent of this change are
reached in 1.3 and 4.3 seconds. The corresponding time requirement in

TERHID are 1.2 and 4.2 seconds.

In)the éase of the refereﬁce COdkHi flowratebincreasing with
factor of 1.2 the ﬁime requirement for 50 per cent change of the total
coolant  exit temperature change (Figure 4.4) is 1.4 seconds, and for
90 per cent is 3.7 seconds. The resuts of TERHID for these changes are
1.3'énd 3.3 seconds. The same changeg for the maximum fuel temperature
requife 1.0 and 3.2 seconds réspectively and in TERHID these are 1.0 and

2.4.seconds.

b. Two step changes application were exemined on the.coblant input
temperature. These changes were made with the factor of 0.622 andV0.811 .
ébfresponding to coolant input temperatures of 23 OC -and 30%3. The |
maximum fuel and coolang teﬁperature changé with time is given'in figure
(4.5). When cooiant input température is 23 %: ,-it takes é,O and 4.7
| séconds for 50 and 90 per cent change of the maximuh'fuelAtemperatﬁre. In
the case 30% these ‘values becéme 2.0 and 4.6 seconds. TERHID results
for these values are 1.9 and 4;5 , 119 aﬁd 4.7 seconds respectiveiy.
Fifty_and 90 per cent changes in the coolant.output tempefatures are

completed in 1.5 and 2.8 seconds for 23 T input temperatufe, éhd 1.5 and
2.9 secéndsifor 30 °¢ input température. The correSpondiné values MMBhﬁﬂ

in TERHID are 1.6 and 2.8 , 1.5 and 2;8.seconds.

e, The response of the reference system tovstep changes in plate
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power generation was examinéd. For.this, factor of 0.8 and 3.0 corresponding

- to 7143.2 and 26787 w plate power were‘used; The change bf temperature
with time is given‘in figure (4-6). be fhe power factof of 0.8 , the
maximum fuel température'decreases from 76.7 T to 69.3C, the total
change being 7.4 0C. The required time for the completion of 50 and‘90
per cent of the totél change is 1.1 and 3.7 seconds resﬁectiVely.Coolant
output temperature falls down to 43.4 °c ffo@ 44,9 T and 50 and 90 per
cent 6f ﬁhis change occurs in_l.9‘and 4.6 seconds while these are 1.9 and
4.0 seconds as calculated by TERHID |

On the other hand the maximum fuel temperaturés'reaches 142.8 ©°C

and coolant temPEfaturé'reacheS 60.8 oc:whén a power factor of 3.0 ié uéed;'
50 and 90 per cent of the‘total maiimum fuel temperature change is campleted
at 1.0 and 3.1 seconds for coolant exit temperature these aré obtained |

" at 1.9 and 4.2 seconds. Acéording to the solution of TERHID these timé

requirements are 0.9 , 2.8 seconds, and 1.9 , 4.0'séconds.

The unsteady state results of TERHID and NEKA are both given in
tables (4—11).and (4—125 for the completion of the 50 and 90 per cent':
of the total changes in fuel maximum and coolant outlet temperggﬁfeé
reépectively. | 2

- The results show an agreement between thoserof NEKA and TERHID in
terms of time durating for 50 and 90 per'éent change in temperatures.
The maximum discrepen& is in the,range of 0.3 second except the cases
of 1.2 flowrate factor andVO.S‘heaﬁ'generation factor in‘which the dﬁaxppamy
-is 0.8 and 0.6 seconds. feSpectivelyr |

Furthermore, if the fuel density of 3336 kg/m3 which is the
Aden‘sity of fuixl canposed of 20 per céxt ﬁrani:um—aluminium mi»;;ture is used, the
time requirements for 50 aﬁd 90'per'cent\ofvfota1 changes in fuel maximum

and coolant outlet temperatures for all the step = changes are given in
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TABLE 4- ]] The Time Requirements for the Complation of 50 and 90 per cent
of the Fuel Maximum temperature Change

. TERHID . - NEKA
Step Change ‘Time Required (In seconds)for] Time Required (In seconds)For

: 50 % P07 50 % %0 %

1.2 x Coolant Flowrate 1.0 2.4 1.0 3.2

0.62 x Coolant Input. | 1.9 4.5 2.0 4.7
Temperature A '

0.82 x Coolant Input 1.9 4.7 2.0 4.6

Terrpe;attrre _ : :
3.0x Heat Generation 0.9 2.8 1.0 - 3.1

TABLE 4-12 The Tﬁne Requirements for the Completion of 50 and 90 per cent
of the Coolant Outlet Temperature Change

TERHID - - NEKA

Step Change Time Required (In seconds)for| Time Reqm.red (An seconds)fm :
- | 0 % w03 0%~ 0%
1.2x Coolant Flowrate 1.3 3.3 1.4 3.7
0.8 Coolant: Flowrate 2.2 5.0 2.0 5.2
0.62 x Coolant Input 1.6 . - 2.8 1.5 . 2.8

Temperature_ : : , ‘ :
0.82 x Coalant Input | 15 2.8 1.5 - 2.9
0.8x Heat Gemeration ~ | 1.9 4.0 1.9 4.6
3.0x Heat Generation 19 40 | 1.9 4.2
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table (4-13) and (4-14) together with those of the density of 19000 kg/m3.

As seen from the tables the time requirement for the completion of
the total changes in temperatures become eppreciably shorter, for the case

of smaller fuel density.

G- SUBCOOLED BOILING CALCULATTIONS -

Needless te say thae it is important to be able to predict the
subcooled boiling occurance to be sefé from.burnout. | ;

The application of the program NEKA to subceoled boiling eahuﬂatk;s
were_examined for the‘Reacter II. The ratio between critical heat flux ;
and.the heat flux occuring must be greater then Z,ﬁjﬂ to be in the safe
region (away from subcooled boiling). This ratio, under the normal workieg
condition of Reactor II is calculated te be 8.6. If water flowrate is
decreased to the value of 0.065 kg/s . (0.48 m/s ) , from 0.31 kg/s
subcooled boiling starts. In this case the cladding'surface temperature
eeaches 151.3 °C and the coolant temperature at that point becomes

_83.4 °¢c as coolant outlet temperature approaches 107.7 °c which is aleo

below the boiling point of water under these conditionms.

In plecing‘the core power generetion of 17.5‘ereubceeled boiling
occurance is encphntered.for the water flowrate of 0.31 kg/s (2.57 m/s )
The cladding surface-tempefature.and coolant temperature are 142.2 °¢C and
61.2 °¢ at nodel point of :318.9 mm at which subcooled boiling is firstg

seen, while water outlet temperature reaches to 87.1 OC

D- DISCUSSION

It is assumed that the rate of . heat generation in a fuel plate

changes in the axial directions and in the remaining directions average

heat'genefatiOn is assumed. This assumption leads the value of temperatures

~



TABl_E 4-13 The Time Requ1rements for the Comp]et1on of -50 and 90 per cent
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of the Fuel Maximum Temperature Change

Fuel Density = 19000 kg/m3

Fuel Density = 3336 kg/;3

Step Change Time required (in seconds). 'Ihne required (in seconds)
' for , for
| 0% R A 50% . 90 %
1.2 x Coolant Flowrate | 1.0 3.2 0.4 1.2
0.8‘ x Coolant Flowrate 1.3 4.3 0.5 . 1.6
0.62 % Coolant Input 2.0 4.7 1.3 2.2
Temperature o
0.82 x Coolant Input 2.0 4.6 1.2 2.2
Temperature ‘ ‘ ’
0.8 x Heat Generation 1.1 3.7 0.4 1.4
3.0 x Heat Generation 1.0 3.1 0.4 1.1

'VTABLE 4-14 The Time Requirements for the Completion of 50 and 90 per cent

of the Coolant Outlet Temperature_Change

Step Change

Fuel Density = 19000 ke/ 3

Time required (1n seconds)

Fuelnmsity=3336kg/'3
Tinerequired (inseconds)

Hwt; Generation

- for - for-
50 % 0 % 0% 0
1.2 x Coolant Flowrate | 1.4 3.7 1.0 1.9
0.8 x - Coolant Flowrate 2.0 5‘.2 1.3, 2.6
0.62 x Coolant Input 1.5 2.8 1.5 2.2
“Temperature - : : o ML
0.82 x Coolant Input 1.5 2.9 1.5 . 2.2
 Temperature o \ . o .
0.8 x Heat Generation 1.9 4.6 1:2 2.3
3.0 x 1.9 - - 4.2

1.2 2.2
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“to be sméller than the real ones.

~Although, | NEKA calculates fuel center, fuel-cladding interface
and cladding surface temperature and TERHID calculates the avarage
temperature of the fuel and cladding, they can be comparable since the
temperature difference within fuel and claddihg‘is in the range of 0.1 %3.

So the error can not be greater than 0.1 %.

The calculations were based on the one half of_fuel blate because
of the symmetry. However, the channel wés takeﬁ into consideration as a
whole assuming that the heat trénsfered tb the coolant from two adjacent
fuél plate is the same. In faét, since a nuclear reactor core consists
of many plates,.the heat generation rate doesn't differ much between two
adjacent plates. |

The coolant channel area is éésumed to be constant along coolant
flow direction, but any change can be entered into.the program requiring .
'only a few changes. -

The physical property changes of thé coolant (water) with temperature
are evaluated using functions (F(T) ); The method and correlations is fdr
single phase flow. In the case of power generation rate increase - or

coolant flowrate decrease, subcooled boiling may be encouptéréd. After

this point the calculations performed by NEKA are,ndt valid.
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V. CONCLUSIONS AND RECOMMENDATIONS
A- CONCLUSIONS -

In this work, the'conduétiqﬁ, : gonve;tion and'héat transport

: models:and a computer program NEKA were developed to perform stéédy—
state gnd ﬁransient thefmo—hydraulic analfsis of a plafe type fueled
water cooled‘nuclear reactor core,

The finite elemeht method was used to determine the temperaturé
distribution using the two dimensional heat conduction modei. Galerkin's
method was.applied‘to obtain the element equations, and in order to
approximate the.time de;ivative finite difference approach was treated.
The main diffichlty and soufce of errors in the finite element method,
the data prepation and entering the data into program, were overcome . by
-using the gfid generating subroutine. 

Dittus-Boelter corrélation was used tb calculate the convective
heat transfer coeffecient. | !

The mass, energy and momentum balance equation were applied to a
control volume to determine coolant temperature and pressu;é*cﬁénge using
.finite difference method. |
| The computer program NEKA which enables a répid means of performing
many calculations involved in the mbdels stated before, consists of one
main, 17 subroutines and 7 fuhcti;n rdutines. The memory ’requirement of
the program up to 400 element application is 171.5 KB. Tﬁe execution time
in DOC CYBER 170/815 éystem tb -perform steady staté cal;ﬁiations is
8.269 éeconds for Reactor II usiné, 30 axial step.-In the case of
unsteady gtate_calculétions, 160 to 230cp seconds computer time is
requirgd dependiﬁg oﬁvthe type of step change while éxial step (30), time

step.MO.0473 sec.) ahd-thenumgrs"of'time step afe:conétant. If\the number

'
i
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af-akial seep isvdouﬁled time requireﬁent is doubled.
The comparison of the results fo those of TERHID 'shewed an
: agreemeﬁt; In the transient caiculations temperatdres reach steady state
values asymptetieally within 10 seconds in-both works. ‘
The analysis witﬁ an increased-dumber of axial step showed that
".the number of current axial step is sdfficient to give acceptable
precisioﬁ. : |
The 1 MW poder-geneting'reaetor in GNAEM, the Reactor I showed to

' have a maximum fuel'teﬁberatufe‘of 76 7 °C and 66.8 oc under normal
opexating canditions for 379C and 23°C coolant input  temperatures respectively
In the transient calculatlons this system for 37°C coolant input tamxzaune
was taken as a referance system. In all transient calculations the time requirement

to complete the 90 pér cent of the totil change vere found to be in the range of 2.8 to 5.2 seconds.

In fhe dthef reaetor in- CNAEM, tﬁe ReaetorvII which produces 5MW,
- maximum fuel temberatdrevreached to 69.2 °C under harmal operating .
conditions for 30°C coolant input temperatures A parametric study on
the dimensions of the Reactor II core showed that two per cent increase -
in fuel.length reddced the maximum fuel temperature to 68.7 °C from
69.2°C , and five per cent_increase in fuel width fesultedﬁiﬁ”ilé per cent
decrease in the maximumvtemperature also 12 per cent increase in channel

thickness rose the maximum fuel temperature to 72.1 °%.

In the case of inereasing the power level of Reactor II to 17.5 MW
or the coolant . flowrate decreased to 0.065 kg/s for one channel the
subcooled b0111ng starts and after th1s p01nt the fuel temperature rises

con51derab1y.
The two reactors examined in this work were found.to be safe under
normal operating conditions from the view point of thermo-hydraulic

-analysis. .
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B~ RECOMMENDATIONS

In view of the work carried out in this thesis, the following
recomendations can be made
1- In a further work, the program can-be arranged to be used

together with a program which performs neutronic calculations.

2- The variation of physical properties of k,p , c Qith
temperature can be entered to the program using functidns or tabulated
values.

3— Application of»the program to other geometriés rather than
the-plate type reduires major changes. |

4~ The temperature distribution after subcooled boiling occurance
is encountered:cén be determined adding the - appropriate correlations
to the program. |

5~ One could also tfy to use the Galerkin method or finite element
~-approach instead of finite difference method of solution in time domain
. to see whether.any advantages in the éolution can be attained. g

6— The thermal stresses can also be determined together with

temperature distribution.



APPENDIX A
DERIVATION OF THE FINITE ELEMENT EQUATIONS



Finite element equation (2.9) written as follows;

BUIP | Ty T Ny .
@Y L N ¥ i 2 [N] ) aALTI
A yx Ix 3y 2y
NN AN |

IN] [N] ag (1)
L .
T

- h [N

j{ [ ] TF dL
- j'[N Q dA
¥ fp ¢ [N Il an afT} -0

ot

this equation can be anaiyzed by
applications

Shape function for two.dimensional simplex element is

Ng=1/94 (o + bé X +¢ ¥y) B=1i,j,k
wﬁere
aj = XY X ¥y bi= Y=Y} Ci= Xp-X;
aj =Xk Yi - Xj¥g by= Yi-Y4 Cy= Xi-Xi
ay, = Xj Y= X4¥; by= Yi—Yj Ck= Xjfxi.
Gradient matrix can be written as
-.a'Ni 3 Nj éNk |
Tax X dX
{aNi ANj ANk
[y oY 5y

this can be\

rewritten substituting the

shape functioﬁ into
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(A-1)

- (A-2)
(A-3).

(A-h)

(A-5)

means of some necessary matrix

(A-6)

Ten)
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'Cj_ Cj Ck

integral (A-1) becomes

bi bj bk bi i
, f k . ‘
} 402 | el cj ck bj  cj dA (T}
o bk ck |
bi bi bj bi bk bi » cici cjci ckeci
k . ' : ke . ‘
= —1{ 'bibj bj bj bkbj |y +—oJcici cjecj ckej| (T
4A | 4A /
bi bk bj bk bk bk [. ck ci ck cj ck ck

- (A-8)
The second integral can be evaluated over a surface, performing

matrix multiplication
Ni Ni Ni Nj *Ni-NK
5. HNJT(NjeR it ni Ne Ni N§ Nj K| a2 (T  (A-9)

£ £| Nk Ni Nk Nj Nk Nk

making use of area coordinate it is easier to evaluate the product terms.

L's. are area 'cqordinétesi if the side between node i and j is
experiencing the éonvectiqn phenomenon
Ny = L3 = Ov and " equation (A-9) becomes
L, L Ly 0 .
h'j Lly, LyLl, Of ap o (A-10)
A‘Jzij o o ol | |
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Lij

and

integration of squared quantity and cross products is

&L ij 'respectively where é&ij is.the‘length ‘of the side between the
6 - .
‘ nodes i and j

‘ "equation (A-10) becomes-

2 1
h & i 1 2 o] ) | (A-11)
6 1o o |

The third integral is also approximated as in the second integral

T . |t
h | [N T, d&= hT, 215 | (A-12)
& | 2 |o

The other term in equation (2.9) is

| NTq aa | ' (A-13)
A - |

assuming Q is constant in one element then the results of equation

(A-13) is
1

QA |1 » » (A—i4) )
3 , :

The heat generated within the element is allotted to the three nodes

The last term is also rewritten in terms of area coordinate

‘ 'Ll Eﬂ. Ly Lé] Ly L, Lp Ly L3T ¢
: 3-{T } . 3 {r}
| L dA ———= f LoL, Lo Ly Lo Ly | dA
Jhpc 2 - -t PC 201 M2 3 .
hoLts | o ALsly L3 lp Iglg
 (A-15)

SQQared‘ quantity and cross product is approximated as A/6 and A/12

-

respectively in area integral and rewritten as

2 1 1 ,
| | 3T} : 4 i
pcA |1 2 1 g 0 _ - (A-16)
12 - » i

1 2
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o 'Equation '(A—8) and (A-11) coantributes to element conduction
matrix, (A-12) and (A—lﬁ) element force vector, and (A-16) element

capacitance matrix.



APPENDIX B.
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PROGRAM NEKACINPUT,QUTPUT,NEKADAT ,RELDATA,TAPESY=
1RELDATA,TAPEGG=HEKADAY, TAPE1=INPUT, TAPEGT S0UTPUT)
COMMCN /MATRY/EF(3) ,ECM(3,3),EQ(3,3),EP(3,3)

COMMCN /MATR2/FSM(400,3,3),ESMOLDC400,3,3)

COMMCN /TCMP/TCAF (500), TCHMFOLOC303) ,TEM(2500) ,TEMOLD(600)
CIMMON /CIOR/AC401,3),Y400,3),N5¢400,3),8(3),C(3),NCOL-
COMMON /REL/DYC)9),ORCL(P9) ,REL(3),NRELSHG

COMMCN /CLM/ISIOLC(400), IMNCATGECADON) NP,NELEM, NOW

COMMCN /FLUID/NH(3I0) ,FLOWC(3IN0)

COMMON /STORC/ZAC2500),PACZLS500),,(2500)

COMMCN /TLC/TITLESC20), TITLEUSC20)

CIMMACN /PUYF/KFohtdOF ,HECAPF,DFL,DFW,DFHT

COMMACN /PHYC/OCW,DCT,KC/RHOC,HECAPC,DCLADT

DIMINSION DELPR(3ID)

CHARACTCR» 6 STAT(,SCUUL,CHOSE

RCAL KC,KF ,L3

DATA IN/ZOD/ 10701/ NCLIV 101700

c DEFINITION OF THC CONTROL PARAMETERS
C MNP - NJIUER OF GLODAL TEMPERATURES
C NE = NUMDER OF ELEMENTS
C NOW= UAUD wIDTH
C KC - CONDUCTIVITY IN CLEADING
c KF - COMDUCTIVITY IN FUEL
C H = COMNVECTION COEFFICIENT
C TINF-FLUID INPUT TEMPERATURE
C
c
C INPUT OF THE TITLL CARD, THE CONTRUL PARAMETERS AND THE CLEMENT DATA
¢ o
C . ! .
PRINTs,* e« DO YOU wANT INTERACTIVE USJAGE (YES OR NO) ««®
READ(«,10) CHOISC
PRINT * (" 2 “,A4)',CHOSE
IFCCHOSE.EQ.*YES®) IN=1
C
CALL SGIVENCIN,TINF,FLURATL)
¢
CALL GRID(IN)-
C 7 .
CALL NORMLISCTIHF,FLWRATE)
. C »
c CALCULATION OF POINTERS AND INITILIZATION OF THE COLUMN VECTOR A

JGF =NPaNCL

JGSM=JGFa2

JEMD=JGSHINPAHIJ

53 1C0 I=1,JEND
160 A(1)=d.0

C ) lt..I-.-llttﬁ.lﬂ.lkl.l‘l.f!l.l...i..'
c ASSEMLYING OF THL GLODAL STIFFNESS, CAPACITANCE AND FORCE MATRIX
[ AN AR RANN NA AR AR AAAR AN RN AR RAAN NN AN

IK=1

11kK=1

DELTINE=0.0473
[FCISS.EQ,0) GO TU 105
275 ITT=(1T=-1)/10
LFCLTTLEG.CCIT=1.)/1C))THEA
WRITL(10,531) TITLEUS
TIML=0.046734CIT=1) .
CWRLTECIO,SU0)  TIAE
500 FORMATC(/2X,"* TIIC I SCCONHD = *,F7.4) . _
WRITE(10,520) , C .
D0 101 I=1,NP,uCOL .
00 1C2 Ir=1,NCLECHM - :
DO 102 14=1,2
IFCLLEQ.NSCIL,10)) GG TO 106




’
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©

2 CONTINUE

6 YY=(DFL- Y(II'IJ))'1OGO

1 WRITECLO,530) YY, (TENFOLDCJ) PJ= lll'Z)JTEHFOLD(I'Z)IDELPR(I*Z)
PRINT 531

1 FORMAT(TIHT)
END IF

5 0O 1107 1=1,HP

110 OELPR(I)=0.0

11

12

212

00 120 .<»<’»=1,ucu:n

CALL SHAPL(KK,AR4)
IFCIMEATGE(KK).GELT) GO TO 115
CALL MAT(KK ARG, 155, 0ELTIND)

IFCISIDE(KK).LELO) GC TU 125

AAN AR AR KRR ANRA NN AR AR R AN
C\LCULATiON OF THL CONVLCTION RELATCD QUANTITLES

CALL CONVEC(KK'IKpITaDELTIMErSUMriOrISS'IIKIDELPR)
‘anmaenanaanan A a e aaa

60 TO 125

A AR AN AAAN AN AN AR AN AANARR AT
CALCULATION OF T4L WELAT GUHNERATION RELATED QUANT;TIES

5 CALL H[AT(KK,IK;AR&:DELHME’SUH'ISS)'

'.......ll.-...lﬁ.‘.l.‘...

INSERTION OF ELEMCNT PKOPERTIECS INTQ THE GLOBAL STIFFNESS MATRIX
5 CALL STORAGE(KK,MCL,J4GSiHs153) ' .

0 couTlinucL )
IFCISS.CQ.0) GO TO 135

CALL HULTBD (PACT) ,TEHOLDC1) ,P (1), NP HBWNCL)

INP=NPANCL
Dy 180 151,000
KN=1+INP
0 pr(1)= p(I)'(T[WQLD(KN)'A(KN))

5 CALL DCMPBD(ACIGS A1), NP, NI
IFCIS5.C02.0) GO T 1453
G TC 155

S NPP1=nP+]
DO 140 I=NPP1,JG5 Y

0 TEMOLDC(I)=ALI) v

CALL SLVBDCACIGSHIT) AACIGFOT) JACT) /P NOWANCLIDT LT/ IS5)

50 .TC 165

5 CALL ﬁLVBD(A(JGSM01):P(1);A(1),NPfNUH:NCLrID1rITrISS)

165  1KK=G

DO 150 KK=1,NP

IFCADSCACKK)=-TEACKK) ) LE.O. 0005) IKK= IKK¢ 1 0
0 CONTYINUC

IFCIKKGEQNP) GJ TO 175,

D0 160 IK=1,JEND
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160
175

185

205
170

215
510

CTEMCIK) =ACIK)

A(IK)=0.0

PACIK)=0.0C

P(IK)=0.0

GO TC 105

ITFCISS.EL,0) GO TO 185
GO TO 175

LIK=1IK+1
TFCIIKLEG.2)G0 . TO 205
GO YO 215 :
D0 170 I=1,J4CHD
TEM(I)=ACD)

A(Ll)=0.0

GO 70 105
ARITECIO,510) TITLLS
FORAATCIHT, 146 (/). 20A4)

JUTPUT OF Tdf CALCULATID NODAL VALUES

520

181
216
180
530

540

255

WRITE(IO,52N)

FORMATC /,32X,*TE APCRATURES OF',/," DISTANCE FUCL FUCL
1CLAD CLAUDING, COOLING PRESSURE®*,/," CENTER
2 INTERFACE SURFACL WATER OIFFERENCE s //s4X," (NM) ', 8X

3,00C) 10X, (LY 3%, (C) 210X, (€)' v 6K "(HNIMR22) L))
59 180 I=1,NP,nCOL

DO 181 1I=1,NELEM

DO 181 14=1,3

IFCILEQ.NSCILLLIIY) GO TO 210

COMTYINUE ‘

YY=(DFL-Y(I1,1J))=13C)

WRITECLIO,530) YY,(ACI),J=1,1¢2) ,TEMF(I¢2),DELPRCI¢2)
FORMAT(S(FY .1,34))

WRITECIO,54)

FORMATCIHT,4C/)) ,

PRINT*,*DO YOU JANT SUBCOOLED GOILING CALCULATIONCYES OR NO)'
READ(~,10)5COIL : :

PRINT (" 72 “,A4)',SCO0L

IF(3CO0L.EQR.*NO") GO TO 22 /

CALL SUGCOOL(OLLPR,10)

PRINT#, 'UNSTCAODY STATE JCING ENCOUNTELRED PRINT (YES OR NO)' ’

RCADC(*,10U)STATL
PRINT * (" 2 “,A4)',STATE
FORMATC(AL)

IFCSTATE,CGL*NO®)GO T 235

PRINT«,* WHAT IS THE STEP CHANGE®

PRINT*,"* '
PRINT«,* 1 STLP CHANGE IN FLOW RATE'

PRINT#*,* 2 STEP CHANGE IN INPUT FLUID TEMPERATURE'
PRINT#*,* 3 STEP CHANGL IN HECAT GENCRATION®

PRINT=*,* : - - '

PRINT#, "ENTER THE NUKJER OF THE CASE ENCOUNTERED'
READ (%, ) CASE '

[55=

11=C

IFCCASE.C2.1) 6 TO 245
1FCCASE.EQ.2) GO TO 255
PRINT*, *CHTER THE STEP
1!

READ (%, «)HGF

PRINT*,* 2 ',HGF
HG=HG*HGF

GJ TO 195

CHANGE IN HEAT GENECRATION (LIKE 0.7 OR

PRINT~, "CHTER THE STCP CHANGE IN INPUT FLUID TEMPERATURE (LIKE 0.5

1 0R 1.7)°

71




195

190
265

200
210

220

230

235

CREAD(w,a)TEF
PRINT®,* 2 ', TEF
TINF=TINF«TCF
GO TO 195 ’ :
PRINT#,*ENTER STEP CHANGE IN FLOW RATE (LIKE 0,8 OR 1.,2)¢
READ(a, =) fLWF - ’
PRINYa,* 2 ', FLWF
FLOWCNCOL)=FLOWN(NCOL)«FLWF
IF(CASE.GT.0.) GO TO 265
DO 190 I=1,J4G5M
TEMOLD(I)=AC(I])
CASE=0,
00 2C0 KK=1,NELEM
D0 200 1=1.3
00 200 J=1.,3
ESMOLD(KK,L,3)=ES1(KK,1,J)
09 210 I=1,NP
TEHOLO(I) =A(])
D9 220 IK=1,JCND
ACIK)=0.0
PACIK)=0.0
P(IK)=0.0
IK=1
IT=1T¢1 i
[} 230 I=NCOL A, UPL,UCOL
TEMFOLD (L) =TEHMF(I)
TEMFCHCOL)=TINF
IFCIT,LELT11Y) GO TO 275
STOP
£%4D

® AR AN AARAE AR AR AN AN AN AN AMAR AN B NAAN A

SUBRCUTINE GIVEACIN, TINF, FLWRATE)

‘t..tvtll-l-ll;-t-ltll-t.llttl.ti
COMMON /TEMP/TCHAF(IO0),TEMFOLD(300),TEM(2500) ,TEMOLO(S00)
coMHan JCOOR/ X(C4UN, 3),Y(L0DL,3),NSCL400,3),8(3),C(3),NCOL
COMMON /REL/DY(79),0REL(P9) ,REL(3),NREL,HG
COMMON /ELM/ISIDE (400),IHEATGEC(4Q0) /NP, NELEM,NDW
COMMON /FLULD /u (370) ,FLOW(3ND)
COMMCN /TLE/TITLESC2C), TITLTUSC20)
COMMCN /PUYF/KF RUGF,HLCAPF,DFL,DFW/DFHT
COMMCN IPHYC/DCJ;DCT,KCfRHOC,HCCAPC:DCLADT
REAL KC,KF
CALL PF('GETY','LLDATA®)
READ(S59,1)TITLES
RCAD(S9,1)TITLEUS
FORMAT(20A4)
PRINTs," arannkan?
PRINT=,* ENTZR Tl THERMAL CONDUCTIVITY OF FUEL (w/# C)°
READ (IN,*)KF
PRINT'I' ? ',KF ) 3
PRINTs, CNTCR THL THERMAL CONDUCTIVITY OF CLADDING (W/M C)*
RCAo(Iu,-)Kc ‘ : o
PRIKT=,* 2 ',KC
PRINT#,"* ENTCR THE DENSITY OF FUEL (KG/M#x3)'
READ(IN,*)RHOF
PRINT~,* 2 ', RHOF )
PRINTS,® TENTCR THE UCHNSITY OF CLADDING (KG/Mas3)?
RCAD(IN,#)RHOC . .
PRINT#, ' 2 *,RHIC ' : .
PRINT=,* ENTCR THE HEAT CAPACITY OF FUEL (J/KG C)*' .
READ CIN,*)HECAPF . : :
PRINT*,* 7 *,HECAPF n . )
PRINT~,* ENTZR THE HECAT. CAPACITY OF CLADDING (J/KG C)°
READCIN,#)HECAPC _
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OoOOCOOn

PRINTA,* 2 ', HLCAPC
PRINTa,* ENTER THE POWER FOR THE PLATE (W)
READ(IN/#)HG .
PRINTA,* 27 *,HG
PRINT*," ENTCRING THE OIACNSIONAL PROPERTIES®
PRINT»,"® FUEL LENGTH (MM)®
READCIN,*)DFL
PRINT&,* 2 *,DFL
PRINT#," FUCL HALF THICKNESS (MM)?
READC(IN,*)DFHT
PRINT#*,* 2 *,DFHT
PRINT», " FUCL WIDTH (MM)?
RLEAD (TN ,8)DFW
PRINTe, " 2 ', 0DF W
PRINT»," CLADDIWG THICKNLSS (HM)®
RCAD(IH,-)OCLADT
PRINT#," 2 *,DCLADT
PRINT#,® CHANNEL WIDTH (nH)!?
READCIN,#)DCW
PRINT*,* 2 *,0DC4 .
PRINT=,"* © CHANNEL THICKNESS (MM)®
READC(IN,#)DCYT

CPRINTs," 2 ', 0CT )
PRINTa,® ENTER THE CUULANT ITHLET TEMPLRATURE (C)'
RCADCIN,#)TINF
PRINT=," 2 ', TIAF
PRINT»,* TENTCR THE COOLAMT MASS FLOWRATE (KG/SEC)!
READ(IN ,=«)FLWRATL :
PRINT=,* ? '(FL'-JRATE
READ(S59,%) NRELL
READ(S2,2)(DY (1), DRCLCI),I=1,KREL)
FORMAT(2F10.5)
RETURN
END

NIRRT ET R T EY N YN NN NN NNEENEENEELNS]

SUBRCUTINC GR 1D (I:)

EEA NN RARENA AR RR AN R AR R AR R AN NN RN AR W
DIMENSION XPC1GG) ,YPC100) ,XRG(9),YRG(D) N(B),NDN(B)
DIMENSION HNCH1,21)2¥CCI ,91),XCC1,921) ,HNRDBC20,4,91),3T7(20,4)
DIMENSION LUCS) LNECL00),ALC400),YECLDO) \NR(L),ICOMP(4,4) S
COMHMON /CUOR/K(%U”I3)'Y(40013)1N4(40013)10(3)1C(3)1NC0L
COMHYCHh FELM/ISIDECa0C), IHCATGEC4UOD) A NP, NELEM,NBW
COMMON /PHYF/KF,RHOF,HECAPF/DFL/DFWADFHT
CIMMON /PHYC/DCArICT,KC/RHOCLHECAPC,DCLADT
RCAL N s
DATA ICOMP/=1,1,1,=1,1,=1,=101,1,=1s=1,1,=1,1,1.,=-1/
DATA 10/61/7,N0w/0/,N8/Q/,NEL/DY

I NPUT AND OUTPUT OF TITLE,COUNTFOL CARD' GLOGAL COORDINATES AND
CONNECTIVITY DATA : :

PRINT~,* ¢

PRINTs," ENTLRING THE DATA FOR GRID GENERATION®
PRINT=," ' ’

PRINT*, CNTER THE _NJUMUER OF REGIONS®

READ(IN,*)IHRG

PRINTa,* 2 ', INRG

PRINTa,* ENTER THE NUMBER OF DOUNDARY POINTS® = -
RCADCIN,#)INBP .
PRINT#,* 2 ', INJP - : ~
PRINT®*,% ENTECR THE A3SISSA VALUES OF THESE POINTS (MM)'
READ(IN:*)(XP(I),I 1,INGP) :
PRINT*,* 2 ', (xP(1), 1= i,INBP)

PRINT~,* ENTLR THE CRDIMATC VALUES OF THESE POINTS (M)
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READCIN,*)(YP (L), I=1,INBP)

PRINTA,* 2 ', (YP(1),121,1NLP)

IFCINRG.EQ. 1) GO TO 36

DO 2 1=1,INRG . '

PRINT#,* ENTER Tdf RCGION CONNCCTIVITY DATA OF THE REGION ‘.1
READCIN,»Y(IT (1 ,4),0=1,4)

PRINTa,* 2 *,(UTCL,J),051,4)

LOOP ON THL REGIONS TO GEMELRATE THE ELCMENTS

DO 16 KK=1,INRG

NRG =KK

PRINT«,' ENTER THEL NUMMYER OF ROWS OF NODES IN REGION ',KK
READ (IN,«)NROWS

PRINT#*, " 2 ', NRIWS

PRINT«,* ENTCR THE KUMYER OF COLUMHS OF NOOES IN REGION '/,KK
RCADCIN,#)INCOL i

PRINT«,* 2 *,ANCOL

PRINT~,* [HTER THL GLODAL NODE NUMHBERS USED TO OEFINE THE'
PRINT«,* QUADRILATELHRAL OF REGION *,KK

READ(IHI')NDN

PRINT=," 2 ', NDU

WRLTECIO, 18INRG,NROWS,HCOL, (NDN(L),I51,8)
FORMATCINI/Z/1%,1 20800 REGION ,12,6H anna//10X,12,5H R0H5110X112
1,30 COLUMNS// 10X, 21 HUDUNDARY NODL NUMBERS,10X,B815)

GENERATION OF THE CLCMENT NODAL COORDINATES

po 4% 1=1,4
I1=HNDKCI)
XRG(1)Y=xP(11)
YRGC(I)=YP(ID)
XRG(F)=XRGC1)
YRG(2)=YRG(1)
TR= NROWS-1
DETA=2./TR
TR=NCOL =1
DS1=2./TR
DU 12 I=1,4%R04S
TR=[-1
ETA=1,-TR*DETA
DO 12 J=1,NCOL
TR=J-1

SI=z=1.+TR*DSI : .
N(1)—-O.LJ-(1.-SI)~(1.-€TA)-(SIfETA*1.)
N(2)=0,5%(1.=SI%a2)a(1,.-ETA) '
NC3220.25n0 (1, ¢S D) a1 =ETA) S (SI-ETA-1.)
NCL)=0.5«(1.¢SID)n(1.-ETAN=2) )
NC5)=0.25=C1.+SI) (1 +ETA)(SI¢+ETA=1.)
N(6)=0.55(1.=S1*x2) = (1,¢ETA)
N(70=0.25C1.=SI)a(1 +ETA) &« (ETA-SI~-1.)
N(BY=0.504(1.=SI)«(1.-ETA»«2), -
XC(IL,J)=0.0 ) ‘ .
YC(I1,4)=0.0

DO 12 K=1,¢&
XC(L,d)= KC(I:J)*XR’(R)*N(K)

C¥CCI,I)STC(I, ) #YRGCK)AN(K)

GENERATION OF THE REGION NODE NUMBER

KNT =1

KS$1:=1

KN2 =NROWS

KS2=NCOL )

20 50 I=1,4 - T
NRT=JT(NRG, 1)




[ W o

c
C
c

IF(NRT.EQ.,0.OR.NRTLGT.NRG) GO YO S0
DO 56 J=1,4

56 IFCIT(NRYT,I).EA.NRG) HRTS=Y
K=NCOL
IF(I.EQ.2.,0R.ILEC L) K= NRONS
JL=1

T JK= ICOMP(I,NRTS)

IFCJKLEQ,=1) JL=K
DO 44 J=1,K
GO TO (45,46,47,43),.1

45 NNCNROWS,J) =NHROCHRT SNRTS,JL)
KN2=NROWS=1
GO T0 44

46 NNCJ/NCOL)=NNRB(NRT,NRTS,JL)
KS2=NCOL-1
GO T0 44

47 NN(1,J)=NNRBCNRT,HRTS,JL)
KN1=2
GO TO 44

LY NNCJ»1) =NNRBCNRT,HRTS,JL)
K51=2

44 JL=JL+JK

50 CONTINUE )
IFCKNT.GT KN2) GO TO 105

S IF(KS1.6TKS52) GO TO 1095

D0 1C I=KN1,KN2
DO 10 J=K51,KS2
ND=NB+1 ’

10 NN(I,J)=NDO

STORAGL OF THE UOJNDARY NODL NUMDERS

DO 42 I=1,NCOL
NNRO(NRG, 1, 1) sNNCIROWS, 1)

42 HNRU(NRG, 3, 1) =HNN(1,1)

DO 42 I=1,NROA4S
NNRU(NRqu'I)-hH(I,NCOL)

43 HNRBINRG, 4, 1) =NN(TI,1) S
0JTPUT Cf THE RCGIJIN HODE HUMBERS

WRITE(10,49)

49 FORMATC(//1X,1MMREGION NJIDE NUMBERS/)
DO 5Z I=1,NROWS

52 ARITCCIO,53)CHN (L 0) #d=1,HCO0L)

53 FORMAT(1X,2015)
NP=NN(HROWS »1HCOL)

DIVISION INTO TRIANGULAR ELEMENTS

55 FORMAY(//3X,17HNEL NODE NumBERs,9x,4ux(1),ax,4H7(1),8x,4ﬂx(2),8x
1,4HY(2) 284K, tHK(3) 8 R ,4HY(3)) -

105 K=1.
DO 54 1=1,HROWS
DO 54 J=1,NCOL
XECK)=XCC(I,d)
CYECK)=YC(L, )
NECK)ISNNCI, ) C .

54 K=K+
L=NR0WS~1
0O 15 I=1.,L
DO 15 J=2,NCOL ) _
DIAGI=SART((XC(I,J)=XCC1+1,J=1)) Yaa2¢(YC (1 d)=YC(It1,3=1))4e2)
DIAG2 sanr((XC(xe1,J)-xc<1 ~1) )% a24CYCCI+1,3)=YC( L d=1)) ax2)
NRC1)=HCOL*I4J~1 . .
NR(2)=NCOLAI+Y

~
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THRC3)=NCOLA(I~1)¢y
HR(4)=NCOLA (1-1)+J=1

20 1S 1J=1,2

NEL=NEL ¢1 ,
IFC(DIAGT/DIAG2).GT.1.02) GO TO 41
J1=HR(1)

J2=NR(1J¢1)

JISNR(LIJ¢)

GO TO 40

41 J1=NR(LJ)

J2=NR(TJ+1)

J3=NR(4)

40 LUC1)=1ABSCHE (U 1) =NE(J2)) +1
LUBC2)STABSCHNE (J2)Y=NE(J3)) ¢1
LBCS)=TABSINECIJT)-NECIJI)) ¢1
D0 107 IK=1,3
IFCLBCIK) JLE.NDBA) GO YO 107
NUOWd=LU( IK)

: NELJUW=NEL

107 CONTINUE

NSONEL,1)=NECST)
MSCNEL,2) =NE(J2)
NSONEL, 3) =NECJS)
X(HZLA1)=XEC(IT)
X(NCL,2)=XE(J2)
X(NEL,3)=XL(J D)
Y(NELA1D)=YEQW YD)
Y(NLCL,2)=YL(J2)
Y(NEL,3)=YE WD)

15 CONTINUC

16 CONTINUE

NELENM=NEL
JRITECIO,SS)

DO 250 KK=1,NELEM
KI11=C

K1J=0

DY 2C5 KI1=1.,3

DLENG=DFHT+DCLADT

IFCABSCXCKK K I)=DLENG) o LE1.E=3) KII=KII¢1

IF(XC(RKAKI) JLEL(DFHT#1,E=3)) KIJ=KIJt1

CONTINUE

IF(KI1.CQ.2) GO TIJ 106

GO TC 103

135 IFCACSCACKK,2)=X(KK,1)) LLL1.E-3)ISIDE(KK)=1
IFCARSOXCKE ,3)=X(KK,2)) LELT1LE=-5)ISIDE(KK)=2

103 IF(KIJ.EQ.3) IHEATGE(KK)=1

ro
(=
v

QUTPUT OF ELEMENT DATA

IFCIHEATGEC(KK) . SE.1) WRITE(I0,302) KK i
IFCISIDECKK).GR 1) WRITE(CIO,303) ISIDE(KK),KK

302 FORMAT(! HEAT GOHERATION IN, ELEMENT *,13)

303 FORMATC(® CONVECTION FROM SIDE *,I12,°' OF ELEMENT *,13)
WRITE(I0,301) KK,NS(KK,1) 4 HSCKK,2)2NS (KK, 3) #X(KK, 1) oY (KK, 1),
IXCKKA2) 2Y(KK,2) 2 X(KK,3) Y (KK, 3)

I01 FORMAT(1X,415,3X,6F12.4)

25) CONTINUE
RETURN .
END -

R NARARAAN RA A KA AR NS AAAARA NS AR AW

SUBROUTINE NORMLISCTINF,FLWRATE)

.a---aa---a-n-a-..u--a-----u-a-tt
COMHCN /TENP/TENF(500):TE"FOLD(300)fTEH(ZSOO)oTEMOLD(bOO)
COMMON /COO0R/ XC400,3),Y(400,3),N5€600,3),8(3),C(3),NCOL
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COMMON /REL/DY(I9),DREL(99) ,REL(3),NREL,NG
COMMCN /ELM/ISIDC(400), IHEATGE(4D0) NP, NELEM, NDW
COMMON /FLUID/H(300),FLOW(300)

COMMON /PHYF/KF »RUOF 4HECAPF,DFL,DFW/DFHT
COMMON /PHYC/DCA,DCT,KC,RHOC,HECAPC,DCLADT
DFL=DFL*1.E~3

DFW=DFW~1.,E~3

DFHT=DFHT 1 ,E~3

DCT=DCT*1.E-3

DCW=DCW=*1.E-3

DO 1 XK=1,NELEM

b0 1 K1=1,3

X(KK,KID=X(KK,KI)/10CO.
Y(KK,KI)=Y(KK,KI)/10CO,.

DO 2 I=NCOL,NP,NCOL

FLOW(I) =FLWRATE

TEMF(NCOL)=TINF

DO 3 1=1,NREL

DYCL)=DFLDY(D)

RETURN

END

.l...‘ll...ﬁ..t..."...l.'t.'.....

SUBRCUYT INE SHAPEC(KK ,AR4G)

RN NA A O RR A RARA AN AR NN AN AR AN NN AR
COMMON /CJOR/X(‘UU'3):Y(40013)1NS(“0013)10(5)IC(3)1NC0L
BC1)=Y(KK,2)=-Y(KK,3)
3(2)=Y(KK,3)=Y(KK,1)
B3)=Y(KK,1)-Y(KK,2)
CC1)=X(KK,3)=X(KK,2)
C(2)=X(KK+,1)=X(KK,3)
C(3)=X(KK,2)=X(KK,1)
AR4 = (X(KKIZ)'Y((R;S)0K(kK13)'Y(KK11)'X(KK'1)'Y(KKl2) -X(KK~,2)
1o Y(KK,1)=X(KK,3)aY(KK,2)-X(KK,1)2Y(KK,3)) a2,
RETURHN
END -

IET RSN ERENSENES] AR KANARAARRARRARANDIA AR AN &

.

SUBROUTINE MAT(KK ,AR4L,155,DELTINE)

".........‘.....‘l...“.‘..‘....‘...‘.'..
COMMON /HATRi/Lf(5):[CH(3:3)1€Q(313);CP(313)
COMMON /MATR2/CSMC400,3,3)  ESMOLD (600,3,2 .
COMMCH /CQOR/K(40313);Y(40013)1N5(40013)18(3)1C(3)1NC0L
COMMCN /PUYF/XF,RHOF ,HECAPF,DFL,DFW,DFHT
COMMON /PHYC/OCWAdsDCT,KCLRHOC,HECAPC,OCLADT
REAL KC :
DO 5 1=1,3
£EFC1)=0.0
DO S5 J=1,3

' CSH(KK:I’J)=(KC'U(I)'U(J)0KC'C(I)'C(J))/AR4
IFCISS.CQ.0)Y GO T 9% :
CCM(1,J)=RHOC*HLCAPC#ARAL/ L, /6, .
IF(I.EuL.d) GO TO 519 .
ECM (I, d)=ECHCI, /2.
EG(1,J)=0.5~CESH(KK, T, J)+ESMOLD (KK,1sJ) D)2, JDELTIME #ECH(1,4)~
EPC(L,d)=2. J/DELTIMC=CCM(I,4)-0. 5‘(ESH(KK111J)'ESMOLD(KK}I/J))
CONTINUE
RETURN . , ' )
END . N

A AARNR ARANRE AR AR AR AN NN RN AN AR RN RN ﬁ.ﬂtttitt..l AN RRAKRRANRNANRRN AR

SUDRCUTINE CONVEC(KKIIK)ITIDELTIHEISUMIIOIISS"IKIDELPR)
...;...-.....‘.......'.............ﬂ.....‘-.‘...-...-....*......

~
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N RAARNAARR lﬂn‘t.lt..llnh.hll-.ttﬂtﬂAtt..tﬁ..l..Qi.t.l.lﬂ...t.lt.!
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COMMON /MATRI/EF(3) ,ECM(35,3),EQ(3,3),EP(3,3)

COMMON /MATR2/E3M(400,3,3),ESHOLD(400,3,3)

CoMMON /TEMP/TCWF(300);T[MF0LD(300)ITEH(ZSDO)'TEHOLD(600)
COMMON /COOR/ XxC401,3),Y(400,3),N5¢€400,3),8(3),C(3),NCOL
COMMCN/ELNM/ISIDEC4OQ)  IHEATGE (400), NP ,NELEM,NBW
-COMMON/ FLUL DL/ HC300) ,FLOW(300)
CUMMON/PHYF/KFsRUDF JHECAPF ,DFL,DF W, DFHT
COMMON/PHYC/DCW,DCT,KC,RHOCLHECAPC,DCLADT

DIYMENSION DCLPR(310)

REAL LG

J=ISIDE (KK)

K=J+1

IF(J.EQ.3) K=1

LG=SART (( X(KK ,K)~- X(KKIJ))*"*(Y(KKIK) Y(KKsJd))nn2)

CALL TFLUID(J’KK'IK,LG:SUH;!T:DCLTIJC:ISS'IleDELPR)
SuM=0.0
CALL HCALCGJ,IK/KK,ISS)

EFCII=HINSCRKAJID ) sLGATLMF (NS(KK,3)) /2.

EF(K)SH(NSCKK,K)) aLGoTEMF (NSCKK,K)) /2.

ESM(KKsJrd)=LSM(KK,J,I) tHINSCKK L)) *LG/ 3,

[Jﬂ(Ker;K)-CJM(KKIJ'K)'(H(NJ(KKlJ))ON(N'(KKIK)))'LG/Z./G.
ESMCKK, K J)SESM(KKAJ AK)

ESHM(KKsKeK) ZE3MIKK,KAK) tHINSCKK,K)) *LG/ 3.

IFCISS.EOQ. 0) GO TO 11

9 10 JN=1,3

DO 10 JM=1,3 . o

EQCINLIM) =05 «CESHIKK,INFJM)PESMOLD (KK, JNAJM) )42, /OELTIME

1CCHC(IN, M)

CP(JK:JH)-;./DCLT!MC'ICH(JNIJM)‘U Sa(ESMIKK,IN,JMICESMOLD(C

1KKs JNLIJM))

CONTINUE

RETURN

END

)

SUBROUT INE TFLJID(J’KK’lK,LG;SUMIITlDELTIHE;ISS:IIK:DELPR)

N RO RAAARK AR LA aA ...l.A.l....“.....l....ﬁﬁ.-...................l

12

DIMENSION V(300),ROW(S00) ,ROWOLD(300) LENT(300),ENTOLD (300)

COAMON JTCMP/TEAF (300), TEMFOLD(300) ,TEM(2500) ,TEMOLD(600) .-

TCOMMON /coon/x(AOJ,B),Y(«00,3),NS(400,3),0(3),C(3),NCOL {

COMMON /FLUID/ZHC(300) ,FLOW(300)

COMMCN /PHYF/XF/RHOF JHECCAPF 4DFL,DFWADFHT

CIOMMON /PHYC/DCA,DCT,KC,RHOC,HECAPC,DCLADT

COAMCN /CLM/ISIDECLOQ) »IHEATGECLOV) /NP NELEM,NDW

DIMENSION DELPR(3ND) ,FLOWOLD(30D)

REAL LG

CHAARCA=DCW*DCT

1FC1ss.£Q.0) G0 7O 11

IFCIK.GTL1) GO Tu 11

IF(KK.GT.4) GO TO 11

p0O- 10 1=HCOL,NP,NCOL

ROAOLD(I) =ROW (L)

CENTOLDCI)=ENT (1)

I=NCOL : Coe

ROWCI)=RHOWACTEMAF (1)) _

VL) =FLOWCI D)/ Gt dw (1) aCHAARLA) » ‘

ENTCI)=ENTWACTEAF (1)) . .
[=NS(KK,J) .
xr(xs,.to 0) Go TJ 12

GO YO 13

ROWC(I)=RHOWACTENF (1))



15
17

16
13
102

104

103

100

150
151

204
203

250
251

101

301

79

VCI)=FLOWCI)/ (ROW(I) *CHAAREA)

IFCIIKLEQLT) GO TO 15

GO YO 17

ENT C1)=SUM/FLON (L) ¢ERTCI-5)

GO TO 16

CALL HEFLUXCTZM(1=3) ,TEHCI) »TEMFCI=3) ,TEMFCI) ,FLOWCI=3),
1FLOW(L) ,Q2)

ENTCI)=LG*02/ FLOWCL) ¢CNT(E=3)

TEMF (L) =T JACCNT (1))

GO TO 101 ]

IFCIK.EGQ.1) GO TO 102

GO TO 104

CALL HEFLUX(TEMOLD(I=3) ,TEMOLD(I) ,TEMFOLD (I ~3),TEMFOLDCI)
1FLOWC(I~3) ,FLOWCI-3) ,02)

G0 TO 103

CALL HCTLUX(YEM(I-3),TCHCL) ,TEMF (I~ 5),rcnr(1),rLow(1 3,
1FLOWCI=3) ,02)

ENT C1)= (LG QZ/FLOWCI=3) ¢ (LGENTOLDCI) )/ V(L= ~3)«DELTIME) ¢ENT(I=3))/
1CLG/(VCI=3)aDELTLAC) ¢1, D)

TECAFCI) =TWA CCNT (1))

ROW ()= RHOWACTCHF (1))

TEMF1=TENF(D)

IFCIT.EQ.1) G0 TG 15C

FLOWCI) SFLOWCI=3)~CHAARCA®(ROW(I)=ROWOLDCI) I~LG/DELTIME
GO TO 151 '
FLOWCI) =FLOWCI-3)

V(L) =FLOW(I)/ (ROw (1) aCHAAREA)

IFCIK.Ed.1) GO TO 202

GO YO0 204

CALL HEFLUX(TEMOLDCI- 5),TEMOLD(I),TCHF(I 3) ,TEMFCI) LFLOWCI=3) »
1FLOW(I) ,Q2)

Go TC 203 -

CALL M[FLUX(TEM(I-})'TEM(I),TEMF(I-S):TEHF(I);fLQd(1-3),

1FLOWCI) Q0D
NT(I)-(LC-JZ/FLOA(I)'(LJ-ENTOLD(I))/(V(l)'DELTIHE)*CNT(I ~3))/

1(LG/ (VCD) «DELTIAEL) +1.0)
TEMF (L) STWACENT (1))
RIJ(I)= RMOHA(Tﬁif(I))

IFCIT.EQ.1) GO TO 250
FLOWCI) =FLOA(I=3) - CMAAREA*(ROH(I) ROJOLD(I))-LGIDELTIME

G TC 291

FLOH(I)-FLOJ(I-B)

VCI)=FLOWCI)/ (RIWCL) ~CHAAREA)
IFCAESCTCMFI-TEAF (1)) LEL0.,3005) GO TO 101

6o T0 190

CALL FRICTN(I,RO4CI),CHAAREA,FRIC)

IFCISS.G6TL0) GO T2 301
FLOWOLD (1)=FLOW(I)

ROWOLD(I)=ROW(L)
DELP=9.81#RIW(II*LG+2. 4V (L)L G* (ROWC(I)-ROWOLD (L)) /DELTINE

1=FLOWCI)Y*#2 .5 (1, /ROWCI)=1./ROWCI~3))/CHAAREA*+2,~FRIC
Z'LG/CHAAR[A-(TLOH(I)-FLONOLD(I))*LG/(CMAARCA'DELTIME)
DELPR(II=DLLPRCI=-3) sOELP .
'RETURN )
END

t..k'.l..l.tlllll.i.I.‘..l“lt.‘...!.'.!.....l...t.

' T EENNEENENERS) AN AR AR A AN AN ARANARRAGN AR AN AN AN AN kN

SU‘JROUTINE HEFLUXCT1,Y2,TF1,TF2,FR1,FR2,QH)

DIMECNSION T(2),TF(2),TRC2)
COMMCH /PNYC/DCJ;JCT;KC;RHOC;HCCAPC:DCLADT'
cCoMMOh /PHYF/KF,RHOFfMLCAPF'DFLrDFN'DFHT

DE 2. 0*DCWDCT/(DCADCT))

]
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QH=3.0

T(1)=T1

T(2)=T2

TFC1)=TF1

TFC2)=TF2

FRC1)=FRY

FR(2)=FR2

DO 1 I=1,2

FLRATE=FR(ID/ (DCw+DCT)
RE=DESFLRATE/VISCHACTFCL))

PR= VISCHA(TF(I))-JPCMCAT(TF(I))/CONDHA(TF(I))
H=0.023+CONDWA(TF(I))aRE»+0.34PRa*0.4/DE
IFCTCI).GT.125) 6N YO 2

‘VISCR= (VISCWACTFCI) ) /VISCUWALT (1)) ) =0, 14
GJ 10 3

VIS CR= (vx,cNA(rr(l))/vx.cwa1(rcx)))--o.14
H=H aVISCR '

D=)FusHo(TCI)=TFLI))

QH=QH¢Q

RETURN

CND

N ANRREARAR AN NA AN KA AR AN AARA SR AANR AR AR AR AR NA AL AN BN RN AN

SUBRCUTINE FRICTN(CI,RHO,CHAARLA,FRIC)

®RNEAANNARNA AL RN AR AR SA N AARRRA AR RN ARNRAANANR AR KA NN AR AR N AN
COMAON /TEMP/ TEAF (30, TEMFOLDC(30U) ,TEN(2500) ,TEMULD(6VD)
COMMON /FLUTD/N(3D0) ,FLOACS00)
COMMCHN /PHYC/DCH,DCT,KCARHOC,HECAPC,DCLADT
‘DE=2.04DCA*DCT/(DCA+DCT)
FLRATE=FLOWC(I )/ (DCWe0D(CT)
RE=DL*FLRATE/ VISCAACTENFC(TI))
FI=0,0672RU s (=) 2) -
FRIC=2.OaFFaFLOJCL) a2, /(DEARHOACHAAREA)
RETURN
END

W RAANR AAAR AN AN RA AR AR KA AAAA NS AANAR AG AN AR A&

SUJRCUTINEG HCAL(J, IKAKKAISS)

NAR AN RAAN AR RN OO AA AR RARKRA AN ARAN AN AR A NN AN

184
135

19

19
19

187
188

COMMCN /TCMP/TEHMF (3D0), TCMFOLDC300) ,TEHN(2500) ,TEMOLD(60D)
CMMMCN JCICRIXCLND, 3), Y (L00,3),H5C400,5),8(3),C(3),NCOL
COMAON /FLUID/H(3IU),FLOWC(300)
CIMMCN /PMYC/DCJ;JCT:KC'RNOC’HCCAPCpDCLADT
DE=(2.0+DCW=DCT/(DCWDCT))
IFCKK,GT,4) GO TO 1x4
I=HCCL
GO TC 14d5
I=NS(KK,J)
TFX=TEMF(1)
TFLRATE=FLOWCI)/ (DCWaDCT)
RE=DCAFLRATE/VISCUACTEX)
PR= VIJCHA(TFX)-JPFHEAT(TfX)/COMDHA(TFK) -
HCI)=0,023%CONDJA(TIX)aRE~a], 3aPR*«0,4/DE - .
IFCISS.EQLD) 50 TO 191) : :
60 .70 191

0 IFCIK.CQ.1) Go TO 195
G) TO 192¢ *

1 IFCIK.E2.1) GG 10 137

2 TFW=TEM(I)
GJ T0 1388
TFd=TEMOLD(I)
IFCTFWL.GT.125) 50 TO 201
VISCR=(VISCWA(TFAI/ VIS CAA(TFN))"O 14"
69 T0 202



201 VISCR=(VISCWACTFX)/VISCWAT(TFW) ) a2a0,.14
202 H(I)=H(I1)sVISCR
195 1F(I.EG.NCOL) GO TO 134

RCTURN -

EMD

c RANAN AAAN AN AR AR AR AR KA R AR AR N ARNR AR KA RA NN RN RN AR AR AR

3

SUSRGUT INE MUAT (KK, 1K ARG DELTIME ,SUM,1SS)

o

c K ANRKE NRANR EN AN AN AN R AR RARN AR AANR AN RR NN ARAR AN AR AR N
COMMCN /MATRI/EF(3) ,ECM(3,3),EQ(3,3),EP(3,3)
COMACN /AATR2/E5M(L0OC,3,3),C5M0LD (400,3,3)
COMMON /COOR/X(kU)'B)IY(Q0013)INJ(400’5)10(3)1C(3)1NC0L
CIMMON JREL/DY(29),DREL (D29 ,REL(3),NRELAHG
CIAMON JPUYF/ KT ARUQF,HCCAPF,DFL,DFW,DFHTY
COMMACN /PHYC/DCW, DCTKC,RHOC,HECAPC,DCLADT
RzAL KC,xF
Py 155 1=1,3

CALL INTERP(REL(I),Y(KK,I),DREL,DY,NREL)

HG/(DFL*DF Wa DFHT «2)
Q JV'R[L([)
EFCL)=LsARL/G .15,
SU4= SUM'EF(I)'Dfﬂ' -
PI 155 J=1,13 :
A CSM(KK:I,J):(K" s ACI)au () eKF 2C(I)aCC(J)) /ARG
IFCISS.EQ.Q) GO TN 155
ECM (I J)=RHOF sHECAPF~AR4/4 . /6,
IFCL.EQLY) GO TO 1555
ECHUL,4)=ECCI,N) /2,
1555 EQ(I,4)=0.54(C 1(KK;l:J)Of'HOLD(\K:I:J))' «/DELTIME®ECM(1,J)
EPCI,J)=2./0ELTINCLECM(I,I)=0, "(CSN(KK;I'J)'ESHOLD(KK:IrJ))
155 CIONTINUE
RETURN
END

c AN RA AR ARAR AN NN RN ANNARA R ARR AN AR KANN KA NN R RN AR
.

SUSROUTINE INTERP(FX,XsFrY, )

[N o)

X AR AARSAAR AN AL AN BRARARAAANA AN ARRN AR A AR AN AN AN

DLACNSION F(H),YCI)
10=01
FA: ORDINATE VALUEL TO JL CALCULATED
Xz ADSISSA VALUE TO E GLVEN
F: INPUT ORDINATE VALUEL
Y: INPUT ADSISSA VALUE
M:NUALBER OF FCL) AND YC(L)
DO 3C M=1,N
IFCA=-Y(4))40,25,39
25 IF(M.EQ.N) GO T 50
30 COnNTINUL
63 T0 70 ,
40 IF(M.LQ.1) GO T 70
S0 B(X=Y(M=1))/ (Y (M)=Y(4=1)) -
FX=F(M=1) ¢Ba(F(A)~-F(r=1))
‘ ‘RETURN
70 WRITECCIO,11)F X, KX
11 FORMAT('NO VALUL, FA=',E12.6,°'X=",L12.0)
RETURN : ‘
EndD

c .'l.h.!ﬁ.ltll..llk.t'll.ﬁlltt..ﬁ".il‘.

[z N e NaNul )

SUBROUTINC SUBCIOL(DLLPR,I0)

C RN AN R RAN AR RA AR AN AR NA A AN R AN R A AR AR AR RN AN

81

e




D O

COMMCN /TEMP/TEAF (30C), TEMFOLD(300) ,TEM(2500) ,TEMOL D(600)
COMMON /FLUID/H(390) ,FLOW(300)
COMMCN /PHYC/DCW,OCT,KCoRHOC,HECAPC,DCLADT
COMMON /COO0R/ XC4A0D,3),¥Y(AV0,3),NS(400,3),8(3).,C(3),NCOL
COMMON /CLM/ISIDE(400), IHEATGE(4DN) JNP,NELEA,NDW
DIMENSION ROW(3J0),V(300),0ELPR(310),0NBR(3CO)
CHAARCA=9CW*DCT
DE=2,0sDCW*DCT/(DCW4DCT)
DI=2.aDCU/3 .14
DO 1 I=NCOL,NP,NCOL .
ROWCI)=RHOWACTEAF(L))
VCID)SFLOWCID/ (RIW(I)*CHAAREA) _
ALFA=61840«DE/(DE¢CL)¢4 33,42y (1)/DE*e0,6
PRESS=1.737+DELPR(I)*1.E~5
TAALL=572ALOG (14,503 «PRCSS)=54aPRESS/ (PRESS +1.034)
1-0.32+v (1)
CHRIFLUXSALFAS(TWALL=TENF(I))
FLUX=HCI) «(TEMCIY=TEMFCI))
DM R(I)=CRIFLUX/FLUKX
WRITE(IO,*)* DHN3R=",LONGR(I)
IF(DNORC(ID.LEL2.0) GC TO o

1 CONTINUE :
WRITEC(CIOQ,4)
GO TO0 7

6 WRITECIO,S)

WRITE(IQ, =) TwAL=',TCH(L),* VELOCITYY =',v(])
L FORAATC// AN04,'H0  SUSCOOLED HBIOILINSG vy )
5 FORAAT(//,10X,*5U8C00LED UOILING OCCURS ')
7 RETURN .

END

N ANARA RANN AN NAANR AN TR RN A REAN AR NNAR SRR AR NN ANAS
- f

SUIROUTINE STORAGC(KK,NCLAJGSMA15S)

...........‘....."..........'....-........
COMMCHN JHATRIZEFCI) L ECM(3,3),EC(3,3),EP(3,3)
COMMON /MATR2/L3MC40C,3,3),E5M0LD(4N0,3,3)

. COMMON /COOR/ XCALD,3),Y (400,3),NSCL00,3),0(3),C(3),NCOL
COMMON ZELM/ISIDE (40());IH[ATG[(AOU)1H’PINELEM1NEV‘
COMMON /STORL/AC2500),PAC2500),P(2500)
20 77 1=1,3
11=H5(kK, 1)
DO 15 J=1,HCL
JS=(NCL¢J=1)wNPt] ]
ACIS)=ALINS)YCEF(L)
DI 17 J=1.3
JJ=NS(KK,J)
JJ=J4d-=11¢+¢1
IFCINN17,17.10
16 J4= (JI=1) «uPe Il
J5=2JGSMI4
I1FCISS.C2.0) G0 TO 140
PA(J'4)=PA(J4)0£P(11})
AISY=AQID)YEACTLJ)
no 10 17
1) AWSI=AIS) ¢LS (KK, L)
17  CONTINUE
77 CONTINUE .
RETURN '
£ HND )

'R EEINEEEEE R A NN RN X 'SEERIEESEER IR A REIN SN NEER RN

-
i

SUIROUTING MULT I (G5M,GF,RF /NP, ND W, NCL)

AANANN ANBA AR RA KA AAAN AS KRN NS ANAR R AN RO RN RN R AN

DIMENSION GSHM P, NBA) »GFONP,NCL),RF (NP, HCL)




c

c

276
277
273

225

226

DO 278 KK=1,NCL

DO 277 l=1.,nP

suv=0.0

K=I-1

DO 270 J=2,Ha4

M=+ 11

TFCH.GTLHP) GO To 275
SUM=SUMMGSIM (L L)) aGF (M,KK)
IF(N.LE.U0) GO TO 276
SUM=SUMTGSM (K ,J ) 5F (K, KK)
K=K=1 -
CONTINUL :
RFCILKKI=SUMeGSA(L,1)GF(1,KK)
CONTINUL

RETURN

END

N AR RN ARARN AR AN KA AARRN AR A AAR A R AANN AR KA NN NN

SUDROUTINE DCMPID (GSM,NP,NDA)

A AN RE R A NN AR RA AR AR AR KA N AN AN R A KA NN AR RN AR
DIMENSION GSMINP,HUW)
10=01
NP1 =NP=-1
DO 226 I=1,up)
MJ=I+NdW=-1
IF(MY.GT uPIMI=0P
HJ=1+1
MK=NlW
TFCCNP=1+41) .LT.NBA) MK=NP-1+1
40=0 :
DY 225 J=HNI, M)
=M4K-~1
HO=ND+1
NL=ND#+1
DO 225 K=1,4K
HK=ND K
uSM(J;K)-aS1(J;K)-r°N(11HL)'GSM(I;NK)/GSM(II1)
CONTINUE
RETURHN
£KD

li.a-!-tit-llluih.‘.ll.llti-..‘.lﬁlil..t!..ll!.tl..l‘..

SUSRCUTINE SLVID(GSM,GF, KX NP, NBW,NCL,ID,IT,ISS)

RN AR R BAR RN AR AL AN KA AN RAANANAARAR RN AN AR AR AN AR AR AR NN AR KR AR W
DIMENSION GSACUP, DWW ) GF(HPLNCL) » XX (NP, NCL)

- CONMON /TLMP/TC4F(ZUL),rLHfULD(500)tTEH(ZSOU)lTEHOLD(bOO)
COMMON /YLC/TITLESC2D) ,TITLEUS(20)
COMM¥ON JCOOR/X€40D,3),¥(400,3),05¢400,3),B(3),C(3),NCOL
IF(I3.LELD) LY =1
10=61
NP1 =NP-1
DO 265 KK=1,NCL
J 4= KK

C DECOYPOSITION OF THE COLUMN VECTOR GF( )

250 I=1,Hh4P1
MJ=L+NOw-1
ITFCHILGT HP) MJ=NP
NJ=1+1
L=1
po 250 J-NJ,MJ

L=L+1 .
GFCJ,KKI=GF (J,KK) - hS('\(l’L)'GF(X:KK)/G sM(i.,1)

83
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c

C BACKWARD SUUSTITUTION FOR THE -DETERMIMATION OF X( )
c

XXCONPAKK) =G UNP oK) 7GSH(HP L)

D0 252 K=1,NP1

I=NP-K

MJ=NUW

TFCCIeHUW=T1) . GT JNPY MI=HP-1¢1

sum=C.0

DO 251 J=2,M)

N=] ¢+J-1

251 SUM=SUM+GSM(I s )% AX(N,KK)
252 XXCI,KK)=(GF(L,KK)=SUM)/GSM(L,1)

c
C OUTPUT OF THE CALCULATED NODAL VALUES
C
IFCISS.EQ.0) GO T 1€
WRITE(1IO0,261) 1)
PRINT*,'1T=",1T*0.0673
261 FORMAT(1X,® ITERATION ',13)

GO TG 11
10 WRITE(LU,261) 1)
11 NML=NP/ 2+
WRITECIO, 264) XX (N AL, 1) STEMFCNCOL), TEMF (NP)
264 FORMATC1X,3(F25.3))
265 CONTINVE

1J=1J¢1
RCTURN
LND
c .
FURCYION VISCuWA(T)
VISCWA=N. 14 3237C-2-0.295743E-4aT+0.253156E-06+T=s2,
t-0. 322939‘-9'T~~3.
RETURN
END
C
FUNCTLION VISCWAAT(T)
VIS CwAl==06.8962765=-9¢06.353976E~ 6-T-;.6836’7E -3nTand, '
1¢1,2G9773E=-10Tax 3,
RETURN
£ND
c
FUNCTION CONDWA(T)
CONDWA=0.570671¢0, 17&09L-"T 0.634359E~52Tna 2,
RCTURN
END ‘
C
FUNCTION SPEHEAT(T)
SPLHEAT=0.41221304-0.744678+T+0.100875C~ 1-T--2.
RETURN
£ND
C
FUNCTION TWACENT)
TaA==0. 1217046u.g~0234t IaLNT-0.0%2278E-11«ENT#*#2 ,+0, 230918E 16
1«ENTan3 ,-0,.344210E5-2 ~CAT-~4
RETURN
EHD ,
c :
FUNCTIOh CHTAA(T)
ENTWA=N 16656403+, 41)153£4-T-0 336479«Tw w2 ,¢0, 3527095 Z-T--S.
RLCTURN
END i oo
c N
FUNCTION RHOWA(T)
RHOAA=1 .7 (0.2974260-3+¢0.1353020-6+T+U, 3‘51845 ~8#T#42,)
RET.URN" o
END

19.14 ,23.uCLP, BU, PO4 ’ 1. 094K LNS.
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TABLE C-1 Thermo-Hydraulic Calculation(60 axial steps)

) ' : TEMPCLRATURES OF -
JISTANCE FUEL FUEL CLAD CLADDING COOLING PRESSURE

e

_ CENTER INTERFACE - SUKFACE WATER DIFFERENCE

1) ) ) ) «) (N/Mn%2) -
o 4441 . 44 41 4bhet 37.0 o0
9.9 45.4 45.4 45.3 37.0 9% .4
19.9 7.1 4741 47..0 37.1 188.9
- 29,6 43.8 4348 4847 37.1 283.3
39.7 5345 50.5 U4 37.2 377.8
9.7 52.2 2.2 5241 37.3 - 47242
59.0 53.8 5348, 53,7 37.3 566a7
6945 5544 . 55 a4 5543 37.4 661.1
795 57.0 " 5740 5649 37.5 75545
39.4 5345 5845 5343 37.6 850.0
99 o4 ol 5949 59.8 37.7 94b ot
109.3 ol ek S 61.3 61.2 37.8 1038.8
119.2 0247. 62,7 6246 36.0 1133.2
129.2 b4 .0 6440 63.9 381 1227.6
139.1 05.3 6542 6541 36.2 1322.1
14940 0645 66ab 6643 3844 1410.5
139.0 07.6 . 67.0 67 ek 3845 1510.9
163.9 08.7 684,06 68,5 3347 1605.3
17445 0947 9.7 6945 38,8 109946
133.5 70.7 - 7046 0.4 39.0 1794.0
198.7 ) 71.6 7.5 v 71.3 39.2 168844
206.0 S 7244 72.3 7241 39.3 1982.8
216.0 73.1 731 72.9 39.5 2077.2
. 223.5 73.3 7347 7340 39.7 C21T1.5
2338.5 - 4.4 . T4l T4a2 39,9 2265.9
243 .4 75.0 ° 7449 T4a? 40.0 236042
25543 7544 7543 7541 4042 2454406
200.3 _ 7548 75.7 75.5 4044 254649
276.2 7641 70.0 75.9 4U.6 2643.3
243.1 0.4 76.3 7641 40.8 273746
2723.1 7646 7645 7643 41.0 2631.9

334.0 76.0 7646 76,4 41,2 292042 .
317.9 70.7 7646 7646 41.3 - 3020.06
52729 76.6 T 646 6.4 41.5 3114.9
337 .0 7645 0.4 76.3 41,7 3209.2
347.7 76.3 70.3 “ 7041 T A1.9 3303.5
33747 70.1 76.0 75.8 2.1 3397.7
357.0 75.7 75.7 75.5 42,3 3492.0
377.0 75.3 7543 751 2.4 358643
537.5 74.9 74.8 74406 4246 3680.6
397 o4 ‘7443 © Tea2 74 .1 h2.8 3774.9
437 o6 73.7 73.6 73.5 43.0 386941
417.3 73.0 73.0 72.8 . 4341 3963.4
27,2 - 72.3 72.2 72.0 43,3 4057.6

437.2 71.5 714 A Y- 3.4 4151.9 .

44741 0.0 70.5 T0e4 : 43.6 4240017
4570 69.7 69.0 69,5 . 43,7 43404
4o?7.0 “0Be7 68 .0 68.5 43,8 443446
470.9 0746 6743 Y 44,0 4528.8
436.8 GueS 66 ot 603 LTS B 4023 .1
4J0.3 05.3 65.3 6542 b4a2 4717.3
53047 0ba1 64 o1 63.9 44,3 4811.5
510.7 62.3 6248 62.7 Ty 4905.7
526.0 T 8145 : 61.5 614 44,5 5000.0
530.5 00.1 6041 60.0 4ha6 509442
56045 537 58.7 - © 5846 44,7 5188.4
55044 57.2 © o 57.2 ‘S7.2 447 528240
55643 5547 - - 5547 5547 44,8 5376.8
57043 5442 54e8 5441 46,9 5471.0
530.2 . 52.7 5247 52.6 44.9 556542

57201 51.0 - 5145 S1.5 46.9 5659.4
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TABLE C-2 Thermo-Hydraulic. Calculation (90 axial step)

TEMPLRATURES OF E
DISTANCE FUEL FUEL CLAD  CLADDING COOLING  PRESSURE

. CENTER = IMTERFACE SURTACE WATER DIFFERENCE
€AM) ) ) o) ) (N/Mn92)
o0 Lbob bhob bbb 37.0 -0
S0 45.0 - 45.0 45.0 37.0 63.0
13.2 40.0 4040 4549 37.1 12549
BV 471 47 .1 47,0 37.1 188.9
25345 43,2 4842 4642 371 251.9
35.1 . 4944 49 .4 9.3 37.2 31448
32.7 5065 - 5045 5044 - 37.2 377.8
Loab 51.0 51.6 51.5 37.2 440.8
5840 52,7 - 52.7 5240 37.3 90347
A 53.8 . 53.8 53.7 37.3 56647
Boed 54,9 . 54 .9 S48 ) 37.4 " 029.0
72.9 50.0 5549 55.8 37.5 69240
795 57.0 5649 S6.8 37.5 755.5
Juel 5840 5340 57.9 37.6 518.5
2.7 " 59.0 58.9 . 5548 - 37.7 88144
29.4 ¢0.0 59.9 59.8 37.7 94éob
106 .0 60.9 - 6049 607 37.8° 1007,3
112.0 6148 © 61a8 61.7 37.9 1070.3
My.2 02.7 602.7 42.6 35.0 1133.2
125.9 63.6 6340 63 .4 38.1 1196.2
132, 4.5 64 o4 6443 38.1 1259.1
139.1 0343 0542 - 65.1 3.2 1322.1
1457 061 6040 65.9 36.3 1385.0
152.3 abe9 . b0e3 66.7 38.4 1447.9
139 .0 o07.b 67 .6 6744 38.5 1510.9
165.0 68 ¢4 68.3 681 38.6 1573.8
172.2 091 69.0) k.8 33.7 103047
17043 09.7 6947 0945 3bed - 1699.7
135545 70.4 70.3 70.1 35.9 1762.6
132.1 71.0 70.9 70.7 39,0 1825.5
19347 71.6 71.5 71.3 39,2 168644
295.3 72.1 72.0 7149 39.3 1951.3
212.0 72.6 7240 7244 - 3944 2014,.3
214.0 73.1 73.1 72.9 39.5 2077.2
225.2 73.06 73.5 73.3 39.0 2140.1
231.6 7440 73.9 73.8 39.7 2203.0
23345 That 7443 7442 © 39,9 2265.9
24541 748 T4a? 74.5 © 40.0 2328.8
251.7 75.1 75.0 4.8 4U.1 2391.7
258.3 7544 75.3 75.1 40.2 245440
2a% WU C75.7 7540 754 - 4UL3 2517.5
iT1.0 75.9 75.8 75.6 40.5 258Uk
27442 To.1 7040 7543 40406 204343 i
234.3 76.3 70.2 76.0 40,7 270642 .
291.4 6. 76 o4 7642 40.8 2769.17
23341 7645 70.5 76.3 o T 41.0 -0 2E31.9
34,7 0.6 7045 A L% 1.1 2894 .8
311.3 76.7 7646 7044 41.2 29577
317.9 0.7 6.6 7ok . 41.3° - 3G20.0
326.0 70.7 7646 Toak 41,5 3083.4
31,2 76.6 76.5 6.3 4.6 314043
337.0 7645 7644 762 1.7 - 3209.2
3ak ok ) 6.4 " 763 7o.1 1.6 3272.0
35141 76.3 76.2 70.0 42.0 . 3334,9
357.7 701 70.0 . <7548 : 42.1 3397.8
306.38 75.9 75.8 7546 : 42.2 346040
37u.9 75.6 . 7545 7544 42.3 3523,5
377.0 75.3 75.3 7541 h244 358643
336,02 75.0 7540 T8 . 42,06 3649.2
390.8 4.7 7446 T4 42,7 3712.0
377 o4 7603 7442 7441 4248 377449
404 .U 73.9 73.8 73.7 42.9 T 3837.7 -
- 41047 73.5 c 7344 73.2 T 4340 3900.6
817.3 73.0 72.9 72.8 Y %7 | 3963 .4
423.9 72.5 ?2.5 - 72.3 43.2 402042
43043 72.0 7149 S Y 43,3 . . 4089,
C437.2 71.5 B & Y ' 7.2 - 43,4 415149
i 33 70.9 : 70.8 70.7 43.9 421447
£50.4 70.3 : 70.2 701, 43,6 - 4277.0
457.0 6.6 69.6 3944 43 ? 43404
453.7 © . a9%.0 6809 . 5b6.8 21,8 0 440302
&70.3 : 0843 “ 6842 aéa1 . 43.9 440041

wl0,7 0l.0 97.§ . 674 4440 . 452849




88

TABLE C-2 Thermo-Hydraulic Calculation (90 axial step)(continuea)

453.; 06,9 (2% ] 667 &b .1 4591.7
499.; ool 60.0 65.9 L& 1 L0654 .5
%048 5543 6543 8541 44,2 “717.3

513 .4 uh a5 "84 5 64 v 46,3 4780.2
5100 < e3.7. 03.6 53,5 © 4kt 4843,0
516.7 02.3 62.3 62.7 PP 4905 .86 .
5333 - 6149 61.9 61.8 445 4968.6
529.9 61.0 61.0 60.9 . 445 5031.4
530.3 601 60.1 60,0 4446 5U94.2
543.1. 59.2 59,2 5941 T 4k 5157.0

549 e0 54.2 " 54,2 5641 4.7 5219.8
550.4 57.2 57.2 57.1 447 5282.6

503 .0 50.2 50.2 5042 4h B 5345.9
56940 55,2 5542 55,2 4.8 5408,3
3703 54,2 4.2 5442 44.9 547141
532.9 53.2 53,2 53.2 T 44,9 5533.9
539.5 52.3 50.3 52,3 44.9 5596.7

5041 -31.3 51.8 51.8 44,9 505945

"TABLE C-3 Transient Thermo-Hydraulic Calculations-t=0.473 sec

4

TEMPERATURES OF ’
VISTANCE FUEL FUEL CLAD CLADDING COOLING ‘PRESSURE

CENTER INTERFACE SURFACE & -WATER DIFFERENCE
(M) ) ) (<) C) (NI Hne2)
.0 43,2 43,2 43.2 37.0 «0
19.9 © 4TS5 47 .5 LT 4b 37.1 22545, &
39.7 51.1 51.0 510 37.2 45140
59 .0 5445 54 45 Shied 37.4 6765
79.5 57.8 57.3 - 5747 37.6 . 902.0
99 .4 00.9 60.8 6047 37.8 1127.5
119.2 03.8 63.7 6346 38.0 1352.9
139.1 06s5 66 o b 66,3 - 38.3 1578.3
139.0 68.9 68 .8 6847 - 38,6 1503.7
173.8 71.1 71.0 70%9 38.9 2029.1
195847 73.0 729 72.8 39.3 225445
215.0 74 .06 76445 Theb . 39.06 2479.8
234.5 75.9 75.9 757 40,0 2705.1
25643 77.0 76.9 7047 4044 293044
278.2 77.7 77 .6 77.5 40,8 - 3155.7
29341 7o.1 ' © 7341 77.9 41.2 3380.9
317.9 7343 7442 75,0 41.5 30001
337.0 78.1 78.0 77.8 S ) 3831.3
357.7 77.6 77 .5 774 42,3 405044
377.0 70.3 70.7 " 70,6 4246 428145
377 ol . 7547 . 75.7 75.5 43.0 £506.6
517.3 Thob 7443 T4a2 43,3 4731.7
637.2 2.7 72.7 72,5 &3,6 49567
457 .0 70.8 70.3 70.6 43.9 5181.8
47549 ‘wBa? 08 .6 , 6845 LY Y4 - 540648
2703 0b«3d . 602 66l hb o b 563148
51647 03,7 63e0 - 6345 hbeb . 585047
53045 60.8 60.8 60,7 hb,7 © 608147
PO 1 RS RN OO - 111
4 e - [ ’ ] ’ L}
33;:3 _ S0e7 S 0.7 BUWY ~s.8 »ogaa.o
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TABLE C-4 Tran51ent Thermo- Hydrau]]c Calcul&tlani_LLQ 946 'sec

. TEHPERATURES Of
&ISTANCE FUEL FUEL CLAD CLADDING COOLING PRESSURE

CENTER INTERFACE SURFACE WATER DIFFERENCE
(4M) Q) . ) Q) N (D] (N/Man2)
«0 43.4 434 ‘ &3 .4 : 37.0 . © o0
19.9 47.8 ) 47.8 47.8 37.1 225.5
39.7 5145 5145 51 a4 . 3742 451,0
59.0 5541 5540 55.0 37.4 67045
79.5 58.5 5844 : 5843 < 37.6 ' 902.0
99 en 010 6146 61a5 37.8 1127.4
119.2 . ket 6h o6 b a5 . 3841 1352.9
13%2.1 ol <4 67.3 . 67.2 3844 1578.3
159.0 09.9. 69.8 69,7 - 3847 1803,.7
173.6 72.1 ' 7241 7.9 39.0 2029.1
19647 74.1 T4 40 73.9 39.4 2254 o6
2to.0 . 75.8 75 a7 7545 39.8 2479.8
23845 77.2 _ 771 70.9 4041 2705.1
45843 7842 7641 7840 40.5 . 2930.4
274.2 79.0 78.9 8.7 40,9 3155.06
231 79.4 79.3 792 41.3° .3380.8
c 317.9 7945 79 b 7943 41,7 360640
. 337.8 79.3 . 793, 7941 h2.1 3831.2
357.7 78.8 78 .8 7346 [ Y251 4056.3
377.6 . 78.0 “T7.9 7.8 : 2.9 6281 .4
397 o4 76.9 . Tt 48 7047 . 43,2 . 4506.5
417.3 : 75.5 ‘75 44 75.2 T &340 4731.5
437.2 73.7 . 73.7 73.5 43.9 495646
457 a0 7.3 - . 7147 - 71.06 L4 4,2 3181.¢6
670.9 : 6945 69,5 69..4 bi o4 © 5406406
476048 Y 67 .0 669 Y'Y 4 5631.5
31047 oboh 64 o3 042 4449 565645
336.3 614 61.4 81.3 45.0 6081.5
35044 0.3 53.3 5842 45.1 6300,4
5703 © 55,0 5540 55.0 4542 6531.3

57541 S 51,0 - 50.9 50.9 ’ 45.3 . 675642

TABLE C-5 Transient Thermo-Hydraulic Calculations-t=1.419 sec

TEMPERATURES OF

VwISTANCE FUEL FUEL CLAD  CLADDING COOLING PRESSURE ‘ S
‘ CENTER INTERFACE - SURFACE WATER DIFFERENCE
¢) ) «) Y1) «€)  (N/Nww2)

0 43.6 4346 43,6 . 37.0 «0.
19.9 48.1 48,1 4640 37.1 22545
39.7 51.8 51.8 51.8 - 37.2 _T451.0
59.0. 55.5 5545 55.4 37.4 7045
79.5 59.0 58.9 58,8 37.6 902.0
99 .4 62.2 62.2 62.1 37.8 1127.4

119.¢ 6543 6542 T 65.1 38.1 1352.9
139.1 68.1 681 67.9 3.4 1578.3
15740 70.7 70.0 76.5 3.7 1803.7
17d.8 73.0 72.9° 72,7 39.1 2029.1
193.7 75.0 ) 74 .9 Tl 39.5 - 225444
214.0 6.7 7646 . . Theb 39.8 2479.8
234.5 78.1 ¢ 78.0 77.9 40,2 2705.u
253.3 79.2° T79.1 78,9 40.7 2930.3
27842 79.9 . 79.9 79.7 41.1 3155.0
29341 é0.4 80.3 80.1 41,45 3380.4
517.9 30.5 80 .4 30.3 1.9 3605.9
3370 403 80.2 80.1 2.3 383141
357.7 79.8 . 79.7 79.6 42,7 40506.2
377.0 78.9 78.9 78.7 .. 431 4281.3
397 .4 77.8 77.7 . 7.6 4345 450644
“17.3 70.3 70.3 76.1 _43.8 4731.4
437.2 S Thab %5 Thab 4he2 - 4950.4
457.0 72.6 72.5 72.4 béob 5181.4
476.9 70.3 70.2 . 70,1 47 - - 5406.4
496.8 YN 67.7 8746 45.0 " 563144
510.7 , 65.0 ‘6b a9 64.8 © 4542 585043
536.5 ' 61.9 < 6149 61.8 4543 ~6081.2
55044 58.7 56.7 58406 45,5 - 6300642
57643 T 554 5544 55.3 45.5 . 65319

59041 5142 _ 51.2 o 51.2 - 4546 675644
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TABLE C-6 Trénsient Thermo-Hydraulic Calculations-t=1.892

TEMPERATURES OF

DISTANCE. FUEL FUEL CLAD CLADDING. COOLING PRESSURE

CENTER INTERFACE SURFACE WATER OIFFERENCE

M) (€3 ) o) T () (N/Man2)
.0 43,8 43,7 43,7 37.0 . W0
1949 4d.3 48,3 4842 37.4 © 22545
37.7 52.1 5241 - 52,0 37.2 451.0
59.6 55.8 . . 55.8 55,7 376 67645
79.5 5944 £ §9.3 59,2 37.06 902.0
99 .4 62.7 6246 6245 37.8 1127.4
119.2 6543 65.7 6546 . 3841 1352.9
1394 63.7 6846 68,5 3.4 15783
15940 71.3 7.2 7141 38.8 ° 1803.7
178.3 73.6 73.5 73.4 39.1 2029.1
194.7 75.0 7546 5.4 3945 225444
213.0 7.4 77.3 S 771 39.9 2679.7
233.5 74.3 7848 78,6 40.3 2705.0
25643 79.9 79.8 79,7 4047 2930.3
273.2 30.7 80.6 806 4142 315545
2731 31.2 81.1 80,9 4.0 - 3380.7
317.9 1.3 81,42 81,0 42.0 3605.9
337.0 é1.1 31.0 80,8 4244 3631,.0
357.7 © 30.6 80.5 30,3 42.9 . 4U56.2
377.0 79.7 79.6 7944 43.3 4281.2
3974 . 7545 78.4 78,3 43.0 4506,3
4173 . 7740 77.0 76.3 4440 4731.3
437.2, 75.2 7542 75.0 : 4443 495643
4570 : 73.2 73.1 73.0 hho? 5181.3
47049 70.9 70.4 0.7 44 o9 540043
49048 0843 63.2 6841 4542 5031.2
510.7 6545 65 44 65.3 4544 5856,2.
53045 0244 62 .4 © 6243 4546 6081.1
5564 59.1 59.1 ' 59.0 45.7 6300.0
570.3 55,7 55.7 5546 45.8 6530.9

5901 51.5 5145 © 5145 45.9 6755.8

TABLE 'C-7 Transient Thermo-Hydraulic Calculations-ta3.311

TEMPERATURES OF

DISTAHCE . FUEL FUEL CLAD  CLADDING COOLING PRE SSURE
: CENTER INTERFACE SURFACE WATER . DLFFERENCE
1) ) - @) o) ) (N/Hmel)

«J 44.0 4ty o0 44,0 37.0 o0
19.9 48.6 43,6 45.6 37.1 225.5°
9.7 5246 52. 52.5 - 37.2 451.0
59.0° 5044 50eb 5043 37.4 0765
7945 60l 60.1 60,0 37.0 902.0
99 44 03.5 63 44 63,3 37.9°  1127.4

1192.2 coa? 6047 60.5 3842 1352.9
139.14 0947 69 .6 69.5 38.5 157843
159 41 72.3 2.3 7241 3e.d 1603,7
) 173.3 T4a7 767 4.5 39.2 2029.0
19647 76.9 76.3 6.6 39.6 2254 44
213.0 7647 7840 A -1 40.0 26479.7
233.5 0.1 80.1 79.9 40.5 2705.0
25543 1.3 - 81.2 - 31.0 40,9 « 2930.2
273842 8241 82.0 31.8 41.3 315545
276 .1 3240 82,5 32.3 41.8  3380.0
7.9 2.7 3240 32.4 42.2 3005.4
53740 82.5 2.4 2.2 4247 353049
357.7 32.0 - 31,9 81.7 43.1 40506.0
377.0 " st N 31.0 30.8 43406 428141
397 o4 79.9 1 79.8 79.6 44,0 4500.1
417438 7844 78.3 76.1 4443 4731.2
63748 7ue5 . 0.5 . . 643 4647 - 495641
T 45744 Teab Thob 74,3 ' 45.0 518141
“LTu.9 72.1 72.0 - 71.9 4544 . 54001
L)oo 69 b 6943 ‘69.2 4546 - 5031.0
510.7 ) 06,5 6u.5 e - 4549 5855.9
53045 0344 o, 6343 63,3 46a1 6080.8
55044 6040 60.0 59.9 4642 630547
57043 5045 5645 50,5 46.3 6530.5

570.1 52.3 5242 © 52,2 bbb 6755.4
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TABLE C?8 Transient Thermo—Hydrau]ic'Cé]qu]aiions-t:5§203 sec

TEMPERATURES OF

OISTANCE FUEL FUEL CLAD CLADDING - ‘COOLING

CENTER INTERFACE - SURFACE WATER

C14) (C) ) C) )
«0 44,2 : (Y3 b4 a2 37.0
19.7 L8.9 43.3 - hBa8 37.1
39.7 . 32.9 52.9 5248 3742
5%.0 5648 56,7 S6.7 37.4
79.5 ol.5 6l .4 603 37.06
9.4 63.9 63.9 . 6348 37.9
119.¢2 - e?.2 67.2 . 6740 3642
137.1 - 7042 70.1 70.0 3645
139.0 72.9 T 7249 72,7 38.9
173.4 75.4 . 7543 75.1 39.3
1%24.7 77.5 77 .4 773 39.7
2140 *79.3 79.3 79.1 4041
23345 30.8 80.3 1Y) 40.5
23843 32.0 31.9 81.7 ~ 41.0
27342 62.8 © 8247 82.6 [3 I
27441 3343 33.2 R 33,1 41.9
317.9 . 33.5 83 4b 33,2 42,4
337 .5 3343 33.2 83,0 42.8
357.7 8247 82.7 3245 43.3
377.0 ’ 31.9 31.3 3146 43,7
397 .0 c0.7 30.0 30.4 LY ]
61743 7962 791 7849 bba5
L5722 77.3 77.3 7741 [ Y23/
45745 - 75.2 75.2 . 7540 45,3
476,97 ’ 72.8 72.3 7210 L5406
476,06 70.2 70.1 70,0 4549
316.7 . el.3 . 6742 671 46.1
536.5 04,1 64 .1 64.0 46.3
55644 00.7 60.7 T GU.6 k0.5
. 57343 57.2 57.2 57.1 k6.0
4647

5731 5249 i 52.9 " 549

TABLE C-9 Data Input for Reactor-I

167. /THERMAL CONOUCTIVITY OF FUEL

21u. / THERMAL CONDUCTIVITY OF CLADDING
19404, /DENSITY OF FUEL

2747, JOENSITY OF CLADDING

léhu, /HEAT CAPACIYY OF FUEL
390 © /HEAT CAPACITY OFCLADDING
3929. /GENERATION OF HEAT
5%0.134 - /FUEL LENGTA

W54 /FUEL THICKNESS

29,093 /FUEL WIDTHNESS

321 /CLADDING "THICKRESS

w9.9 JCHANNEL WIDTHNESS

2e670 /CHANNAL THICKNESS

57 /AATER INPUT TEMPERATURE
+1639 JUATER FLOWRATE

1 /NUMBER OF REGION

5 ' /NUMUER  OF 3OUNDARY POINTS
o e2540+ 0635, «035, 635, 2254+ .0,

0 o
0, Qs <D0, 298.069, '596.133, 596.138, 596.138, 298.009

1 * /NUMSER OF ROWS
.3 /NUMBER OF COLUMNS
1¢2¢30s42506+7,3

PRESSURE
DIFFERENCE
(N/Msw2)

.0
225.5
451.0
676.5
902.0

1127.4
1352.9
1578.3
1803.7
2029.0
225444
2479.7
2705,.,0
293042
315544
338046
3005.68
3630.9
405640
4281.0
450041
4731.1
C4956.0
5161.0
5405.9
5630.8
585547
6080.6
630545
6530.3
075542

.

~
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TABLE c—10.1n£eract1ve Sample Data Imput

*x DO YOU WANT INTERACTIVE USUAGE (YES OR NO) *x
? YES
: B AKAkhkKkhkXk Kk
ENTEF THE'THERAAL CO“DUCTIVITY OF FUEL (W/” ")
?7 167. . . ‘
ENTER THE TﬂERWAL COVDUCTIVITY OF CLADDING (N/M C)
2 210. . .
.- ENTER THE DENSITY OFf FUEL (KG/H**S)
? 3336. -
ENTER THE DENSITY OF CLADDING (KG/M**3)
2 2707, B
ENTER‘THE HEAT CAPACITY OF FUEL (/K3 O
2?2 740, _
ENTER THE HEAT CAPACITY OfF CLADDING (J/KG C)
? 8376
ENTER THE POWER FOR THE PLATE (W)
? 3027 .
ENTE RING THE_DIMENSIONAL PROPERTIES
4 FUEL LENGTH (MM
2 59%. ‘ v
-EUEL HALF_THICKNESS (M)

FUEL WIDTH (MmM)
CLADDING THICKNESS (MM)
CHANNEL WIDTH (M)

. CHANNEL THICKNLSS (MW)
? 2.1

ENTER THF COOLANT INLET TEMPERATURE )
? 30. .
ENTER .THE CQULANT MASS FLOWRATE (KG/SECQC)
? -31 . )

ENTZRING THC DATA FOR GRID GENERATION

ENTER THE MUMBER OF REJIONa
2 1 v
ENTER THE NUMBER OF 30UNDARY POINTS
7 6
ENTER THE A3SISSA VALUES OF THESE POINTS (HMM)
? O-»‘ -l— -D‘ O-ﬂ) .053 103) 255 U- 0. '
ENTER THE ORDINATE VALUES OF THESL POINTS (MM)
2 0. 0. Ce 299. 598. 593, 593. 299.
ENTER THE NUM3BER OF ROWS OF NODES IN REGION 1
2 31 : v , . : ,
ENTER THE NUMBER OF COLUMNS OF NODES IN REGION 7T
? 3 . ) : . -
“ENTER THE GLC3AL NODE NUMSERS USED TO DEFINE THE-
QUADRI LATERAL OF REGIOXN 1
21235450673




lTABLE C-11 Data Input for Reactor-II

IR Y /THERMAL CONDUCTIVITY OF FUEL
21d. /THERMAL CONDUCTIVITY OF CLADDING
3330, . - JOENSITY OF FUEL
2707. /OENSITY OF CLAODING
740, ) /HEAT CAPACITY OF FUEL
.90, /MEAT CAPACITY OFCLADDIHG
a0el. /GENERATLION OF MHELAT
3%a. o JFUEL LENGTH
235 /FUEL THICKNESS
02.3 /FUEL WIDTH
«36 /CLADDING THICKNESS
2040 JCHANHEL wIDTH
2ol J CHANNAL THICKNESS .

30 o JWATER INPUT TEMPERATURE
3 /WATER FLOWRATE
1 ) /NUMBER. OF REGION

3 ' /NUMOER OF BOUNDARY POINTS
J0s 02554 . 4035, 035, 4635, 4255, .0, .0
0, JUs 04 299., 5984, 593., 5%0., 299. . ¢
31 : /NUMOER OF ROUS . - N
3 I HUMIER OF COLUMNS
1,2,3,4450647,13

_TABLE C-12 Input Data (Heat Flux Distribution)

FINITE ELEMENT ANALYSIS OF‘ STEADY STATE HEAT CONDUCTION IN TWO DIMENSION
FINLTE ELEATNT ANALYSIS OF UNSTLADY STATE HEAT CONDUCTION IN TWO DIMENSION

51
. 0,00 2165
.02 . 220
C.04 $ 275
0,00 328
0,00 . 3381
Q.19 432
.12 «682
J. 14 . 531 - - .
Yo 10 377
Joto . 622
.20 0065
0. 22 « 700
Ve 24 o745
J. 20 » 731
.28 315
J. 3V « 340
Ve 32 «375
)i 34 « 201
Na%0 N4
3.3 L9454
) PV » %01
da62 . 975
A P YY «?230
J.ho 2994
Uubd .99 v
7. 30 1.000° ) !
. 5¢ « 998
Je 34 994
J.506 «936
V.56 .73
Je 6V « 961
J. 0l « bk .
dg bt . 224
Y. 00 « 1
3,68 « 375
J. 70 +340
J.72 . 313 *
S A7 .73
s ™) © W65 }
0.7 . 10 . - -
Jo.40 . 605 » ) .
J.32 L0622 . ‘ .
0.3 . 577
Jd.430 . 331
J. 36 Y E . .
Te 432
e 22 . 381
" 0.9 .32
3.9 . L2135
N.%a . 220

1.0 105

[
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