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ABSTRACT 

In this work a mathematical model and a Computer program developed 

to perform thermcohydraulic analysis of a plate type fueled, water cooled 

nuclear .core is presented. 

A finite element numerical solution was obtained for the two 

dimensional heat conduction model developed. For the transient case, the 

'f~nite 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 preparation and entering of the needed data for calculations. This 

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

In the determination of coolant temperature and pressure change 

mass, energy and momentum balance equations were evaluated for a control 

volume. 

The computer 'program NEKA developed, throughout this work is used 

for the steady state calculations. If desired, subcooled boiling and J . 
transient calculations can also be performed using NEKA. In all cases the 

program may be used either intera.ctively or using data file. 

Two sample reactor cores were analyzed for various operating 

conditions such as the steady state analysis for a given power level, 

transient analysis with the change of power, coolant inflmi temperature, 

inflowing mass flowrate as a function of time. 

In the lMW power generating core, the Reactor I in gekmece Ntikleer 

Ara§t1rma ve E~itim Merk~zi ,. showed to have a maximum fuel temperature 

of 76.70C under normal operatingoxditkms ~or 370c coolant input ~ture 
o . 0 

.This temperature reached to ,66.8 C if coolant enters at 23 C. In the 

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

was observed to complete within 5.2 seconds. 
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J;n the case of',Reactor II which produces 5MW, the maximum fuel tanperature 

rea~hed to 69.2oC under normal operating conditions for'30~ coolant input 

temperature. If the coolant f10wrate is decreased to 0.065 kg/s from 

0.31 kg/s or power level is increased to 17.5 MW subcoo1ed boi1iIl;g 

occurance was predicted. 

for both reactors, the operating conditions were found to be safe. 
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o Z E T .' 

Bu yaI1§mada, plaka yak1 t elamm.h -,su sogutolal1 niikleer reaktos 

kalbi iyin termo-hidrolik hesaplamalar yapmak iizere geli§tirilen matema-
.....:::::= (" 

tiksel model ve bir bilgisayar program1 sunulmu§tur. 

Geli§tirilen modelde 1S1 iletimininiki yonde oldugu kabul edilmi§ 

ve saY1sai yozlim iyin sonlu elemanlar metodu kullan1Im1§t1r. Karars1z 

durum hesaplamalar1nda zaman tlirevi iyin sonlu farklar yakla§1m1 metodu 

kullam:lm1.!ilt1r. Bu yal1§man1n ba§lar1nda hesaplamalar iyin gerekli olan 

verilerin haz1rlanmasi ve programa girilmesinde yok fazla zamana ve 

yal1§maya gerek duyulmu§tur. Daha sonra bir eleman olu§turan alt program 

kullan1m1yla bu gliyllik bertaraf edilmi§tir. 

Sogutucu s1cakl1k ve bas1ny degi§imini hesap etmek maksad1yla bir 

kontrol hacmi iyin klitle, enerji ve hareket miktar1 denklemleri uygulan-

Bilgisayar program1 NEKA gorli§meli veya bir veri klitliglinden veri: 

girdisi ile kararl1 durumve istege bagl1 olarak a§1r1 sogutulmulil kaynulIla 

ve karars1z durum hesaplamalar1n1 yapmak iizere geli§tirilmi§tir. 

Veri len bir giiy seviyesi iyin kararl1 durum, sogutucu giri§ s1cak-

11g1, giri§ debisi veya gliclin zamanabagl1degi§iklikleri iyin karars1z 

durum gibi ye§itli yal1§ma §artlar1 alt1nda iki ornek kalb bu yaI1§ma-

da incelenmi§tir. 

Normalyal1§ma §artlar1 ve 370C sogutma suyu giri§ s1cakl1g1 iyin 

Qekmece Nlikleer Ara§t1rma ve ~~t1m ~'~ 1MW gli~ liretenreaktorlin 

o ' 
yak1t plakas1n1n maksimum s1cakl1g1 76,8 C olarak hesaplanml.§tl.r. Sogu'.tma 

suyu giri§ s1cakll.gl. 230 C oldugunda yapl.lan hesaplamalar bu s1cak11gl.n 

66,8oC indigini gostermi§tir. Verilen bir ad1ffi degi/ilimi iyin, kararsl.z 
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dllrum hesap1ama1arlnda, top1am degi§imin yUzde «;O'ro.n 5.2 saniyede tamam-

1andlgl. gozlenrni§tir. 30°C sogutma suyu giri§ slcak11g'l ·ye normal s:a-

11§ma §art1arlnda 5MW gUs: Ureten reaktorde ise maksimum yaklt slcak11g1-

nln 69.2° C oldugu bu1unrnu§tur. Eger sogutma suyu debisi 0.31 kg/ s ' den 
, '. r 

0.065 kg/s'ye indiri1ir veya gUs: seviyesi 17,5 MW'a S:lkarl11rsa a§lrl 

sogutu1mu§ kaynamanln ba§11yacagl gozlenmi§tir. 

Her iki reaktor is:in s:a11§ma §art1arlnln teh1ikes'iz oldugu saptan-
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I- INTRODUCTION 

In this w~rk, thermal-hyraulic behaviour of water cooled plate 

type nuclear reactor core is examined. The finite element method is 

used as a numerical solution procedure for the mathematical models 

developed~ The introduction chapter consists of four parts. In the first 

part, the importance of therillo-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. 

advantages and disadvantages. Computer codes which perform tl~ly,nnUiC 

analysis are presented in the third part of the introduction. The last 

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

A- THERMO-HYDRAULICS OF NUCLEAR REACTORS 

Nuclear power is one of the sources· of energy in either stationary 

power plants for the generation of electricity or for the propulsion of: 

mobile systems. The application of nuclear energy is not confined only 

to nuclear power systems. Radioactive isotopes, which are produced in 

.nuclear reactors, have been found to have a wide range of important 

applications (11 • 

In the design of nuclear reactors except for the zero power 

reactors, the process of heat generation in the fuel element, heat 

transfer and thermal transport parameters are the most important factors. 

The thermal-transport pa~h proceeds from a point 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 

transported into the body'of the flowing coolant causes a rise in the 

temperature of the coolant. The coolant transports the abaoltbed energy 
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to the heat exchanger in which steam is generated, and the steam is then 

expanded in a turbine generator to produce electricity. However in some 

research reactors useful energy is not produced. 

In general the temperature in an operating reactor varies from~ 
( 

point to point within the system. The power level of the reactor, design 

of the coolant system, and the nature of the fuel determine the maximum 

fuel temperature to which a fuel element can safely be raised. Above this 

temperature there is a danger _ that the fuel may melt, which can lead to 

the rupture of the cladding and the release of the fission products. One of 

the major objectives in the design of a reactor cooling system is to provide 

for the removal of the heat produced at the desired power level, while 

keeping the maximum fuel temperature below a predetermined 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 

coolant can no langer remove all of the heat produced. After this point 
I 

the temperature of the fuel will rise to its melting point, and a portion 

of it will start to melt down. To avoid this situation power is maintained 

at a desired level by the position of the control rods. Thus the amount 

of power generation in a given reactor is limited by thermal rather than 

by nuclear considerations. The reactor core must be operated at such a 

power level that with the best available coolant system, the temperature 

of fuel and cladding anywhere in the core must not exceed safe limits. 

In the thermal design of a fuel element the f~llowing points must 

be taken into considera~ion· [2] 

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

materials 

- Thermal stresses from the effects - of.thermal gradients and 
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accumulated fission gases should not lead to thec1addi~g creep and 

embritt1ement. 

- Thermal heat flux must be below the so called critical heat flux 

in which coolant boiling instabilities occ.ur. 

- The change in the core di~ because of maximum temperature 

can also cause the failure of the coolant system plugging the coolant 

channel. 

Therefore, from the view point of safety of a nuclear power plant, 

the thermal hydraulic analysis is the most important and complex part of 

the reactor design. 

Thermo-hyrau1ic analysis is also the basic consideration in the case 

of an accident, such as LOCA (loss of coolant accident) ; a major pipe 

break leading to loss of coolant completely or partially from the core. 

In this case if cooling is not provided in sufficient quantity in a short 

.time cladding, fuel and core melt down may take place with the relaase of 

considerable amounts of radioactive isotopes. 
: 

B- FINITE ELEMENT METHOD 

During the past two decades, the finite element method has become 

a widely: used numerical· procedure for the computer oriented solution of 

complex problems in engineering. The method is applied to the problems 

governed byLaplace or Poisson equations which are closely related to 

the minimization of a functional. After a weighted ~~ procedure such 

as Galerldn' s method have been used for the derivation of the element 

equations related to structural mechanizm, heat transfer, and fluid mechanics 

application range of the finite element method was ~ed [3]. Since the 

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

differential equation. This ~nowledge eliminated the need for a functional 
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formulation of the physical problem. 

The success of the finite element method is largely based on the 

basic finite element procedures used : the formulation of the problem in 

variational or weighted residual form, the finite element discretiza~ion 

of this formulation, and the effective solution of the resulting finite 

element equations. These basic steps are the same for all types of problem 

consider.ed • 

The fundementa1 concept of the finite element method is that any 

continuous quantity, such as temperature or pressure can be approximated 

by a discrete model composed of a set of piecewise continuous functions 

defined over a finite number of subdomains. The discrete ~ is constructed 

as follows. 

1- A finite number of points called ~ 

domain are identified 

points or nodes in the 

2- The domain is divided into a finite number of sub-domains called 

elements which are connected at common nodal points and collectively 

approximate the shape of the domain. 

3-'The value of thecondinuous quantity at each nodal point is 

denoted as a variable which is to be determined. 

4- The continuous quantity is approximated over each element by 

a ~~ that is defined using the mdal values of the continous 

quantity. 

The equations for the individual elements are then assembled to 

give approximate equations for the domain ,as a whole and the solution 

of these equations represents an approximate solution to the problem as 

a whole. 

The present-day applicatioris of the finite element 'method are very 

extensive. Several advantages properties of the finite element method have 
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contributed to its extensive use. Some of the main advantages of the 

method are as follows l31. 

l~ The material properties in adjacent elements do not have to be 

the same. This means that the method can be applied to bodies composed 

of several materials 

2- Irreqularly shaped boundaries can be· approximated using 

elements with straight sides or matched using elements with curved 

boundaries • The method t 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 qrid to be 'expanded or refined as the need exists. 

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 comp~ter 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 

For 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. 

The code TERHID [4) performs the thermal hydraulic analysis for 

steady state and unsteady state conditions of water-cooled reactors. The 

fuel heat transfer model included in TERHID considers plate type fuel 

elements and allows the calculation. of the fuel and cladding temperature 

for a specified power 1.evel. The fuel and cladding temperatures are 

calculated.by using a lumped parameter technique and assuming one 
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dimensional heat transfer model. 

The code COBRA-3 C/KF KI [S]calculates the steady state and 

unsteady state flow and enthalpy transport ,in rod-bundle in both boiling 

and. non-boiling conditions. A semi-explicit finite difference schem~ is 

used to perform a boundary-value solution where the boundary conditions are 

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

RODCON and' HOTTEL (6] are two computational codes used to 

calculate thermal and radiation heat transfer for the Core . Flow Test 

Loop (CFrL) analysis efforts. RODCOil was developed to calculate the 

internal temperature distribution of the fuel rod simulator (FRS) for the 

CFTL in two-dimension. The governing elliptic, ·partialdifferential heat 

equation is cast into a fully implicit, finite-difference form by 

approximating the derivatives with a forward differencing scheme with 

variable mesh spacing. HOTTEL is used in calcul~ting radiation heat 

transfer in a rod bundle. HOTTEL uses geometric view factors, surface 

emissivities, and· surface areas to cu1cu1ate the gray-body or composite 
I . 

view factors in an enclosure having multiple reflections in a nonparticipating 

medium. 

The code RAT-3 D [7]" using a ~ step iteration procedure performs 

the calculation of two and three-dimensional transient heat transfer. The 

set of heat-conduction equations are solved by the alternating-direction 

method. The two dimensional steady-state program, RAT-2DS is simple to 

use than the transient program, in that no time history is required. Radiation 

between solid regions and to the outside environment is allowed for in 

all the programs. 

THAC-SIP- 3 D [8l is a transient heat ana1y~isc.c::>de designed to use 

the Strongly Implicit Pr-ocedure to calculate ~ture distributions 

for problems that can be modeled in the three dimensional cartesian' 
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coordinate system. The code uses a finite difference scheme to generate 

the system of equations solved by theS~y Implicit·Procedure to 

obtain the transient temperature distribution. 

The code BlOT 2 (9] is a three dimensional steady-state and t~ansient 

heat conduction code for a given geometry. The code calculates temperature 

distribution in fuel elements. 

The code FEM [10] is used for the solution of two-dimensional 

transient heat conduction equation. The· time derivation is approximated 

by use of 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 finite element, two 

dimensional, conduction heat transfer analysis in either Cartesian or 

cylind:l:ical co·ordinates. In time domain a backward difference implicit 

integration scheme is used the user needs to supply only initial temperatures 

to restart the program. 
: 

The UNCLE (12] 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, 

~sing linear triangular finite elements is used. Variational principle 

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

RETRAP [13] is a heat transfer analysis program developed for 

use in the evaluation of LOCA experiments. The code can be used to 

calculate 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 

Program-name (s). Description 

GBT, 3-D steady-state and transient heat conduction 

HEATING-5 , steady-state or transient. heat conduction,3·D !-Y-Z,l-D Sph. geom. 

ORTHAT, transient heat conduction in 2-D X-Y,R-Z and R-Theta geom." 

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

TAFE, 2-D steady-state heat conduction for struc with gas gaps 

m'EST~. 2-D transient heat conduction 

IEMP~ steady-state and transient heat conduction in pl.or cyl. geom. 

* Abs-Id 

NEA 0073 

NESC 0517 

NESC 0525 

NESC 0525 

NEA 0532 

NEA 0531 

NEA 0570 

ARGUS, transient temp. distr. cyl. geom, space dep.or time-dep heatgen." NESC 0152 

STRZ ~ 2 -F4, steady-state temp. distr. in inhomog~ cyl. with heat ~rce am radt, SrceNEA 0056 

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

AIROS-2 A , space. indep reactor kinetics and space-dep heat transf, IIBSS transf. 

JIFLU, heat transf fuel elem cluster to coolant, slug flow or laminar. flow 

AITHRM, heat transf fuel elem cluster to coolant, slug flow or laminer. flow 

·EEACON/MOD3, l-D and 2-D 2 phase flow and heat transf in containment, Lwr loca 

EEOOST-6 , space-indep reactor kinetics and 2-D heat transf in R-Z geom. 

CEDRAZAL, steady-state heat transfer in htr with multifuelreg. 

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

ENERGY, Lmfbr. wire wrapped fuel assembly heat transf and coolant temp distr 

* Abs-Id Abstract name and identification number 

'. 

NESC 0636 

NESC 0326 

NESC 0182 

NESC 0183 

NESC 0767 

NESC 0303 

NEA 0553 

NEA 0255 

NESC 06.96 
co 



TABLE 1-1 List of Computer Codes (c6ntinued) 

Program-name (s). Description 

EXCURS, heat transf transients in cyl reactor channel loc~ 

EXCURS,3, reactor kinetics and heat transf in cylchanneldwdng accident 

HEATMESH, geom data gen for heat transf .calc in axisym sys. . 

Abs-Id 

NEA 0424 

NEA 0228 

NESC 0434 

LOCK, steady-state and transient heat transf, temp in FBR with blocked channelsNESC 0732 

MANTA, heat transf fuel elem cluster to single-phase steady-state fluid flow NESC 0256 

REFLUX, time-dep heat transf and therm ~ of fuel elem during loca reflood NESC 0763 

REFLUX-GRS, time-dep heat transf and press of fuel elem during loca ref! ood NESC 0763 

. REPP, heat transf and temlJ ailal of triangl or squ fuel elem lattice in ifr NESC 0483 

SAS-lA,lmfbr transient~· 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 H flux NESC 0673 

SPARK, time-dep l-D2-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 

.. 
I.D 



TABLE 1-1 List. of Computer Codes (co~tinued) 

Program-name (s).. Description Abs-Id 

TAC-3D, 3~D steady-state and transient heat transf in X-Y-Z and R-theta-Z geom NESC 0414 

TACO-3D, 3-D lin or non1in, steady~state or transient heat transf NESC 9838 

THETA-1B, fuel rod temp distr by 2-Ddiffn, heat transf to coolant, LWR loca NESC 0512 

TRANS~FUGUE~l, single channel 2 phase flow heat transf after boiling' 

VARR2 VARRLXSG, 2-D transient fluid flow and heat transf in X-Y and cy1 geom 

VELVET-2, heat transf for triang1 spaced fuel e1em clusters in Lmfbr 

., 

NESC 0268 

NESC 0755 

NESC 0458 

--' 

a 
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Technical assessment of accident conditions in nu~lear reactors, 

and many .problems in other fields, require the solution of the transient 

temperature distribution in solid regions usually cooled by a flowing 

. fluid'. 

The purpose of the present work'is to establish a realistic 

approach 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 resulting from 

this work performs the calculation of steady state and transient temperature 

distribution in~ coordinate in two-dimensions. In this situation 

the flowing fluid temperatures are dependent on heat transfer between 

fluid and solid, and so these temperatures cannot be supplied as ~~t 

boundary conditions. The finite element procedure is used ~or the solution 

of heat-conduction equations, and finite-difference appi"oach is applied to 

heat balance equations for coolant fluid so that a new set of boundary 

conditions are achieved for the next iteration. The 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 coolant channel and to perfo~msubcooled 

boiling calculation. 

Following chapters give morE" detailed explanation, of the code. 

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

and heat transport models are developed. and a'pplication of finile element 

method to these equations is presented. The resultant equations 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 

description of the physical system, finite element formulation of heat 

conduction model together with the boundary conditions and, heat, mass 

and momentum transfer inode1s. 

A- DESCRIPTION OF PHYSICAL SYSTEM 

The nuclear reactor core generally is rod or plate typed. In this 

work, a plate type fueled nuclear reactor core is analysed. The core 

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 fuel. The coolant fluid is passed 

through the channels between fuel elements in downward direction. The energy 

produced in fuel element is removed by two fundamentally different heat 

transfer process, conduction and convection. Heat produced is first 

transferred to the surface of the element. The heat conducted to the 

surface of the ·fue1 element is carried into the coolant and out of the· 

system by. convection. As the coolant moves along the fuel, because of 

absorbed heat its temperature contiunual1y increases. However, the tanperature 

does not increase at a constant rate since the heat released nonuniform1y 

from the fuel. 

B- FINITE ELEMENT FORMULATION OF HEAT CONDUCTION IN NUCLEAR 

FUEL PLATE 

The governing differential equation for heat conduction in 

solids is 

a2T 
+ Kz--- + Q=pc---

3 z2 
(2.1) 

~T 

at 



y 

t 

z 

....... . ............ . 

FIGURE 2-1 Reactor Core a·nd Fuel Plates 
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where T is the temperature 

Kx,Ky.and Kz are the conductivities in the x,y, and z direction 

Q is the heat generated within the body 

p and c are the density and heat capacity of the solid. 

Equation (2.l) 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 

+ Q - P,C aT o (2.2) 

The most popular of the finite element formulations is the Galerkin 

method. The Galerkin methbd is a means of obtaining an approximate solution 

to a differential equation. It does this by requiring that the error· 

between the approximate solution and true solution be orthogonal to the 

functions used. in the approximation. If the solution of a differential : 

equation of the form Lii-f= 0 (where L is a differential operator), is 

assumed to beuthen the solution is L u - f = £: where E is a residual 

or error because the solution is only approximate. One way of making t as 

small as possible is .to require the integral JR WpE dR ;", 0 for the 

interpolation function . Wp • This integral ·states that the interpolation 

function must be orthogonal to the error over the region R. 

The application of the Galerkin method with the finite 

approach yields the equation (3] , 

SR WpL(~) dR = 0 

where cb is an unknown parameter and approximated by 

element 
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and Wp is equal to the shape function N~ (~=i,j,k, ••• ). 

Application of the Galerk1n method to (2-2) yields 

or term by term 

S ]T dT 
-. [N pC--dV = 0 

v . C)t 

second der~vatives in this equation have to be transformed 

into first derivatives noting that 

_<9_( eN]T ,C) q, ) = [N1 T d
2

q, 
c:9u eu au2 

+ 
CJ[N] T 

C)u au 

This can be rearranged to yield 

.--

and the first volume integral of (2-3) 'becomes 

J[N]T 

()x 

dV = S Kx~ ([N]T _d
T
_) dV 

v ax, . ax 

vT dV 
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(2.3) 

(2.4) 

(2.5) 

Application of Gauss's ~heorem to the first integral on the right side 

gives 
, f K ' d ([N]T 

v x' C) x 
,Ix dS (2.6) 

the s'ame kind of equation can be obtained for 

I . 



Cl T iy dS 
0Y 

(2.7) 

Combining the results of equation~ (2.5) (2.6) (2:7). with equation 

(2-3) yields. 

f J[N,T tx dS - K IJ 
V X OX 

f K . [N]T JT 
s x ;) x 

+ f K lN1 T
_ d_T_· l?y dS - f K JrN]T 

s y . "y v Y 
c/ CJy 

dV= 0 

JT 
. ~ x 

8T 

DY 

dV 

(2.8) 
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Assuming the width of the plate is unity, and that the surface integral 

in eq ua tion (2-8) can be wri t ten as (-~ T / a n 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 arid y directions, Equation (2-8) 

·becomes. 

dT J[N1 T 
--+--=-~-

OX oY 
JT .) dA + .S [N)T ~dJ! 
~y ~ an 

dA = 0 (2.9) 

1- MODEL FORMULATION FOR STEADY STATE 

In the case of steady state the last integral in the equation 

(2.9) drops and the equation becomes 

S k( (lCN1 T. dT +0 [i'OT 
A .JX D x J Y 

- f [N] T Q dA = 0 
A (2.10) 
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a. Finite Element Formulation For Elements in the Fuel 

Boundary conditions for·these elements are 

dT 
= 0 at x=o 

d X 

aT 
=0 at y=O and y=Y (2.11) 

8Y 

Thus flux term in equation (2-10) drops, and expressing the 

displacement function T by 

T = [Nl {T} 

and noting that 

aT dLNJ 
= --{T} 

ClX JX 

c)T d[N] 
= {T} 

'JY uY 

equation (2.10) becomes 

S k( J[N]T . JrNL + JrNl:=:.... drN1 
A C:>X J x J Y J Y 

- f [N]T Q dA = 0 
A 

which can be rewritten as 

This equation in matrix natation becomes 

(2.12) 

(2.13) 

) dA {T} 

(2.14) 

(2.15) 

(2.16) 

Here ike] is known as the element conduction matrix and {fe} is the 

element force vector 

. . 



b. Finite Element Formulation For Elements in the C1addin~ 

Boundary conditions for'these elements are 

a T 

a x 

a T 

() Y 
= 0 

at 

at y=O and y=Y 

(2.17) 

(2.18) 
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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 J k( a [NJ . a [Nl--.: + a [Nl . 
A ax ax ay 

which is also written as 

a [N] ) dA {T} 
ay 

and in matrix notation equation (2.20) written as 

2- MODEL FORMULATION FOR UNSTEADY STATE 

(2.19) 

(2.20) 

',2.21) . 

Equation (2.9) is also applicable for unsteady state case 

a. Finite E1ement'Formu1ation,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 disp1acemen~ function T with respect to time yields 
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aT 
(2.22) --= 

at 

since fN1 is a function of the coordinate system and not of the time. 

substitution of these into equation (2.9) yields 

f k(a [Nl T. -ili!l + aIN] T. a [N] ) dA {T} '- S a [N]T Q dA 
A ax ax ay ay A ' 

+ J p c 
A 

T a{T} 
[N], [N] -- dA = 0 

"()t 

which can also be written as 

(2.23) 

f k r BJ T fuJ dA {T} - J eN] T Q dA + fpc [N] T [N] dA a { T} = 0 
A A A (jt 

(2.24) 

and in matrix notation this equation becomes 

(2.25) 

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

matrix. 

b. Finite'E1ement Formulation For Elements in the Cladding 

Equation (2.9) can be written by means' of equation (2.19) and 

(2.22) as 

i k [BJT[BJ dA {T}+l h [N]T[N] d.f {T}- I. h [~T TF d.e. 

f 
Ta{T}', 

+ (:l C [N] [N] dA ~ = 0 
A at (2.26) 

In matrix notation this ~quation can be rewritten as 

.' 
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(2.27) 

3- FINITE DIFFERENCE SOLUTION OF THE EQUATIONS IN THE TIME DOMAIN 

One 6f 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 po~nts is given as 

. d {T} 1 
=--({Tl -{T}) 

dt 11 t 1 0 
(2.28) 

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

t T } , [k J and {f} values must also be evaluated at this point (point 

A in fig (2.3) ) 

Tl T:f(t) 
"'Q) : 

s.:. dT Tl-TO 
~ 

+-' 

J 
at node A 

I1J 

l dt ~t s.:. 
Q) 

0-
E 
Q) 

I-

to t 
Time 1 

FIGURE 2-3 Numerical Approximation of the First Derivative 

These quantities are 

{T} = ~/2 ( {T} + {T} ) 
~ 0 

: (2.29) 

{f} = ~/2 ({f} + {f} ) 
~ , 0 

substitution of (2.28) and (2.29) into the equation of the form 
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(2.25) and (2.27) yields 

= 

(2/t:. t [d -]./2( [k] + [k] ) 
]. 0 

{T} + ({f} + {f} ) 
o ]. 0 

(2.30) 

this equation can be written in a general form as 

[EQJ: {T}new = [EP] {T}old + ( fO
new + {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 

/ m· 1 --t 
i 

_. ------

15m. 
~ dy m.+ 

~ 6y 

FIGURE 2-4 Control Volume 

/ 

for Equation of Mass 

.' 
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Input - Output = Accumulation 

apiA i 
dy = mi - ( mi + a mi dy) 

a t a y 
(2.32) 

where 

Pi,' and 'm'i are coolant density and mass velocity respectively 

Ai is the cross-sectional area of the coolant chamlel. Equation (2.32), 

since A:i is constant, can be written as 

Ai 
apj 

+ 
d m_j = 0 (2.33) 

a t a y 

2- Equation of Energy 

Conservation of energy can be written for the control volume as 

mihi a -- -~ ~ ----
/1' , 

q.dy 
1 

- - ---

oy 

i 

FIGURE 2-5 Control Volume for Equation of Energy 

: 
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(2.34) 
. where 

Ui and hi are the coolant internal energy and enthalpy respectively 

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

a· a hi a 
A· --'-(0 hi - Pi) = - mi . - hi mi + qi 
~ at 1. ° 3Y aY 

(2.35) 

assuming that a Pi/ - 0 at - equation becomes 

(2.36) 

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

1 a h· a hi 
--~ +-- (2.37) 

a t a Y 

3- Equation of Momentum 

For i th control volume conservation of momentum equation is 

a t 

a Pi Ai 
-(PiAi+ dy)o-Fidy (2.38) 

a. y 

Where Fi is friction loss per unit length by rearranging the 

equation (2.38) , it becomes 

where 

() IDj 

at 

mi 
A· p. 
~ ~ 

-- Fi (2.39) 

(2.40) 



/ 

t.dY 
1 

P.A. 
~ ~ 

gA; dy 

! 
-, -1- -0 fA.) 

, 1 ~ 

P.A. dy 
'8(m.V.) 1 18y , 

1 1 m.V. -- dy 
~, ~ 8y 

~IGU~E 2-6 Control Volume for Equation of Momentum 
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substitution of equation (2.40) into equation (2.39) and, taking the 

derivat.ive equation (2.39) becomes 

·an/p.) 
= g Ai Pi - ----,,1-,- ( 2 1l1j;-' a mr + m2i .) 1 )-Ai a Pi - Fi 

Ai Pia yaY a y 

(2.41) 
substitution .of equation (2.33) into e4uation (2.4) 

" mJ.· a' . o . Pi 
a t - g Ai P i+ 2vi Ai ~ t 

(2.42) 

rearranging the last equation to obtain pressure change, one obtains 

a Pi 
1.'1 Y 

= g Pl.' '+ 2vL ~_ m2i a(1/pi2 Fi ' 
;. n t A~' Ai 

J. . a y 

1. 

Ai . Jlt 

(2.43) 

. . 

ROGAliCi UNlV£RSi1£si KU1UPHAN£si 
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III. THE COMPUTER PROGRAM NEKA 

Mathematical models and solution procedure developed in the preceeding 

chapter are formulated into a computer program to perform steady state 
( 

and transient calculations. 

Flow chart of the computer program, interaction between the main 

program and the subiloutines, and also the capabilities of this program 

are given in section A. In the following section, a full description of 

the m~in program the subroutines and the function routines are given. 

Transformation of differential equation into computer program is also 

given in the related subroutirie description. 

A- ,PROGRAM DESCRIPTION 

Program NEKA consists of one main,'17 subroutines and 7 function 

routines. The flowchart of program is 'given 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 g~tion 

is pertormed fora maximum 20 subregions meaning that 20 different 

dimensioned group of triangles, and 400 elements. The element numbers, 

node1 points, the coordinates of the elements, andbandwith quantity are 

written. When the numbers of elements, and bandwith are determined, physical 

properties of each element ate c~lculated and combined into one global 

matrix. Solution of this matrix for unknown values gives theresult.After 

this step, if ,desired ,the subcooled boiling calculation and the unsteady 

state calculation are performe~ for any change in heat generation,coo1ant 

f10wrate and coolant input temperature. 

In program NEKA, wat'er is assumed to be the coolant and the 

temperature dependen~y of physical properties of water are taken into 
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GIVEN 

GRID ~ 

, 

MAIN NORMLIS 

PROG-
RAM . 

SHAPE 

rl REFLUX 
MAT 

r- TFLUID 

CONVEC - FRICTN 

-- HCAL 
HEAT 

I-- INTERP 
STORAGE 

MULTBD , . 

. DCMPBD 

SLVBD , 

SUB COOL 

FIGURE 3-2 Main Programan~ Subroutines ofNEKA 



29 

consideration. 

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

have been used. 

B- THE MAIN PROGRAM AND THE SuRROUTINES 

The main program. of NEKA is a driver program which reads the input 

parameters by calling the subrautine GIVEN and performs the mesh g~ation 

calling the subroutime GRID. After the intialization of global matrix, it 

starts to determine the element matrices and then stores the values into 

global matrix making use of the related subroutine actions. Finally 

solutions for nodal values are printed. 

SUBROUTINE GIVEN 

GIVEN enters the necessary input data to the program by means of 

a data file (NEKADAT) or interactively, an~ also reprints these data for 

an echo check. These data are, in the order of, thermal conductivity of 

"fuel and cladding (W/m °C) • densities of fuel and cladding (kg/m3) , 

heat capacity of fuel 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 (mm) , and then the coolant inlet ~ture 

(oC) and mass flowrate (kg /s ). Tabulated axial heat flux distribution 

data is read from the data file·RELDATA which is called by subroutine 

GIVEN. The other data.which are required for grid generation are read by 

subroutine GRID from the data file (NEKADAT) or supplied interactively to 

the program. 

SUBROUTINE NORMLIS 

This subroutine performs the unit conversions • Unit of coordinates 

of elements which are generat~d in subroutine GRID, and of dimensions of 



30 

fuel is transformed into meter. Also intialization of FLOW and TEMF 

matrices is performed in this subroutine. 

SUBROUTINE GRID 

The preparation of element data is a time-consuming task. This 

subroutine automatically generates the element data. Subroutine GRID 

uses a group of eight-node quadrilateral regions to define the body under 

consideration. GRID "is capaple of modelling two-dimensional domains that 

are composed of triangles. Element nodes are numbered and bandwidth is 

also calculated by the subroutine. The expension contraction option is 

of special 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 subrouti"ne is a tabulated ordinate and absissa 

values. Searched value is calculated by linear interpolation between twp 

~alues around that value. 

SUBROUTINE SHAPE"" 

This subroutine calculates the element area using the equction 

(3-1) 

A= (X.Yk- XkY.+ Y.X.- YkX.+ XkY.- X.Y. ) /2 
J JJ 1 1 1 J 1 " 

(3-1) 

where 

and, 

x S an~ Ys are the coordinates of element, A is the element area 

bon "c values are~calculated using the equation" (A-6) S S 

SUBROUTINE MAT 

In the subroutine MAT element conduction matrix ESM(KK,I,J) is 

calculated by means of the equation (A-8) ,where KK is element number, 

and elementcapacituncematrix ECM (I,J) using the equation (A-16). EP(I,J) 
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and EQ (I,J) matrices which are the combination of conduction and capacitence 

matrices in equations (2-30) and (2-31) are also calculated u~ing the 

following equations. 

2 
~EP] =-ll-t- [. c] 

[EP] = 1/2( [k] 
1 

SUBROUTINE CONVE" C 

1/2 (Lk1 
1 

(3.2) 

+ [k 1 ) + 2/.i t [ c 1 o (3.3) 

This subroutine is devised to introduce the boundary condition to 

the element equations. First it calls the subroutine TFLUID to calculate 

fluid temperature and then the" subroutine HCAL to calculate the convection 

coefficient. After these valves are calculated, contributions to element 

conduction matrix are introduced using equation (A-II). The force vector 

EF (I) is calculated by means of the equation (A~12) and, EP (I,J) and 

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

"matrix. 

SUBROUTINE HEAT 

This subroutine performs the calculations for the elements iii. which 

heat generation occurs. The value of heat generation rate Q in equation 

(A-14) , for the coordinates of each element is dete!mined 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, I , J) , EP (I,J) and EQ(I,J) matrices are calculated by means of 

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

SUBROUTINE TFLUID" 

Fluid" temperat~re ch~nge in the axial direction is calculated in 

this subroutine. After calling" the subroutine HEFLUX the change in enthalpy 



is first determined by using the equation (3-4) which is the modified 

version of the equation (2-37). The temperature is then .ca1cu~ated by 

means of the function routine TWA. 

1 hi -hi old hi - h:i:-:1 qi 
+ - (3.4) Vi Il t Ily mi 

where 
hi-l. enthalpy one axial step ago 

hi old enthalpy one time step ago 

and also pressure drop for steps and overall pressure differential are 

calculated after subroutine friction is called, by the equation (2-43). 

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

where 

Ai 

mi 

Fi 

Pl.' P - i-l 

.! y 

Fi 1 
- -----

A· .l. Ai. 

channel area 

Pi- Pi old 
9 Pi+ 2 vi -----

At 

mi - mi old 

!t 

2 , m 

water f10wrate, kg/s 

frictional lost per unit length, 

SUBROUTINE HCAL 

l./p·. - l.1 p. 1 
1 1--
Ay 

(3.5) 

In this subroutine convection heat transfer coefficient h is 

calculated using the Dittus- Boelter: correlation [41,. 

H = (0.023 x k x REO·.sx PRO•4 1 I· 0.14 de) x. ('P- 1-Iw) (3.6) 

. where 
o 

k thermal conductivity ,_ W/m C 

RE Reynolds number 

PR Prandtly number 

: 
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de equvalent diameter, m 

viscosity at the fluid bulk temperature, kg/ms 

viscosity at the wall temperature, kg/ms 

SUBROUTINE FRICTN 

The fanning friction factor is calculated using (4) 

f=' 0.047 x RE-0•2 (3.7) 

and frictional last 

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

F 2 x f x 2 / ( de x p, x'Ai) '(3.8) = ml 
1 

where 

RE Reynolds number 

mi fluid mass flowrate kg/s 
.~ :'" 

de equvalent diameter of flow area, m 

Pi fluid density kg / 3 , m 

Ai flow 2 area, m 

SUBROUTiNE REFLUX 

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

~alculated by the equation 

where 

q =h (Tw - Tf) 

q : heat flow , w/m 2 

h : convection heat transfer coefficient,' w/m2 °c 

Tw 
o 

wall temperature, C 

Tf fluid bulk ~temperatureoC 

SUBROUTINE MULTB 

(3.9) 

By the use of this subroutine, the matrix product between a banded 
, , 
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matrix and a rectangular array , isperform~d. The p~oduct is [RFJ = [GSM][GFJ 
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~ 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. Th.e 

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. 

SUBROUTINE SLVBD 

The subroutine SLVBD is the second part of the solution process 

and:l,s used with DCMPBD to obtain a solution to I kl { T} = { F} • 
: 

SLVBD first· decomposes {F} and then solves for {T} using the method of . 

backward substitution. 

SUBROUTINE SUBCOOL 

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

(14) 

qc =aC (Two - Tb) (3.10) 

Two= .57 In (14.503p) - 54 P 

P + 1.034 
- 0.82 v (3.11) 

Oc = 61840 
De v 

+ 438.4 
De + Di DeO.6 

(3.12) 

where 

Tbbulk temperature , °c 



p absolute pressure, kg/cm2 . 

De equvalent diameter , m 

Di heated perimeter devided by , m 

v coolant velocity m/s 

critical heat flux qc is first calculated 
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then the ratio between 

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

equal to two , subcoo1ed boiling is predicted. 

FUNCTION VISCWA 

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

for a given temperature (200 C - 125 °C) from the equation. t41 

2 4 -6 2 
~ =.0.148237 x 10- - 0.295743 x 10- T + 0.258156 x 10 T 

- 0.822939 x 10-9 T3 (3.13) 

FUNCTION VISCWAl 

This function routine also calculates the water viscosity in 

the temperature range'of 1250C using the equation (3-14) 
: 

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

~ = - 6.896276 x 10-9 + 6.853976 x 10-6 T -5.680827 + 10-
8 

T2 

+ 1.299773 x 10-10 T3 (3.14) 

FUNCTION CONDWA 

This routine calculates the conductivity of water (w/mOc) for 

a given t~mperature (oC) from the equation. [4} 

. k = 0.570671 +0~178690 x 10-
2 

T - 0.684359 x 10-5 T2 (3.15) 

FUNCTION SPEHEAT 

This 

for a given 

° routine calculates the heat capacity of water' ( J /kg C) 

temperature (oe). from the equation. [41 
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Cp : 0.419318 x 10-4 - 0.744678 T + 0.100875 x 10-
1 

T2 (3.16) 

FUNCTION TWA 

This routine calculates the water temperature (oC) for a given 

enthalpy (J /kg) from the equation. [41 

T = - 0.121704 + 0.240234 x 10-3 H-0.682278 x 10-11 H2 

+ 0.'230918 x 10-16 H3 _ 0.344210 x 10-22 H4 

FUNCTIONENTWA 

(3.17) 

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

given temperature (oC) from the equation. l4] 

H ="0.166564 x 103 + 0.419253 x 104 T - 0.386479 T2 

+ 0.352709 x 10-2 T3 
-. 

FUNCTION RHOWA 

(3.18) 

This" routine calculates the water density (kg/m3) for a given 

temperature (OC) from the equation. [4] 

p = [0.997426 x 10-3 + 0.135802 x 10-6 T + 0.325184 x 10-8 T2] -1:' 

(3.19) 
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IV. RESULTS AND DISCUSSION 

The application of the program NEKA to thermo-hydrrullic analysis of 

a plate type fueled. nuclear power core is examined in three parts: the ," 

application ·of the program to the steady state conditions; and application 

to the transient conditions (the responces to a given step change) together 

with the results obtained from TERHID ; and also application to subcooled 

boiling calculations. 

A- STEADY STATE CALCULATIONS 

The steady state calculations were based on to the two possible 

reactor configurations at Qekmece Nlikleer Ara§tl.rma veEgitim Merkezi : 

Reactor I (TRI) and Reactor II (TRII) • .The Reactor I has 10 fuel elements, 

each one containing 20 fuel plates. The Reactor II consists of 10 s~ 

and 4 control fuel elements which have 23 and 17 fuel plate respectively. 

The input parameters for the Reactor I are given in table (4.1). 

As seen from the table, to obtain lMW power, the central plate which 

generates maximum power produces 89~9 W at mid pOint of the plate. Since 

power generation shows .a cosine distribution, it is not the same throughout 

the plate, the avarage value is 6268 W. The heat flux distribution is 

also included in the table. The usage of ta~ulated heat flux distribution 

instead of the cosine function enables the program to be applicable for 

ditferent heat flux distributions. To have a comparison to the results 

of the program TERHID, 30 axial steps were used. Results of calculations 

o 0 . 
for 37 C and 23 C coolant inlet temperature are given in tables (4.2) and 

(4.3)'respectively, ~nd the tabulated results of the program TERHID are 

also g'iven in tables (4.4) and (4.5). As seen from the tables, the difference 
o 

of the temperatures calculate~ by two codes are in the range of 0.1 C 



tABLE 4-1 Input Parameters for Reactor-I 

Fuel conductivity 

Cladding conductivity 

Fuel deasity 

Cladding density 

Fuel specific heat 

Cladding specific heat 

Fuel witdh 

Fuel thickness 

Fuel length 

Cladding thickness 

Channel width 

Channel thickness· 

Coolant mass f10wrate 

.Coolant input temperature 

Plate power generation 

Heat flux distribution 

167.0. w/m "c 

210..0. w/mcC 

19000.0. kg/m3 

2707.0 kg/m3 

740.0. kg/oC 

896.0 J/kg HC 

69.698 mm 

0.508 mm 

596.138 mm 

,0.381 mm 

69.9 mm 

6.476 mm 

0.189 kg/s 

37°C and 23°c 

8929.0. w 

Y/H Q (n.) / 

0.0 

0..1 

0..2 

0.3 

0.4 

0.5 

0.6 

0.7 

0..8 

0.9 

1.0 

38 
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Q (0..) 

0.165 

0.432 

0.665 

0.846 

0.960 

1.000 

0.960 

0.846 

0.665 

0.432 

0.165 
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TABLE 4-2 Thermo-Hydraulii C a'l cull a t ion for Tf (in)=370c 

TEHPERATURES OF 
ilISTANCE fUEL FuEL CL AD CLADDING COOLING PRESSURE 

C~NTER INTERfACE SUR fACE WATER IIIffEIiENCE 
011'1) (C) (0 ( C) ~C) (H/H--Z) 

.-u 43.0 43.0 42.9 37.0 .0 
19 '.9 47.0 47.0 40.9 37.1 188 .. 9 
:i9.7 50.4 50.4 50.3 37.2 377 .11 
59.0 53.9 53.8 53.7 37.3 56<;.7 
7'.).) 5a.d 5c..d 56.7 37.5 755.5 .. 
?9.~ 59.8 59.7 59.6 37.7 944.0, ' 

11? .2 c.2. II 62.7 62.6 3h.O 1133.2 
I 3?1 65.1 65.0 6t •• 9 311.2 132~ .0 
159.0 67.4 67.3 67.2 311.5 151U.8 
176.-:$ 69.8 09.7 b9.c. 38.11 1to99.6 
19~. 7 71.3 71.2 11.0 39.1 11188.4 
21d .0 12 .6 72 .8 72.6 39.5 Z077 .1 
0: 3d .S 74.5 74.4 74.2 39.11 2265.9 
2):1.3 7~ .1 75.0 71, .d 40.2 2454.6 
27~ .2 1~. d 7S .1 7:; .6 40.e. i!e.43.2 
290.1 70.6 ' 76.6 7(;.4 40.9 21131.9 
;)11.9 7a.4 76.3 lb.l 41.3 3020.5 
j37.o 1c..2 70 .1 15.9 41.7 3209.1 
;)57.7 7a.l 7e..0 75.6 4Z.1 3397.7 
;)77 .C; 75.0 75.0 7/, .8 42.4 358e..3 
197.4 74.0 73.9 7~ .11 42.7 3714.b 
417 .3 73. I 73 .0 72 .11 43.1 3903.3 

, .. :n .l 71.2 71.2 71.0 43.4 1151.11 
1057.0 09.4 69.3 69.2 43.7 !.340 .3 
47" .'1 07.6 67.e. 67.4 4j.9 4~211.11 

4911.6 05.1 e.S .1 6:).0 4/0 .2 4717.2 
510.7 (a~.t, 62.c. 6:: .5 44.4 :.905.7 
53c. .5 6U.l ':'0.1 611.0 44.e. )094.1 
»)0.4 57 .1 57.1 !ji'.0 ~4.7 Sa2.5 
570.3 54.1 54.1 5.; .0 44.8 5471.0 
;;%.1 SU.4 51l.4 50.:, 44.9 5659.4 

'TABLE 4-3 Thermo-Hydraulic Calculation for T f ( in) = 2 30:C 
TEMPERATURES OF 

D I STA IIC E fUtL fUEL ' CLAII CLAOI) ING COOLING PRESSURE 
, CENTER IN TE RfAC E SURfACE WATER DIFFERENCE 

(11M) ( C) (0 ( C) (C) (N/H"2) 

.0 30.0 30.0 29 .9~ 23.0 .0 
19.9 34.3 34.3 34.2 23.1 189.5 
39.7 3d.l 3d.l 30.1 23.2 379.1 
59.0 42.0 42.0 41.9 23.3 568.6 
79.5 45.3 45.2 45.1 23.5 758.1 
99.4 4d.6 48.5 4d.4 23.7 947.7 

119.2 51.9 51.a 51.7 24.0 1137.2 
139.1 54.4 , 54.3 54.2 24.2 1320.7 
1 S9.U 5e..9 56.11 5ci.7 24.5 1516.1 
178.a 59.5 59.4 59.2 24.8 1705.6 
196.7 61.1 cil.0 60.d 25.1 1&95.1 
21:1.0 ' 62.7 62.7 62.5 25.5 2084.5 
2h.) 04.5 64.4 64.2 25.8 2273.9 
2:;3.3 65.2 65.1 64.9 26.2 2463.3 
:27iS.2 05.9 65.8 65.6 26.6 2652.7 
29i1.1 06.7 06.6 6b.4 26.9 2842.1 
317 .9 bo.4 60.3 60.1 27.3 3U31 .5 
337.8 66.2 66.1 65,9 ,27.7 3220.8 
357.7 66.0 65.9 65.7 28.1 3410.1 
377 .a 64.S 64.7 64.5 2a.4 3599.4 
;)97.4 63.6 63.6 63.4 2b.7 )7811.7 
417.3 02.5 62.5 62.3 '29.1 397b.0 
437.2 00.5 60.4 60.3 29.4 4167.3 
.. 57.iJ 5d.5 58.4 511~3 29.7 4350.e. 
470.9 50.5 ' 5C1.4 56.3 29.9 4545.11 
4?C..CI 53.7 53.6 - 53 ~5 30.2 4735.1 
516.7 50.9 50.8 5Up lO.4 4924.1 
:i36.5 48.1 48.0 4d.0 30.6 5113.5 
:i56.4 44.7 44.7 44~6 30.7 5302.7 
57".3 41.3 41.3 41.2 30,.8 549Z.0 
590.1 37.3 37'.3 37.3 30.9 5081.2 , .... 
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TABLE 4-4 Thermo-Hydraulic Calculation for"f- (i.n):;:37oC [41 
- ~------.- -~lL_ : __ L ',_ , ' 

FUEL CLADDING COO;,lNG PIH:~::-;UH~~ 
DIS'!'ANCE T1:;MP~HA'J'URI:: 'l'C;Ml"':HA'J'U IU:: WJ\61::11 IH1''FC;'(ENCE 

(nun) ( C) (oC) , ( C) (N/m2 ) 

00.0 43,6 43.6 37.0 _000.0 
1'.1.9 ,n.u 47.0 :n.l lUII.1I 
)'.1.7 ~~ll • ~ !>O .4 r/.2 ~n.';, 
5'.1.6 ~.J. ~ ';,).'.1 3'1. :J ~LL.2 
7!1.5 56.9 56.11 37.5 7!>~.U 
99.4 59. '.I 59.11 37.7 943.7 

1l'J.'J. "2.11 62.7 :n. S Iln.4 r' "!>.1 1.o~.0 JU.1 IH1.1 
5'J.0 Ii 7. ~i 6'1.4 3U.4 l~U ~.II 
711.11 69.11 69.7 JII.7 16 <;Il. 4 
'.10.7 71. J 71.2 39.0 1111l7.1 
lil.6 72.9 72.7 3'.1.4 207!>.7 

'UIl.5 7'1.4 74.3 39.7 2264.3 
2511.3 75.1 75.0 40.1 2452.9 
2711.2 7S.tI 75.7 40.4 2641.4 
2911.1 '/1.0.6 7".4 40.11 21129.9 
317.9 710.3 7".2 41.2 :101u.5 
33'1.11 71.0.2 76.0 41.6 3201.0.9 
357.7 76.0 75.8 41. 9- 3395.4 
377.6 74.9 '74. tI 42.3 J5113.11 
397.4 "13. 9 73.11 42.6 3772. ) 
417.3 72.9 72.11 43.0 3960.7 
4J'1.2 71.1 71.0 43.3 4149.0 
A57.0 69.3 69.2 43.6 4337.4 
476.9 67.5 67.4 43.9 4525.7 
4 \IG.II 65.0 64.9 44.1 4714.1 
516.7 62.5 62.4 44.3 4'.102.4 
536.5 60.0 59.9 '44 .5 5090.7 
55".4 57.0 57.0 44.7 5279.0 
576.3 54.0 54.0 44.11 5467.2 
596.1 50.9 50.9 , 44.9 ~"55.5 

Cal c u 1 a t ion Tf (in)=230c [41 
, 

TABLE 4-5 Thermo-Hydraulic for 
: FUI::L CLADDING COOLANT PRI::SSURI:: 

DISTANCE TEMI'~:IIATUIU; 'l'J::foIPljHA'l'URI:: WA61m DU't'IWt-;NCE 
(IIUU) (oC) ( C) ( C) (N/m:.!) 

00.0 30.5 30.5 23.0 000.0 
19.9 34.4 34.4 23.1 189.4 
39.7 311.3 311.3 23.2 3711.11 
59.6 42.2 42.1 23.3 5btl.2 
79.5 'IS.!'! 4S.4 2).5 '157.6 
99.4 411.11 411.7 23.7 946.9 

).l!l.2 52.1 'j2.0 24.0 1136.3 
).39.1 54.6 54.5 :.14.2 1325.7 
).59.0 57.1 57.0 24.5 1515.0 
).711.8 59.7 ,59.5 24.8 1704.3 
).911.7 6l.3 b1.1 25.1 11193.7 
2lu.6 1.02.9 b2.11 25.5 :.10ID.0 

, 2)11.5 64.6 (,4.5 25.11 :.1272.3 
2511.3 65.3 65.1 21.0.2 2461.5 
2711.2 6(, .0 (,5.9 :.11>.6 2650.8 

,29B.1 66.B 66.6 27.0 21140.0 
317.9 li6.5 66.3 27.3 3029.3 
J:l7.11 1>6.2 ('b.l 27.7 ):.!lu.5 
357.7 (,6.0 65.11 211.1 3407.7 
377.6 6-L8 '64.6 211.4 35"}6.8 
397 .4 63.6 63.') 211.11 371.16.0 
417.3 1>2.5 b2.3 2'.1.1 ]'.175.2 
4r1.2 1>0.4 bO.3 :.!'J.4 411>4.3 
4!..'1.0 !J1I.4 !i1l.J :.!'l • "' 4J',;] .4 
47L.'.I !j(j.3 51>.2 :J~.9 4~4~.5 
4'J6.11 !JJ,G !d.5 JU.:'! 47'JL.b 
!JiG.7 50.!l 50.7 ]0.4 4'.12U.7 
536.5 '1'1.'.1 47.9 JU.ti !J1U'.I.1I 
!J51>.4 44.6 44.5 )0.7 52'JII.9 
576.3 41.2 41.1 :lO .11 5411i1.0 
596.1 37.7 '37. " :lO.'.1 '51>77.1 
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except for the end points. In both works maximum fuel and cladding 

~~es are at the midpoint of the plate length. Coolent temperature 

increase. from inlet to outlet is also the same (7.90 c)in these results, 

This states that the amount of power generated in plate is the same. 

If more then 11 points for heat flux distribution are used to 

fit the cosine function more accurate results are obtained, if heat 

generation changes exatly as the cosine function. Results obtained using 

51 points (table 4-6) for heat generation distribution are given ;ntrullEs 

(4-7) and (4-8) for 37 9c and 23 9c coolant input temperatures.Graphs of 

coolant and fuel center temperatures along fuel length are given in figures 

(4-1) and (4-2). As seen from tables and graphs fuel and cladding 

temperatures increase up to well belowj "the mid point of fuel height and 

then decreases. However, coolant temperature shows a continuous increase 

and at the exit point reachs to a maximum of 44.9 °c and 30.9 °c for 

37 0c" and 230C coolant input temperatures respectively 

The pressure change. is also given in the tables. Two factors gen~rally 

determined the pressure differe~ce 1. Because of the calumn of water, 

an increase in pressure. t. Pressure drops, because of frictional loss. 

Pressure last at inlet and outlet sections of coolant channel are not 

taken" into consideration in the pressure change calculat~ons. 

Usually, a smaller qrid gives more accurate results in Ill.l!oorical 

methods. This is also valid for the finite element method. So more than 30 

axial steps wer"e tested to see whether 30 steps are sufficient for the 

calculations in the range of occuracy required. Results of Reactor I for 

o 
37 C water input temperature with 60 and 90 axial steps are given in 

tables (C-l) and «(;-2). Tables (4-7~ , (C-l) and (C-2) show that there is 

an agreement between among them. Only fluctiation occurs at the end points. 

Another example was based on the Reactor" II. The input parameters 
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TABLE 4-6 Heat Flux Distribution 

o~ooo 0.165 0.520 0.998 
·0.020 0.220 0.540 0.994 

0.040 0.275 0.560 0.986 
0.060 0.328 0.580 0.975 
0.080 0.381 0.600 0.961 
0.100 0.432 0.620 0.944 
0.120 0.482 0.640 0.924 

0.140 0.531 0.660 0.901 

0.160 0.577 0.680 0.875 

O. 180 0.622 0.700 0.846 

0.200 0.665 0.720 0.815 

0.220 0.706 . O. 740 0.781 

0.240 0.745 0.760 0.745 

0.260 0.781 0.780 0.706 

0.280 0.815 0.800 0.665 
r 

0.300 0.846 0.820 0.622 
[I 0.320 0.875 0.840 0.577 : 
'1 

0.340 0.901 0.860 0.531 

0.360 0.924 0.880 0.482 

0.380 0.944 0.900 0.432 

0.400 0.961 0.920 0.381 

0.420 0.975 0.940 0.328 

0.440 0.986 0.960 0.275 

0.460 0.994 0.980 0.220 

0.480 0.998 1 .000 0.165 

0.500 1 .000 
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TABLE 4-7 Thermo-Hydraulic Cal c ul at ion ,f (J I~ , T f{ ,i. n ) = 37° C 

III sTANC E 
TEIIPERATURES OF 

FuEL FUEL CLAD CLAOIIING COOLING PRESSURE 
CENTER INTERfACE SURfACE WATER 01 ff ER ENCE 

(M." ) (0 (0 (C) (C) (N/M**2) 

.ll 43.0 43.0 42.9 31.0 .0 
H.II 47.1 41.1 ' 41.0 31.1 18b.9 
39.7 SO.5 50'.5 50.4 31.2 317 .11 
59.6 53.3 53.11 53'1 31.3 566.1 
79.5 57.0 ' 51.0 

50!9 
37.5 155.5 

99.4 00.0 59.9 59 II 31.1 944.4 
lH.;: 6Z.3 62.1 62 6 311.0 1133.2 
139.1 65.3 65.3 65 1 31102 ,l322.U 
159.0 01.7 61.6 67~4 3b.5· H1U.8 
173.3 69.3 b9.7 69t5 311.8 1099.6 
19.0.7 71.c. 71.5 71 ~4 39.2 1111111.4 
Z16." 7l.2 H.l 72 9 39.5 21177 .1 
~33 .5 74.5 74.4 74.2 311.9 2~65.11 
2;'1.3 75.5 75.4 15.2 40.2 2454.5 
va.2 7c.. Z 10.1 75.9 40.6 2043.2 
2'.10.1 70.b 76.5 7b.3 41.0 2031~9 
317.9 7b.7 7b.6 10.4 41.3 30211.5 
3H.3 76.11 16' .5 76,3, 41.7 3209.1 
357.7 70.1 70.0 1).9 42.1 3391.1 
377 .0 75.4 75.3 75.1 42.4 3511b .2 
397 .4 74.4 14.3 14.1 42.11 3174.8 
417.3, 7l.1 13 .0 72.11 43.1 3963.3 
437.2 71.5 71.4 71.3 43.4 4151.11 
457.U ,b9.7 b9.b 69.5 43.1 4340.3 
47b.1I .. 7.b 67.t. 67.4 44.0 45211.7 
49.c..3 t.5.3 65.3 65.2 4' •• 2 4717.2 
51b.7 62.9. 62.8 62.7 44.4 490~.6 
S30.5 01l.2 60.1 60.0 44.6 5094.1 
:i56.4 51.3 51.2 57.2 44.7 5211~.5 
57Q.3 54.3 54.2 54.2 44.9 5410.9 
S9.0.1 50.5 50.4 50.4 44.9 5~59.l 

TAaLE 4-8 Thermo-Hyd~aulic Calculation for,T f (in)=230C 

l·EIU!EIlATU RE S Of . 
J 1ST A Ne E FIl£L FUEL CLAD CLADDING COOLING PRESSURE 

C£NT ER INTERfACE SURfACE WATER DIFfERENCE 
('i,O (C) (0 (C) I (C) (H/M**2) 

.U 30.0 30.0 29.9 23.0 .0 
19.9 34.4 ,34.4 34.4 23.1 ,189.5 
3;; .7 30.3 38.2 30.2 ZJ.2 319.,1 
59.6 42.0 41.9 41.9 23.3 5'68.6 
79.j 45.5 45.5 45.4 23.5 1511.1 
99.." 411.8 43.7 48.6 23.1 941.1 

119.2 51.8 51.8 51.6 24.0 1131.2 
139.1 54.6 54.to 54.4 24.2 132(1.6 
159.0 57.2 57.1 51.0 24.5 1516.1 
170 .0 59.4 59.4 59,2 24.8 1105.6 
1 'Jd. 7 61.4 ' 61.4 61.2 25.2 1895.0 
213.0 -63.1 63.0 62.d 25.5 20114.5 
233 .5 b4.5 64.4 64.2 25.9 2273.9 
25d.3 65.5 65.4 65.2 26.2 2463.3, 
a3.2 6b.3 66.2 66.0 Z6.6 2052.7 
2ili1.1 66.7 66.6 66.4 27.0 2842.1 
317 .9 6b.a 60.1 66.5 21.3 3031.4 
3.57 .0 bo.5 66.5 66.3 27.1 3220.8 
357.7 bO.O '65.9 65.8 211.1 3410.1 
317 .0 65'.2 65.1 64.9 28.4 ' 3599.4 
1;;7.4 64.0 63.9 63.8 28.8 3188.7 
417 .1 62.5 62.5 62.3 29.1 39711.0 
437.Z 60.8 60.7 bU.t. 29.4 4161. ;s 
~5 7,.0 So.d 50.7, 58.6 29.7 4356.5 
476.9 5b .5 '56.4 5C1.l 30.0 4545.11 
1,96.0 53.9 53.8 53.7 30.2 4135.0 
:i16.7, 51 .1, 51.1 51.0 lO.'4 4924.3 
53( .. ~ 411.1 48.1 411.0 30.6 5113.5 
:iSO.4 1,4.11 41,.8 44.7 30.7 5302.7 
:)7'J .3 41.4 41.4 4'1.1, 30.9 5491.9 
$90. , 17.1 31.3 31.3 lQ.9 $681.1 



o 

100 

200 

,-.. 

g 
~I 300 
u 
~ 
E-t 
C/) 

H 
01400 

500 

600 

Coolant Flow Direction 1 

Temperature 

35 40 45 50 55 60 

TEMPERATURE (OC) 

~~ Fuel Center 
Temperature 

65 70 75 

FIGURE 4-1 Temperature Oistf.i·uutton.: Tf (in)=37°C 

". 

80 

~ 
~ 



o 

100 

200 

-I 300 . 
~ 
riI 
U 

~ 1'400 
8. 
U) 

"[3 

500 

600 

.' 

Coolant Flow Direction:! 

Coolant Temperature 

20 25 30 :35 40 45 50 

TEMPERATURE (oC) 

FIGURE 4-2 Temperature Distribution- Tf (in):230C 
'. 

~~ Fuel Center Temperature 

55 60 65 

.. 
70 

~ 
U1 



46 

for Reactor II are given in table (4-9). The maximum power generation in 

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

smaller than the TRI. F10wrate of'coo1ant is about 1.6 times that of TRI. 

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

input temperature of 300e , temperature distribution and pressure change 

TABLE 4-9 Input Parameters for Reactor-II 

. Fuel conductivity 

Cladding conductivity 

Fuel density 

Cladding density -

Fuel specific heat 

Cladding specific heat 

Fuel witdhness 

Fuel thickness 

Fuel length 

Cladding thickness 

Channel witdness 

Channel thickness 

Coolant mass f10wrate 

Coolant input temperature 

Plate power generation 

167.0 w/m °c 

210.0 w/m °c 

3336.0 kg/m3 

2707.0 kg/m3 

740.0 J/kg °c 

896.0 . J/kg"c 

62.3 mm 

0.51 mm 

598.0 tIlm 

0.38 mm 

66.6 mm 

2.1 mm 

0.31 kg/s 

30201 W 

: 

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

temperatures versus fuel height are g~ven in figure (4-3). The maximum 

temperature difference 'betw~en cladding and coolant is 29.0 °e, whereas 

this difference was 35.3 °c in ·TRI.This is beca~se of the change in the 

'. 



47 

TABLE 4-10 Thermo-Hydraulic Calculation for Reactor-II 

T EHPE RATU RE S Of 
,,1 ~ TA NC E fUEL fU EL CLAD CLADDING COOL IN G PRESSURE 

CENT ER INTERfACE SURfACE WATER' DIffERENCE 
(/1/4 ) ( C) (C) ( C) (C) (HIII-·Z) 

, . 
.0 34.Z 34.2 34.1 30.0 .0 

1'1.9 39.2 39.2 39.0 30.Z -157.2 
3~ .9 42.0 41.9 41.7 30.4 -314.2, 
59.8 45.2 45.0 44.7 ,30.7 -470.9 
79.7 4ir.1 48.0 47.6 31.1 -6 Z7.4 
9~.7 50.9 '50.3 50.3 31.5 -783.3 

11'J.c. 53.0 53.4 52.9 3Z.0 -9311.8 
139 .5 5c..2 55.9 55.4 32.5 -1093.8 
lH.S 58.5 58.2 57.6 "33.1 -1Z4b.l 
179.4 60.0 60.3 '59.7 33.8 -1401.7 
l'N.3 D2.5 62.2 61.6 34.4 -1554.CI 
219 • .) c.4.2 63.9 63.2 35.1 -1706.8 
239.2 ' 05.c. 65.3 64 T6 35.9 -11158.1 
259.1 bb.8 6b.5 65,8 36.6 -2008.6 
~79.1 07.:1 67.5 60+8 37.4 -2158.3 
299.u , cia.5 68.2 67 T5 311.2 -2307.1 . 
313.9 09.0 60.7 611,0 39.0 -2455.0 
330.9 09.2 68.9 68,2 39.1 -260Z.1 
35~.<i 09.2 60.9 68,Z 40.5 -Z74b.4 
37<1.7 6a.9 68~6 60,0 41.2 -2893.a 
j'Jd.1 od.4 6i1.1 67 ~5 41.9 -303i1 .. 4 
41d.c. 67.1 '67.4 66a 42.6 -3182.2 
43d.5 bb.7 " 6b .4 b5.8 43.2 -3325.3 
458.5' bS.4 65.2 64.7 43.8 -3467.6 
41:1.4 64.0 63.d 63.3 44.4 -3609.3 
.. 'Jo.3 62.3 62.2 61.7 44.9 -3750.4 
51.1 .3 60.5 60.4 60.0 45.3 ' -3890.9 
538.2 58.5 5i1.4 5i1.0 45.1 -4030.9 , 
558.1 5b.2 56.1 55.8 46.0 -4110.5 
516 .1 54.2 54.1 53.9 46.2 -4309.1 
5?0.u 50.1 50.0 49.9 46.4 -4448.5 

, 

value of the convective heat transfer coefficient which is directly 

related to the coolant velocity~ 

Some changes in the dimension of fuel core is encountered. In the 

Reactor II, fuel length changes betwe~n 586 mm and 610 mm, fuel width 
• i 

between 59.2 mm 'and 65~4 mm, and channel thickness between. 1.85 mm and 

2.35 mm. For this reason, the effect of dimensional differences on the 

temperature distribution was examined. Two per cent increase in the 

length of. fuel (610 mm) caused the maximum fuel tempetat,ure to fall down 

to 68.70 cfrom 69.20 c , and two per cent,~ecrease in this, dimension 
I I', 

'(586 mm) caused the maximum fuel temperature to rise to 69.80 c, thi's is 

due to the area exposed to cooling inCrease and decrease respectively., 
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. In the case of the change of fuel witdh retween .65.4 mn and59.~, ~ corresponding 

~ fuel tanperatures were 67.9 °c and 70.7 <t. That is, five per ~t increase in 

fuel width results in 1.9 per cent decrease in the temperature, where~ 

as five per cent decrease causes 2.1 per cent increase in the temperature. 

The, previous reasoning for temperature change is also valid. in this case. 

An increase of 12 per cent in the thickness of channel (2.35 mm) caused. 

the maximum , 0 0 
temperature to rise to 72.4 C from 69.2 C, and the same 

per cent decrease o 
·caused 3.1 C decrease, this is because of the ~ 

in channel thickness reducing the convective heat transfer coefficient 

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 tld~ 

maximum fuel temperature were found at one axial step below that of refer~ 

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

mid-plane of fuel length at which maximum fuel temperature occurs for the 

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

,where 

Z = m 

He 
He tW~-l------------------______ ~ __________ ___ 

# [1 1 [' 1 Cp m --+- --
, 4 kf 2 kc 

1T R+c 1 
1 n -R- + h(R+c)]] 

Zm = The distance from mid plane of fuel length, It 

He = Extrapolated. deight, ft 

Cp = Specific heat of coolawt: fluid, B u/. Qm ~F 

m = Mass-flow rate of coolant f~uid, 1.bm /hr ' 

R = Fuel radius.'ft 

c = Cladding thickn~ss, ft: 

(4~1) 
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kf = Thermal conductivity of fuel, Btu/hr ft of 

kc = Thermal conductivity of cladding Btu/hr ft of 

Convective 
~o 

h = heat transfer coefficient, Btuthr ft. F 

There is an agreement between the result of NEKA and this equatUID 

the increase in fuel length that is,the increase in extrapolated height 

cause the maximum fuel temperature to occur further from the fuel element 

mid-plane. Also the increase in (R+c) term in equation (4-1), that is, 

an increase in fuel width causes the maximum 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 calculations were examined for 

·time rate of change of temperatures, after a step change, in coolant inflow 

temperature, coolant flowrate or heat generation is encountered in the .' 

reference system. The properties of the reference system is of Reactor I 

which has the temperature distribution as given in the table ,(4-7). The 

res ponce of the system to these step changes will be examined below using 

a time step (ll. t) of 0.0473 seconds which is the time required for coolant 

to pass through one axial step. 

a. The first calculation was carried out for the step change of 

coolant flowrate. The flowrate was changed with the factor of 0.8 and 1.2. 

Thus the reference coolant input flowrate was changed to 0.151·1 kg/s and 

0.2267 kg/s respectively. Tabulated results for 0.8 £lowrate factor are 

in tables (C-3) through (C-8) for the times 0.473 , 0.946 , 1.419 , 1.892 

3.311 and 5.203 seconds respectively. The maximum fuel temperature reaches 

83.9 °c and coolant outflow temperature reaches 46.9 <t asympto~ically 
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(figure 4.4). The time required for 50 ~cent change of the total ~t 

outlet temperature change (2oC) is 2.0 seconds, and for 90 per, cent change 

is 5.2 seconds. For the sane 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 °c . The 50 per cent and 90 per cent of this change are 

reached i'n 1.3 and 4.3 seconds. The corresponding time requirement in 

TERHID are 1.2 and 4.2 seconds. 

In the case of the reference ~t flowrate increasing with 

factor of 1. 2 the time requirement for 50 per cent change of ,the total 

~t 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 and 3.3 seconds. The same changes for the maximum fuel temperature 

require 1.0 and 3.2 seconds respectively and in TERHID these are 1.0 and 

2.4 seconds. 

b. Two step changes application were exemined on the coolant input 

temperature. These changes were made with the factor of 0.622 and 0.811 .. 

corresponding to coolant input o temperatures of 23 C o and 30 c. The 

inaximum fuel and coolant temperature change with time is given;in figure 

(4.5). When coolant input temperature is 23
0
C , it takes 2~0 and 4.7 

seconds for 50 and 90 per cent change of the maximum fuel temperature. In 

the case 300C these values become 2.0 and 4.6 seconds. TERHID results 
. I 

for these values are 1.9 and 4.5 , 1.9 and 4.7 seconds respectively. 

Fifty and 90 per cent changes in the coolant output, temperatures are 

completed in 1.5 and 2.8 seconds for 23 'C input temperature, and 1.5 and 

2.9 seconds for 30 °c input temperature. The corresponding values ob~ 

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

'c. The response of the reference system to step changes in plate 

'-
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power generation was examined. For this, factor of 0.8 and 3.0 corr~~ 

to 7143.2 and 26787 w plata power weroused. The chonso of temperature 

with time is given in figure (4-6). For the power factor of 0.8, the 

maximum fuel temperature decreases from 76.7 ~ to 69.3~, the total 

change being o 
7.4 C. The required time for the. completion of 50 and <)0 

percent of the total change is 1.1 and 3~7 seconds respectively. Coolant 

output temperature falls down to 43.4 °c £I'om 44.9 'C and 50 and 90 per 

cent of this change occurs in 1.9 and 4.6 seconds while these are 1.9 and 

4.0 seconds as calculated by TERHID 

On the other hand the maximum fuel temperatures reaches 142.8 °c 

o and coolant temperature reaches 60.8 C when a power factor of 3.0 is used. 

50 and 90· per qmt of the total maximum fuel temperature change is canpleted 

at 1.0 and 3.1 seconds for coolant exit temperature these are obtained 

.at 1.9 and 4.2 seconds. According to the solution of TERHID these time 

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

The unsteady state results of TERHID and NEKA are both given in 

tables (4-11) and (4-12) for the completion of the 50 and 90 per cent 

of the total changes in fuel maximum and coolant 'outlet temperatures 

respectively. 

. . 

The results show an agreement between those of NEKA and TERHID in 

terms of time durating for 50 and 90 per cent change in temperatures. 

The maximum discrepeny is in the, range of 0.3 second except the cases 

of 1.2 flowrate factor and 0.8 heat generation factor in ¥hich the dis:repency 

is 0.8 and 0.6 seconds re~pectively., 
. ' 

Furthermore, if the fuel density of 3336 kg/m3 which is the 

density of fOOl canposed of 20 per cent uranium-aluminium mixture is used, the 

time . requirements for 50 an~ 90 per cent of total chan'ges in fuel maximum 

and coolant outlet temperatures for.all the step changes are given in 

'. 
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TABLE 4-11 The Time Requirements for the Co~p1ation of 50 and 90 per cent 
of the Fuel Maximum temperature Change _ .. ~ .. 

T E R H ID N E K A 
Step Change 'l'.ine Reqtdred (In seconds)for TIne Reqtdred (In seconds)E'Ol' 

.- 50% 'X) % 50% 'X} % 

1.2 x Coolant F1~te 1.0 2.4 1.0 3.2 

0.8 x Coolant ~te 1.2 4.2 1.3 4.3 

0.62 x Coolant Input, 1.9 4.5 2.0 4.7 
Tanperature 

0.82 x Coolant Input 1.9 4.7 2.0 . 4.6 
Tanperature 

. 0.8x Heat Generation 0.9 3.8 1.1 3.7 

3.0x Heat Generation 0.9 2.8 1.0 3.1 

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

TERHID N E K A 

Step Change 'l'ine Required (In seconds)for 'l'ine Required (In'seconds)for 
50% 'X) % 50% 'X} % 

1.2 ~ Coolant ~te 1.3 3.3 1.4 3.7 

0.8x Coolant ~te 2.2 5.0 2.0 5.2 

0.62 x Coolant Input 1.6 . 2.8 1.5 2.8 
Tanperature 

0.82 x Coolant Input 1.5 2.8 1.5 2.9 
Tanperature 

0.8x Heat Generation 
, 1.9 4.0 1.9 4.6 

3.0x· Heat Generation 1.9 4.0 , 
1:9 , 4.2 



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 appreciably shorter, for the case 

of smaller fuel density. 

C- SUBCOOLED BOILING CALCULATIONS 

Needless to say that it is important to be able to predict the 
. i 

subcooled boiling occurance to be safe from burnout. 
; 

The application of the program NEKA to subcooled boil~ng cauxuaticins 

were examined for the Reactor II~ The ratio between critical heat flux 

and the heat flux occuring must be greater then 2 (14] to be in the safe 

region (away from subcooled boiling). This ratio, under the normal working 

condition of Reactor II is calculated ta be 8.6. If water flowrate is 

decreased to the value of 0.065 kg/so (0.48 m/s ) , from 0.31 kg/s 

subcooled boiling starts. In this case the cladding· surface temperature 

reaches 151.3 °c and the coolant temperature at that point becomes 
, 

83.4 °c a~ coolant outlet temperature approaches 107.7 °c which is also· 

below the boiling point of ·water under these conditions. 

In placing the core power generation of 17.5 MW subcooled boiling 

occurance is enc,ountered for the water flowrate of 0.31 kg/s (2.57 m/s ) 

o The cladding surface temperature and coolant temperature are 142.2 C and 

61.2 °c at nodel point of 318.9 rom at which subcooled boiling is first 

seen,while water outlet temperature reaches to 87.1 °c 

D- DISCUSSION 

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

changes in the axial directi.ons and in the remaining directions average 

heat . g~neration is assumed. Thi·s assumption leads the value of tanperatures 

'. 
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TABLE 4-13 The Time Requirements for the Completion of ·50 and 90 per cent 
of the Fuel Maximum Temperature Change 

-
Fuel lA?nsity = 1m:> kg/m3 Fuel JAncnty = 3336 kg! n2 

Step Change 'lJ.JJE required (in seconds) Tine required (in seconds) 
for for 

5£>% ~% 5£>% ~% 

1.2 x Coolant Fla«ate 1.0 3.2 0.4 1.2 

0.8 x Coolant Fla«ate 1.3 4.3 0.5 1.6 

0.62 }Ii Coolant Input 2.0 4.7 1.3 2.2 

Tanperature 

0.82 x Coolant Input 2~0 4.6 1.2 2.2 
Tanperature 

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 

TABLE 4-14 The Time Requirements for the Completion of 50 and 90 per cent 
of the Coolant Outlet Temperature Change 

Step Change 
Fuel funsity = 1m:> kg! 3 Fuel lA?nsity = 3336 kg! 3 

m m 
Tine required '(in seconds) Tine required .. (iriseconds) 

. for for 
5£>% ~% 5£>% ~% 

1.2 x Coolant Fla«ate 1.4 3.7 1.0 1.9 , 

0.8 x . Coolant FlCMmte 2.0 5.2 1.3 2.6 , 

0.62 x Coolant Input 1.5 2.8 1.5 2.2 

. TaIlperature . 

0.82 x Coolant Input 1.5 ' 2.9 1.5 2.2 
. Tanperature . 

0.8 ~ Heat Generation 1.9 4.6 102 2.3 
, 

3.0 x Heat Generation 1.9 4.2 . L2 2.2 

'. 

il 

, , 
, , 
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to be smaller 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 

o temperature difference within fuel and cladding is in the range of 0.1 c. 

So the error can not be greater than 0.1 °C. 

The calculations were based on the one half of fuel plate because 

of the symmetry. However, the channel was taken into consideration as a 

whole assuming that the heat transfered to the coolant from two adjacent 

fuel plate is the same. In fact, 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 assumed 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 the coolant (water) with temperature 

are evaluated using functions (F(T)). The method and correlations is for 

single phase flow. In the case of power generation rate increase or 

coolant flowrate decrease, subcooled boiling may be encountered. After 

this point the calculations performed by NEKA are not valid. 
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v. CONCLUSIONS AND RECOMMENDATIONS 

A- CONCLUSIONS 

In this work, the conduction, , convection and heat transport 

mode1s,and a computer program NEKA were developed to perform steady

state and transient thermo~hydrau1ic analysis of a plate type fueled 

water cooled, nuclear reactor core. 

The 'finite element method was used to determine the temperature 

distribution using the two dimensiona1~ conduction model. Galerkin's 

method was applied to obtain the element equations, and in order to 

approximate the time derivative finite difference approach was treated. 

The main difficulty and source of errors in the finite element method, 

the data prepation and entering the data into program, were overcome ,by 

using the grid generating subroutine. 

Dittus-Boelter correlation was used to calculate the convective 

heat transfer coeffecient. .' 

The mass, energy and momentum balance equation were applied to a 

control volume to determine coolant temperature and pressure-change using 

finite difference method. 

The computer program NEKA which enables a rapid means of perfonning 

many calculations involved in the models stated before, consists of one 

main, 17 subroutines and 7 function routines. The memory requirement of 

the program up to 400 element application is 171.5 KB. The execution time 

in DOC CYBER 170/815 system to perform steady state calculations is 

8.269 seconds for Reactor II using, 30 axial step.-In the case of 

unsteady state calculations, 160 to 230cp seconds computer time is 

required depending on the type of step change while axial step (30), time 

step 0.0473 sec.) and the~s of time step are constant. If the number 
'. 



61 

of·axial step is doubled time requirement is doubled. 

The comparison of the results to those 6f TERHID' showed an 

agreement. In the transient calculations temperatures reach steady state 

values asymptotically within 10 seconds in both works. 

The analysis with an increased number of axial step showed that 

the number of current axial step is sufficient to give acceptable 

precision. 

The 1 MW power geneting reactor in QNAEM, the Reactor I showed to 
'. ..' 0 0 

have a maximum fuel temperature of 76.7 C and 66.8 C under normal 

operating c.oJ¥Iitions for 37't and 23CC coolant input· temperatures respectively 

In the transient calculations this system for 37't coo1antinIUt tenperature 

was taken as a referance system. In all transient calculations the time requ:i.remmt 

to canplete the ~ per. cent of the tbtal. change ~ found to be in the range of 2.8 to 5.2 seconds. 

In the other reactor in QNAEM, the Reactor II which produces 5MW, 

. maximum fuel temperature reached o to 69.2 C under 'normal operating 

conditions for 300C coolant input temperature~ A parametric study on 
, . 

the dimensions of the Reactor II core showed that two per cent increase 

in fuel length reduced the maximum fuel temperature to 68.7 °c from 

69.20C , and five per cent increase in fuel width resulted io1.9 per cent 

decrease in the maximum temperature also 12 per cent increase in channel 

thickness rose the maximum fuel temperature to 72.1 °C. 

In the case of increasing the power level of Reactor lIto 17.5 MW 

or the coolant f10wratedecreased, to 0.065 kg/s. for one .channe1 the 

subcoo1ed boiling starts and after this point the fuel temperature rises 

considerably. 

The two reactors examined in this work were found,to be safe under 

normal operating conditions from the view point of.thermo....:hydrau1ic 

analysis. 



B- RECOMMENDATIONS 

In view of the work carried out in this thesis, the following 

recomendations can be made 

1- In u further work, the program can be arranged to be used 

together with a program which performs neutronic calculations. 
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2- The variation of physical properties of k, P , c with 

temperature can be entered to the program using functions or tabulated 

values. 

3- Application of the program to other geometries rather than 

the plate type requires major changes. 

4-'The temperature distribution after subcooled boiling occurance 

is encountered can be determined adding the appropriate correlations 

to the program. 

S- One could also try 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 th~ solution can be attained. 

6- The thermal stresses can also be determined together with 

tempera ture distribution .• 

'. 

, i 



APPENDIX A 

DERIVATION OF THE FINITE ELEMENT EQUATiONS 
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Finite element equation (2.9) written as follows; 

T J k( a'[td 
A i)x 

- fh [N]T 
J. TF 

- J [N] T Q dA 
A 

+ J p c [N] T[N] 
A . 

ax 

dj:. 

dA 

C- ] T a ).J -
1----

a y 

a{ T} 
= 0 

at 

) dA { T l 
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(A-I) 

(A-2) 

(A-3) 

(A-4) 

(A-5) 

this equation can be analyzed by means of some necessary matrix 

applications 

Shape function for two. dimensional simplex element is 

where 

ai = XjYk- Xk Yj 

aj = Xk Yi - XiYk 

a -X· y.- X·y· .k - ~ J J ~ 

bi= Yj-Yk 

bj= Yk-Yi 

Gradient matrix can be written as 

,a'Ni a Nj aNk 
" . 

.--
ax ~x ax 

aNi a Nj a Nk 

ay aY 'JY 

Ci= Xk-Xj 

Cj = Xi-Xk 

Ck= Xj-::Xi 

this can be rewritten substituting the ,shape function into 

(A-6) 

. (A-7) 

'-

.. 
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[bi bj bkJ [B),.. I 
2A ci Cj ck 

integral (A-I) becomes 

[b~ bj bkJ bi ci 

J _k_ 
4A2 C1 cj ck bj cj dA {T} 

A 
uk ck 

hi bi .bj bi bk bi ci ci cj ci ck ci 
k 

'bi 
k 

cj ci cj cj ck { T} :;: bj bj bj. bk bj I +-- cj 
4A 4A 

bi bk bj' bk bk bk ck ci .ck cj ck ck 

. (A-B) 

The second integral can be evaluated over a surface, performing 

matrix multiplication 

Ni Ni Ni Nj 'Ni·Nk 

5· li [N]T [N JtH~ {Tbh Ni. Ni Ni Nj Nj Nk d.\! { T} (A-9) 

~ Nk Ni Nk Nj Nk Nk 

making use of area coordinate i.t is easier' to evaluate the product terms. 

and 

LIs are area coordinates if the side between node i and j is 

experiencing the convection phenomenon 

Nk = L3 = 0 and' ~quation (A-9) becomes 

LL 
11 

o o 

o 

o 

o 

(A-IO) 

'. 
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integration of squared quantity and cross products is 
r., ij 

and -3-

J.. ij respectively where £'ij is the length of the side between the 
6 

nodes i and j 

equation (A-IO) becomes· 

2 1 0 

h.2 ij 1 2 0 {T} (A-II) 
6 0 0 0 

The third integral is also approximated as in the seco~d integral 

The other term in equation (2.9) is 

f [N] T Q dA 

A 

(A-12) 

(A-13) 

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

(A-13) is 

Q A 
3 

(A-14) 

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

The last term is also rewritten in terms of area coordinate 

L1 L2 L1L1 n.1 L2 L1 L3 

. . 

~1 Li] 

S pc 

a .{T } 
p cf L2L1 L2 L2 L2 L3 

dA a {T} 
L2 dA . 

at 

A L3 A L3L1 L3 L2 L3: L3 

(A-IS) 
squared quantity and cross product is approximated as A/6 and A/12 

respectively in area integral and rewritten as 

2 1 1 
(} fr} 

P c A 1 2 1 () t (A-16) -12 
1 1 2 '. 

, i 

:at 
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Equation (A-8) and (A-II) contributes to element conduction 

matrix, (A-12) and (A-14) element force vector, and,"CA-16) element 

capacitance matrix. 

.' 



APPENDIX B. 

LISTING OF THE COMPUTER PROGRAM 

'. 
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f>ROGIlA~1 NEKA(I1IPUT,OlJTf>UT,NEKADAT,RELDATA,TAPE59= 
1 R EL DATA, TAP E6 C= :IE KA 0 Al, TA P E 1 = Itl PU T, TAPE 61 =0 UT PU T) 

COM"ICfi IMATR1/Ef( 3) ,ECM(3,3),EQO,3),EPO,3) 
COf1MCtl IMATR2/fS,'1(i,OO,J,J),ESMOLO(i,OO,3,3) 
CIJI'1'1Ct-c ITCH!'I Ti. if nno), TEHfOLO( ~O'J) ,TEM(2S0() ,TEMOLD( 600) 
C)~MON ICJOR/~(40U,3),Y(i,OO,l),N5(40U,3),U(l),C(3),NCOl 

COi11~ON IRfL/O,« }(Il,DRLL(?9),PEL(3),NREL,tiG 
C J H .... C N lEU" I I :; I L> C (i, 0 ll), I It E A TG E ( i, (I 0) , tl P , Il E L EM, NO W 
CONMCI. IflUID/ItO:)O),flOW(3IlO) 
CO~"~ON 15TOI~E/A(2JllO),rA(i:!~aO),p(25r)O) 

CIli1'~crj ITLUT ITLl ';UU),TI TlClJSC2U) 
C J M i1 C II I r II Y f I K r , h II 0 r , II E C" P f , D f l ,Dr w ,Dr It T 
C 0 "1 .1 C t. I P /I Y C I 0 C ,." ;> C T , K C , ~ /I 0 C, HE C A "C , ° C LAD T 
D 1'1 :: r.. 51 ON DEL r II (3.)0) , 
C riA I~ A C TE R. IJ :; TAT [ , sell U L, C II 05 E 
ReAL KC,,<f ,L':i 
DUA WIIJO/,I'J/tol/,NCLlI/,ID1/01 

C' ocr INITIOI. Of TdE COI.T/tOL PARMIlTERS 
C III' - NJ:IlIE~ Of GLO[)AL TEMi'ERATURE5 
C NE - ~U;i!lER Of ELEMENTS 
C Nuw- UA:IO ",IOTIt 
C KC - COilOUCTlJITY IN CLEAOING 
C Kf - CO,IlJUCTIVITY IN fUEL 
C It - CO'IVECTION COErriCIEIIT 
C TltIf-fLdlD ItIPUT TEMPERATURE 
C 

'C 
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C ItIi'UT or TIlE TI rLl: CAIIO, TItE CONTRUl f>ARAi1ETEnS AND THE [LlMENT DATA 
C 
C 

Plllt.T*,' •• DO YI)U ",A'IT 1',TERACTIVE USJAGE (YES OR NO) •• ' 
REI\0(.,10) CHJ~C 

PRINT '(" ? ",,,:,)',CIt05E 
IF(CHOSE.CO.'YE5') 1/;=1 

c 
C~LL ::ilVE'H [t1,TlIjf",fL<lIIATE> 

C ' 
CALL GRIO(IN) 

C 
CALL NOIIMLIS(Tl:lf,fL:.RAT[) 

C 
C C'LCULATI0N or rOINTERS AND INITILllATIOH Of TH( COLUM~ V(CTOR A 

c 
JGf=t-;P''''CL 
JG!i:<l=JGf.~ 
J E~I;)=JGSMtNP·tln,., 
:>:1 leo l=l,J(!ID 

100 
C 

A <l ) = ,).0 
• * .............. II ... * .. III .. III ............. II .. " ... III * ......... " .. * 

C 
C 

AS!inILYItIG Of Ttl!: GLOLlAL STIffNESS, CAPACITANCE AND fORCE MATRIX 
••••••• " ............ * ••••••••••••••• * •• 

I i( = 1 
I 1 Ii. .: 1 

'DELTIKE=O.i.l473 
If(lSS.EU.O) GO TJ 105 

275 IfT=(lT-1>/l0 
I f ( ITT. [0 • ( (I T - 1 • ) /1 c. ) ) T Ii E·4 
WRITE (I 0,)1 ,J) TI TU:US 
1["I[::0.U4n-( IT-l) 
'.JIHT(lO,5UO> TI·IL 

50u fOR,1AT<l2X,' Tl It: III 5ECO!40 = ·,f7.i,) 
WRITCCIO,520) 
DO 101 I=l,.'W,flCOL 
D:11C2Il=I,II!:LCI1 
DO 102 IJ=I,'3 
IF(I.EQ.N!i(lI,IJ» GO TO'106 



102 . CJNTINUE 
106 YY=(DFL-Y(II,IJ»*10GO. 
101 loIRITUIO,53D) YY,<TEftOLO(J),J=1,I t 2),TEr1FOLD(I t 2),DELPR(I t 2) 

PRlrH 531 
531 FJRf1AT<1111> 

E:W If 
105 0 i.l 11 U .' 1 = 1, liP 
110 DELPI:(J)=O.O 

00 12U 'i=I,~ELCM 
C 

C 
IFCIiiCATGE(KiO.GE.1) GO TO 115 

C 

C 
[ F ( [ SID E ( KK ) • L [ .0) GeT u 1 2 5 

C ...................... l1li.** 

C 
C CI,LCdLI\TION or Till: C'ltIIllCrIOII IlCLATCD IAUANflTlC~ 
C 

CALL COrIVEC(K~,IK,IT,DELTIMC,SUM,lO,ISS,IIK,DELPR) 

C 
C * ••• a" ••••••• •• .. •••••••••• 

GO TO 125 

.C 
C CALCULATlO"l Of, T.lt IICAT GClj[RATION RELATED uUANTIT[CS 
C 

115 CALL HEAT(n:,I,.:,AR/"OELTlME,SUH,lSS) 
C c " *" ". III III III l1li .. III III II III .. II ... III .... III .. III •• " 

C INSERTION OF ELEMENT PhOP[RTIES INTO TilE GLOUAL ~TlrrNESS MATHIX 

C 
125 CALL STOR.\GE(":K,rjCL,JGSi1,rS~) 

C 
. 120 COIl T I NU E 

!F(ISS.CQ.D) Gil TO 135 
C 

, C 

C 

C 

C 

C 

C 

, 
CALL f1ULTDO(P.\Cl),TC/'10LO(1),P(1),NP,Nm",NCL) 

Iljf''"t-.P'I4CL 
II ,) 1 ~ lJ I .. 1 , 1 r. I' 
101= I t IN" 

13u P(I)=P(I)t(TE·~OLD(';II)tA(I'.N» 

135 CALL DCI"PilD(A(JGS:lI1),~IP,rw.,) 

IF(ISS.E:l.O) GO T.) 14) 
Go) TC 155 

145 NPP1=rIPtl 
DO 140 1=NPP1,JuS 

140 T010LO(1)=A(I) 

.~O TC lb5 

155 
C 

CALL SLoJnD('\(JGsr~.'),'\(1)'A(1),rjp'NUW'NCL,lD1,lT,ISS) 

1b5 

150 

I '<K ~ G 
DO 150 KK=I,NP 
IF(ADS(A('<O-TC.1<KK) ).LE.D.0005) IKK=lKKtl 

CON T 1140 C . 
IF(HJC.:.ca."tP) GJ TO 175, , 
DO 1t.0 IK=l,JEND 
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TEM(IK)=A(IK) 
A(1I<):O.O 
PI\(II<):O.O 

100 f><IK):O.O 

17~ 

105 

20 ~ 

170 

GO TO 105 
rr(l!;S.EU.O) GO Ti) 1B~ 

G 0 TO 1 '}~ 
IIK:::IIlo:tl 
If<IIK.EC..2)GO TO 205 
GO TO 215 
o 0 17 0 1: 1 , J ~ ~ID 
TEM (! ) ; .\( 1) 

Id[):O.O 
GO TO 105 

215 
510 

C 

:.lId T[(IO,51 0) TI TLCS 
·f OR ,'1A T< 111 1,1 I, (/),20 A 1,) 

C 
C 

c 

C 

:>UTf'UT Of Tctr CALCtJLATLD NOOAL VALUES 

WRI TE (I 0, 5211) 
520 fOR,'1ATC 1,32X,'TE1f>ERATtJR!:S Of',I,' DISTANCE fUCL fUEL 

1CLAL) CLADDING. COOLItiG PRESSURE',I,' CENTER 
2 I"'TERFACE SuRfACE wATER DIHEREltCE',1,4X,'UIM)',8X 
3, , C C ) , , 10 X, , ( r.) , , J X , , C C ) , ,lOX, , C C ) I ,6 X, , ( III M * * 2) , " ) 

;)J lell I:1,'lf>,IICOL 
00 Hl [I:l,NCL!:r~ 

DO li11 IJ=1,3 
If<I.EQ.t-.SCII,IJ» GO TO 21(' 

181 CO'ITI~UE 
216 YY: CDfL-Y (I I, IJ» *1 DC') 
H. 0 w RITE H 0, 'j 30> Y 1, C A ( J) , J: I , It 2) , T EM f (I t 2) ,0 EL P R (I t 2 ) 
530 FOR'1AT<:'(f?1,1.0) 

IoIRI H.<IO,jl"l) 
540 fORI1ATCttll,4Cf» 

PRINT*,'DO YOU ~ANT StJUCOOLED DOILI~G CALCULATIONCYES OR NO)' 
REA D (';,1 C) S CO JL 
PRI.~T '(" '? ",A4)',SCOOL 
If(~COOL.[il.'~40') GO TO 225 

CALL SUOCOOLOCLP;l,IO) 

225 PRINT-,'Uo'I~TCAO'" ~TAT[ dEING I:IICOIJIIHRED PRINT (YES OR NO)' 
iHAD(*,1(J)STAT[ 
PRINT '(" '? ",A4)',5TI\T£ 

10 FO'l:1ATCA4) 
If(STATC.EQ.'NO')GO TIl 23~ 
PRINT.,' '.4IlAT IS TilE STEP CHANGE' 
PRI'H·,' 
i' R I:n·, , 
PRINT-,' 2 
P RI ~n *,' .5 
PiB NT*, , 

STCP C!lANGE IN' FLOW RATE' 
STEf> CrlAII(,[ 11. 114PUT FLUID TEMPERATURE' 
5T£f> Ciltdl(i[ IN HCAT GENERATION' 

PRI ~T*, 'UITER 
READC*,*)CASE 

Trll rwr",ltR Of THE CASE ENCOUNTERED' 

I 5S = 1 
I T= 0 

.If(CASE.U.1> (j') TO 21,,)' 

If(CASE.E'~.2) GJ TO 2~5 
f>.:lINT*,'CtITCR Till :lHP CltMIGC 11-4 II£:H GENERATION (LIKE 0 .• 7 OR 1.5) 

1 ' 
READ(*,·)tlGf 
PRINT.,' '? ',IlGf 
IlG:HG-IIGF 
GJ TO 1?5 

2')5 PIIINT*,'[NTr.R Tltr STEP Ct'tAIIGC IN INPUT fLUIO TEMPERATURE (Ll!(EO.5 
1 OR 1 ~ 7 ) , 
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REA D ( ., .) TC f 
PRII'CT.,· ? ',Tf( 
TItlf:TINf·TCf 
GO TO 1'J5 

245 PRItH.,·CNTER STlP Clll\tlGC IN FLOW RATI: (LIKE 0.8 OR 1.2)' 
READC·,·>fLwr 
PRINT·,'? ·,fL.lf 
FLOW(NCOL)=rLO~C~COL)·FL~f 

195 IF(CASE.GT.tl.) GO TO 26~ 
DO 190 I=I,JGSN 

190 TEMOLDCI):A(I) 
265 nSE=O. 

DO zeD KK=1,NELEM 
Oil 200 1::1,3 
DO 2no J=1,3 

200 ESMOLDCKK,I,J)=ES,ICKI<,I,J) 
DO 210 1= 1, NP 

210 rcr10LO(I):A(I) 
O'l 2" 0 I j( : 1 , J [tn) 

A(IO=O.O 
PACIK)=O.O 

220 PCIK)=O.O 
I K= 1 
IT=ITt, 
OJ 230 I:tjCOL,~IP,:ICOL 

230 TE~IfOU)(I)= TEi..,r (I) 
TE~lf (tICOL'): TI Ilf 
Ir(IT.LE.111J GO TO 275 

235 STOP 
E'ID 

C * .................................... . 
C 

SUO ROUT IN C (;1 VE '/( Itl, T1II f, fUIR AT E) 
C 
C ***** •• *** •••••••• ** ••••••• * •• ** 

COHMON ITEMP/TC~F(30G),TCMfOLOC300),TE~C2S0Q),TEMOLO(600) 
C OM I~ Qti I coo IH J( ( 400, 3) , Y (I, 00,3), NS (4 00,:5),0 ( 3) , C (3 ), NC OL 
CO~~ON IREL/DY(9?),DREL(19),REL(3),NREL,HG 
CO.'1"10/l IELM/ISIOEC4Q:J),IHCATGC(400),NP,NELEM,NO~ 

COMMorI/FLUIO/uO'1(J),fLOwC300) 
COMMON ITLE/TITL[}(2C),TITLEUS(20) 
COM MeN I P II Y fI j( f , R dO F·, II [ C A I' f ,OF L ,OF \oj ,OF H T 
CJ'1MCN IPItYClDC;.J,DCT,KC,RHOC,HECAPC,OCLADT 
REAL .KC,KF 
CALL PfC'GfT',';l(LOATA') 
REAL>C59,1 )TITLES 
RCA 0 (59,1 )T IT U: us 
fOR :H> T (20M) 
PRII>IT-,' ......... . 
PRINT.,' ENT;;RTII[ TIIERMAL corlDUCTIVITY OF fUEL (w/l1 O' 
REA J (HI,. ) K f 
PRIIlT",' ? ',KF 
PRINT.,' C'~TEP TII( TtIERMAL' CONDUCTIVITY Of C-LADDWG (W/M O' 
REAO(W,·)KC 
P R I ti T .,' .? " I< C 
PRINT.,' Et/Tt:R TilE DENSITY OF FUEL Cf(G/M u 3)' 
REA 0 C IN,. ) R 110 f 
PRUIT*,'? ',rmOF 
PRINT*,' ['HeR TtI[ O'[II~ITY Of CLADDING (KG/Hu3)' 
ilCAO(IN,")R/lOC 
PiH toTo,' ? ',RII:lC 
PRI~IT.,· E~Tt:R TilE IICAr CAPACITY OF FUEL (J/KG O' , 
RCAD <It/,.)H [CAP F 
PRIrIT",' ? ',HECAflf 
PJ(UH.,· c,..rZR TtlE HCA·')"- CAPACITY OF CLADDING (J/r<G C), 
REA H HI ,. ) II C C A I' C 

'. 

72 



" 

PRIt'1T-,' '? ',/lECAPC 
PRINT-,' EtiTER TltE POIJER fOR TilE PLAT( (~)' 
RCAD(IN,*)tlG 
P R 1 14 T -,' '? 
PRINT",' 

• , ItG 
E'iTCRH.G TIfE OHENSIOI-IAL PROPERTIES' 

fUel LENGTH (M,.\) , P R I tIT., , 
REAO<IN,*)OFL 
PRI~T·,' ? ',DfL 
PRlfH*,' FueL HALf TtlICKtiESS (MM)' 
R ~A 0 <I N , .. ) 0 HIT 
PRINT-,' ? ',DfHT 
f>RINT·,' Fuel wIOTll C"IM) , 
I.'t: A 0 ( It. , - ) II r \oj 

PIHNT-,' '? ',(Jflol 
PRINT·,' CLAD:ll:4G TltiCKNESS <11M)' 
REA 0 ( HI , - ) 0 CL AD r 
PRINT-,' '? ',:>ClAH 
PRINT.,' elf Aldl [lIJI D T 1\ ( tI'1) , 
REA 0 ( Itl , • ) 0 C.I 
PRINT-,' ? ',OC.I 
PRlrlT.,· CHAf.,'IEl THlCO<tlESS (MI-I) , 
RCA 0 (Itl,-)O CT 
PfU~T-,' ? ',llCT 
PRINT-,' [~rcll TII[ ClllJLAIlT IrllCT TEMPERATURE (C)' 

R [A D <IN,- )T Itlf 
PRINT-,' ? ',TI,~r 
PiUf.T-,· 'ENTeR Tile CuOlA'IT I1ASS fLOwitATE (KG/SEO' 
REA 0 ( Ifl ,. )f L \oj K.II r E 
PRINT-,' ? ',fL.~RATC 

READ(~9,.) NR(L 
REA 0 ( 59 ,2 )( D Y (l ), :If< [ L( 1 ), 1= 1, to R (L> 

2 fORHAT(2F10.~) 

R (T URN 
END c .............. * ............................ . 

C 

C 
C 

SUflRCLlTIrlC GRIO<I:D 

._ ................... _ .............. . 
0111£1>510" XP(100),VP(101),X,lG(9),fRG(9),N(8),NON(3) 
DIM [ 1\ S lOti till< '11 ,? 1 ) , v C ( rJ 1 , IJ 1 ) , x C ( "1 ,? 1 ) , II NR i]( 20,4,9 1 ) , J T( 20,4 ) 
OI"I(t.SIOti LU( 5),It:(40l),I.C(400),'(E(400),NR(4),lCOMP(4,4) 
COHMON ICOORIX(4nO,]),f(40U,]),NS(4UO,]>,U(3),C(3),NCOL
CO"l~Ch I(LM/ISIJ[(40~),ItlEATGe(4UO),NP,N£lEH,NBW 

CO"li'\ON /PIlVF!KF,RtIOf,IIECAPF,DfL,DFW,DFHT 
C J ~ r~ 0 t4 I P 11 V C IDe II, ;) C T , K C , R tt 0 C, Ii E CAP C ,DC LAD T 
REA L N 
o AT A I C 011 1'1 -1 ,1 ,1 , - 1 ,1 , -1 , -1, 1 , 1 , -1 , -1, 1, -1 ,1 ,1 , -1/ 
DATA IO/61/N8W/O/,NU/O/,NEL/OI 

C 
C ltif>UT AND uUTPUT or TITLC,CONTPOL CARD, GlOOAL COORDINATES AND 
C CONNECTIVITY:>ATA 

C 
PRINT",' 
PRINT-,' C'/TCldl.;j TIlE DATA FOR GRID GENERATION' 
P R I :11", , 
PRlIl1-,' ('HER TllE./jJHiJER Of REGIONS' 
REA 0 (H. , .. )I tjR G 
P R I NT",' '? ., H. RG 
PRI~T-,' ENTER TH( t4UMDE~ Of UOU~DARY POINTS' 
REA D ( 1" , .. )lIW P 
P R I NT",' ? " I r-. JP 
PRINT",' (IITCR TtlE AUSISSA VALues Or'TtIESE POINTS (HM)' 
R EA 0 ( IN, - ) ( x P CI >, I:; 1 , I N Of> ) 
P R U. T",' ? ., ex I' ( 1) , 1 = 1 ,1 II UP) . 
PRINT",' (tHER TltE CIlDitlATE VALUES Of THESE POINTS (MM)' 

" 
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" 

C 

REA D ( IN, * ) C Y P (1 ) , 1 = 1 ,1 tI UP ) 
PRINT',' ? ',CY?CI),I=l,INIJP) 
IrCINRG.E:.I.1> GO TO 36 
D 0 ~ 1= 1, 1"1 IIG 
PRlr..T*,· ENTE~ TilE ReGION cormCCTlVITY DATA OF THE REGIO'~ ',I 

2 READC[tI")(JTCI,J),J=1,4) 
P R I Ij T .,. ? " C J r C I , J ), J .:; 1 , I, ) 

C LOOP all HIE REGION~ TO GENERAT!: THE ELEMENTS 
C 

3Cl DO 16 KK=l,PIRG 
tl RG = 1<1( 

PRINT*,' ENTER TilE IIUI1UER OF ROWS OF NODES IN REGION ',KK 
REAOCIN,*)NROI;S 
PRI~IT*,' ? ',NRiJW5 
PRINT*,' EIITER TilE fjU'1~ER OF COLUMNS Of NODES IN REGION ',,,1< 
REA D C 111 , * ) 1/ CO L 
PRlrlT*,'? ',IICJL 
PRINT.,' ElITE~ TII[ GLOlJAL >.jODE NUMuERS USED TO DEFINE THE' 
PRINT*,' QUADRILATERAL OF REGION ',KK 
R!:A 0 ( II. , * HI DN 
P R I NT.,' ? ., NO:I 
W a 1 T£ ( I 0, 18 ) N RG , N ,10 II S, II CO L, Cr. ON ( 1 ), 1 = 1 , 8) . 

74 

1d FORi1ATC1111/1/1X,L~II*** REGIOtl,12,6H .... //10)(,12,51l ROWS,10X,12 
1,:HI COLUHIISI/10x,21I1iJ:JUNOAfll' NODE "U:1UCR5,10X,815) 

C 
C GENERATIOtl or TtiE ELCI1EIH NODAL COORDlllATCS 
C 

C 

DO ~ 1=I,d 
Il=tlDt.( 1) 

X RG ( 1) = XP CI 1) 
5 YRG(I)=YP(I1> 

XRG ('})=XR"'( 1) 

YIlG C?)=YRG( 1) 
T,l=NflO',,/S-1 
DETA=2./TR 
TR=NCOL-1 
OSI =2./TR 
OU 12 1=1,-.R0045 
TR=1-1 
£TA=1.-TR*OETA 
00 12 J=1,tICOL 
TR= J-1 
SI=-1.+TR*DSI 
N C 1 ) = -0 • 2 ~ * (1 • - S I ) * ( 1 • - ETA) * ( 51 + ETA + 1 .) 
~(2)=O. 5· Cl.-51 **::!) * (I.-ETA) 
N n } .:; u. 2 ~ * C 1. t S I> • ( 1 • -( T A) • (S 1 - ET A-I. ) 
N (4) =0.5* (1 • t 51) * (1 • -ET A*· 2) 
N(:J)=O.25*(I.+SI).Cl. t CTA)*(SltETA-l.) 
"I(6)=0.5·(I.-S1*'*2)·(1.+ETA) 
N (7 ) = o. 25 * ( 1 • -5 1> * ( 1 • t ETA) * (E T A -S 1 -1 • ) 
N(8)=0.50*(I.-S1) *(1.-ETA**2)! 
)(C( I,J) =0.0 
YC(I,J)=O.O 
DO 12 K=l,h 
x C ( I , J ) =.< C ( I, J) t X a c. ( K) • tH K ) 

12 Y C ( I, J ) = 'f C ( I, J) t Y RG ( K) * N ( K) 

C GE"lERATlON or HIE i!EGllW tlODE NUMUER 
C 

K Nl = 1 
I(S1=1 
KN2=NROWS 
KS2=IICOL 
:>0501=1,4 
N,RT=JT(NRG,I) 



," 

.. 

C 
C 
C 

C 
C 
C 

C 
C 
C 

IFCrIRT.EQ.O.OR.tlRT.GT.NRG) GO TO 50 
DO 56J=1,4 

56 IFCJT(NRT,J).Cl.NIl(d IlRTS=J 
K=N C Ol 
IFC I.t::Q.2.0R. I.E~.4) I<=NROWS 
J l= 1 
JK=ICOMP(I,NflT~) 

1 f( Jt<.EQ.-l) Jl=K 
DO 44J=1,1< 
GO TO (45,46,47,43),1 

45 I>jtHNRO\olS,J)=NIHlJUIiH,NRTS,JU 
Ktl2 =NROIJS-l 
GO T,O 44 

46 NNCJ,NCOL)=NNR9CNRT,NRTS,JL) 
KS2=t-COl-l 
GO TO 44 

47 Nr~( 1 ,J) :::NtIRO( ~IRT, IIHTS,J L> 
K Nl = 2 
GO TO 44 

48 '-PH J,1) =!'4NR 1)( NRT,'-4R T S,J U 
K 51 =2 

44 Jl=JLtJK 
50 CO/olTINUE 

10 

42 

43 

49 

52 
53 

IfCKN1.GT.K~2) GO TO 105 
IfCKS1.(jT.n~) GO TO lOS 
0.0 lC 1=KN1,KN2 
DO 10 J=KS1,KS2 
tW=NOtl 
NN(l,J)=NJ 

S TOfO\GC or TII(L10Jtl!)ARY '4()DE NUMO(kS 

DO 42 l=l, .... COl 
t4 "4 R !J om G, 1, I) = N N ( 'I R 0 \0 ':i, I> 
N NR Ll (/.,R G, 3, 1) =N 'I< 1, r ) 
DO 43 l::l,NRO..lS 
Nt4RO(/'IRG,2, 1) =1.14( I,!iCOl) 
IPIRt.l(NRG,4, I> =Ntj( I, 1) / 

OJTPUT cr Tlli: RCC,IJN tlllDE IIUMOERS 

\JRITE(IO,49) 
rORMAT(1/1X,11ItRlGION NJOL r1UMUERS/) 
DO 52 1 =1 ,NRO\olS 
II R 1 T E (I 0, 53 ) ( UN C 1 , J ) , J :: 1 , Neal) 
FOR '1 A T( 1 X , 2 01 5) 
'4P=!'4t-.OIRows,r4COL) 

DIVISIOII INTO TRrA~GUlAR ClEMWT!i 

5 5 f Q R :1A T( 1/ 3 x , 1 71111 £. l II 0 DE N U i1 B E R S , '} x , 4 II J( (1 ), d X , 4 H Y (1 ), 8 X , 4 II X (2 ) , 8 X 
1,4IfY(Z),dJ.,41tJ«3),dJ(,41fY(3» . 

1 05 I< = 1 • 
DO 54 I=l,IIIWl'IS 
DO 54 J=l,r1COL 
XE(I<)=XC(I,J) 
YECK)=YC( 1, J) 
NECI<)=IlNC!,J) 

54 K=Kt1 
l::N:~OWS-1 
DO 15 I=l,l 
DO 15 J=2,NCOl 
o I A G 1:: S Q R T( (X C ( I, J ) - xc ( It 1 , J -1) ) * .2 t ( YC (I , J ) - Y C (I t 1 ,J -1 » .. 2) 
o I A G 2= S '.lR T ( (X C ( It 1, J ) -x C ( I, J-1) ) * • 2 + 0 C <1 + 1 , J ) - Y C (I, J -1 ) ) **.D 
NR(l)=NCOl*I+J-l ',' 
tHH 2 ):: NCO l. I + J 
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C 

tl R (3 ) = t.. COL· ( 1 -1 }t J 
NR(4)=t..COL· <1-1 )tJ-1 
1>0 15 lJ=1,2 
NEL=/'-jEL+1 
IF«OIAG1/0IAG2).GT.1.02) GO TO 41 
J 1 = II R (1 ) 
J2=NRCIJ+1) 
J 3 = II R (I J + 2 ) 
GO TO 40 

41 J1=NRClJ) 
J2::NR(r'J+l) 
J.5::NR(4) 

40 L U ( 1 ) :: 1 All ~ (II E (J 1) -t4 I: (J 2 » t 1 
LiJ(2)::IAOStrl[ (J2)-N[(JJ» t1 
L U ( .5 ) :: I A fj S 01 [ (J 1) - N [ (J 3 » +1 
DO 107 11i.=1,3 
IF(LlHIK).LE.IIB.O GO TO 107 
HtJ<J=LU(IK) 
NELLlW::HEL 

lQ7 CO~TINUE 
NS( r-.EL, 1> =11[( Jl) 
~I S ( II [L, 2) =/'-j E ( J 2 ) 
~:; ( N [L, .5) =11 £( J.5 ) 
X(N~L,1)=}([(J1) 

X (~I [L , 2 ) = X[ (J 2) 
X(NEL,3)=}(l(JJ) 
Y (l.j E L , 1 ) = YE (J 1) 

Y(NCL,z)=Y[(J2) 
YC'I£L,3)=Y[(J 3) 

15 CON TINU [ 
10 CONTII~UE 

NELEI'=N[L 
.I iU TE (I 0, 55 ) 
DO 250 I<K=l,HELEM 
j(ll=C 
K 1 J =0 
O:l 2CS 1(1 =1,3 
OLENG=OfHTtOCLAOT 
If(ABS(}«j(I(,KI)-OL[NG).L[.1.E~3) KII=KIItl 
1 f ( XC K K , K 1> • L [. (0 f H Ttl. [- 3 » K 1 J = K I Jt 1 

205 CON T ItW E 
rf(I<Il.[Q.2) GO TO 106 
GO Te 103 

1 J!l 1 f ( A 0 S ( .« KK ,2 ) - .« KK, 1) ) • L E. 1. E - 3) lSI 0 E (KK ) = 1 
I f ( AI:! S ( X ( KK ,3 ) - X( KK , 2) ) • LI: • 1. E - 5) lSI 0 E ( KK> = 2 

109 If(KIJ.EQ.3) 1HEATGE(~K)=1 

C OUTPUT Of [L[N[tH (JATA 
C 

IF(lUEATG[(KK).G[.l) 'JRITE(IO,302) KK 
I f ( I SID E ( j(K ) • Gr.. ,) w R I T r. ( 10 ,3 03) I S 10 E ( KK ) , KK 

302 fOR'1AT<' dEAT GEfHRAT:ON IN. ELEMENT • ,13) 
303 fORMAT<' CONVt:CTlllfi fROl1 SUE ',12,' Of ELEMENT ',13) 

ill RITE ( I 0, 301) I< K, liS ( 1(1<, 1 ) , tiS ( KK ,2 ) , II S (K K, 3) , X (K K, 1 ) , Y (K 1<.' 1 ) , 
1 X (I( t< ,2) , Y (If- K, 2) , X (K K , 3) , Y (K K, 3) 

301 fORMAT<1}(,415,3.(,6f12.4) 
25) CON T It/U [ 

Rt:TURN 
E II i) 

c ............ -........................... *-
C 

C 
C 

SUOROUTINE NORMLlS(T1NF,fLWRAT~) 

••• _._ ••• -._ •••••••••• _.** ••••• *-
CO~HOt.. ITEMP/TEMF(300)'Ti~fOLO(300)'TEM(2500)~TEMOLO(600) 
COMMON ICOOR/.(40n,J),Y(400,]),NS(400,]),O(]),C(]),NCOL 
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COMMO~ IREL/OY(??),OREL(??),REL(]),NREL,HG 
CO~MCh IELH/lSIaC(400),lHEATGE(400),NP,NELEH,NDW 
COMMON IFLUID/~(300),FLQW(300) . 
CO~MON IPItYf/Kf,IIIIOF,tICCA,l'f,OFL,OFW,OFtlT 
COM M ON I P tlY CI DC .I, DC T ,,.; C , R II 0 (, liE CA PC , [) CL AD T 
o FL::: OFL *1 .E-3 
OF'.J=OFW-1.C-] 
o Ftt T =Of tiT *1. E-3 
OCT=OCT-1.£-3 
0(W=OCW*1.[-3 
00 1 Kt<=1.,N£L£M 
0011<1=1,] 
X(KK,Kl)=X(KK,Kl)/10CO. 
Y (KK,I<1)::: Y<KK,"; 1) 11 oeo.· 
DO 2 l=NCOL,NP,NCJL 

2 FLOw(I)=fLWRAT£ 
TCM F (t.C au::: Tl fiF 
00 31:::1,NREL 

3 DY<l):::OfLoOV(l) 
tHTURN 
E NO 

c .......... _- .... _ ......... -.*._._ ... . 
( 

5 un RCUT 111 E SH AP E( KK, AR4) 
C 
-( ................................ * .. . 

C 
C 

CQI1P10N ICJOR'/X(4Ll,j,J),Y(400,]),NS(400,]),O(.H,C(3),NCOL 
0<1 )=V(KK,2)-Y<KI<.,:3) 
:J(2)=Y(KK,])-Y(KK,1 ) 
9(3):Y(KK,1 )-Y<KK,2) 
C(l ):::X(KK,])-X(KK,2) 
C (2 ) ::: X ( KK, 1 ) - x ( t<K ,3) 
C(3):::X(t<t<.,2)-X(t<K,1 ) 
A R4 :: (X ( KK, 2 ) * 'f (1<1( ,:3 ) t.(( KK ,] ) - Y< KK ,1 ) t X (KK ,1 ) * Y (KK, 2) - x (KK, 2 ) 

10 'f ( K K, 1 ) - x ( KK ,:3 ) • '(( K to:, 2) - x (KK, 1 ) * Y< KK,:3 » * 2 • 

RET lIR11 
END _.** ..... -.*.-.. _ .. _.-.--,..- ..... *- •• _--

SUU~OUTINE M~T(KK,AR4,lSS,OELTIM[) 

( 
C · •• ,. ............. **111*111111 .................... . 

C 0:'\ NO!l 1M" T R 1 It f ( 3) , E C M ( 3 , 3 ) , E Q (:3 ,] ) , (P ( ] ,] ) 
COMMON IMAT~2/CSM(400,3,3),ESMOLO(400,3,3) 
COM~CN /COOR/X(40Q,3),Y(400,3),NS(400,]~,B(3),C(3),N(OL 
CO'1MCN /PIlYF/KF,RHOf,HECAPF,OFL,DFW,OFHT 
COMMON IPHYC/OC,J,i>CT,KC,RIIOC,IICCAPC,OCLAOT 
RCA L KC 
DO 5 1:1,3 
(F( H=O.O 
DO 5 J:::1,3 . 
£ St-I 0: t<, I, J ) = C K C *U (I ) • iJ ( J) • t< C * C( 1) * C (J » I A R 4 
If(I:;:;.CQ.O) liO T:) 'j 

C C'1 ( I , J ): ~ IlIJ C • H r. c .\ P C * A R 41 4 .16 • 
lfCl.E14.J) GO TO ~1~ 
E CM Cl,J ): [C rH I, J) 12 • 

51 5 E Q ( I, J ) :::0 .5 - ( C S II( KK , I,.J ) t [S 1'10 LO (K K, I , J) ) t 2. 10 EL T 1"1£ * E C Ii (I, J> . 
EP(I,J)=2./OELTI~~.(C~(I,J)-O.5*(ESM(t<K,I,J)tESMOLO(KK,I,J» 

5 c O~I T I NU C . 
RET URN 
END 

c ,. .. * .... ,. ,. ,. * II ,. .. * .,. .... ,. .... ,. ,. ,. .. ,. .. * * * * * *,. .... * .. * .... * * * *,. * .... * ,. * * *". * * * * * * * * * * 
C 

C 
C 

SUURCUTINE CON~EC(KK,lt<~IT,OELTIM[,SUH,lO,ISS,ll~,DELPR) 

, . 
.. .. -,; .......... ,. ... " ,. ,. .......... " • .,. * .... ,. ,. ...... * * ........ "' .. * ....... ,. .... *,. .. ,. * * .. * * * * .. * ~ * * .... .. 
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C 

C 

C 

C 

C 
C 

C 

COMi10ll IMATR1/Ef(3) ,CCMU,3),CQ(3,3),£PO,3) 
COMMON IMATR2/E~MC40~,3,3),ESMOLO(400,3,3) 
COMMON ITENP/TE~f(300),TEMfOLO(300),TEM(2500),TEMOLO(600) 
COMMON ICOOR/XC40J,3),Y(400,3),NS(400,3),~(3),C(3),NCOL 

C OM:-I eNI (UlI I SID E ( 400), I liE AT GE (400), NP,J.4 EL EM, N BW 
.COMMON/fLUIOlrl(lOQ),fLO~(300) 

C uN M 01~1 I'll Yf IK f, >til Of , HEC AI' f, Df L, Df \I, Of tiT 
C tJ'1 H IlN I I'll Y C 10 Cw, DC T , KC, 1m OC,II [C AP C, DC LA DT 
DI'1ENSIOI~ D[LPR<3;)O) 
REA L LG 
J=ISIOECKK) 
K =J .1 
If(J.E~.3) ~=1 
LG=saRT(CX(~K,~)-X(KK,J»**2·(Y(KK,~)-Y(KK,J»**2) 

CALL TFLUIOCJ,KK,[K,LG,SLlH,IT,OELTI"U:,ISS,llK,DELPR) 

SU'I=O.O 

Ef( J)=ItCNS(KK,J» -LG-T[i1f CN5(KK,J» 12. 
E F ( K ) = II (h S C KK , K ) ) - L G - T[ 11 f C N S (,KK ,!( ) ) 12 • 
E 'j M ( I< K, J, J ) = E S M C t< K, J , J) t It ( N 'j ( K K , J ) ) - L G I 3. 
( S i1 C I< K, J , K) ~ ( :; "1 (I<' K, J , K) t ( II ( US (K K, J ) ) t IIC 'l S (K K , K) ) ) * L G I 2. I 6 • 
r.SMCK~,K,J)=E~N(KK,J,K) 

E S:'1 ( KK, ,.:;, K) :: I: ~M C '0:, K, ,0 tit (N S (KK ,K ) ) *L G 13. 
IFCISS.EO.Q) GO Tu 11 
:>] 10 IN=1,3 
00 10 J 1'1= 1 , 3 
E ~ C J N, J 11) = 0 .5 • ( c; S ,1( r: K, J N, J M ) t [S 1'10 L 0 (K K, J Il , J M) ) + 2. I [) EL TIME * 

1 C C'1 (J N, HI) 
EP(J~,JM)~2./O[LT!ME.[CM(J~,JM)-O.5.(ES"(KK,JN,JM)t[SMOLO( 

1 K K, J ~j, J M) ) 
10 CON TI '1U E 
11 RETURN 

[lID 
... ..... ...... ... ... ".. .. .. l1li .. l1li .. .... ... l1li .......... ,. • III .". lit ..... III .... .. * ..... It ... *... .. ........ ",. * ........ * ........... * * .... 

S Uil ROUT 111 C T iL J 1 D ( J , KK, 1 K, LG , S UN, IT, DE LT 111 E, IS S, 11 K, 0 E LP R) 

C ** ••••••• ** •••••••• a" •• ** •••• **** •• ** •••••• ** ••• **.************ 
OIMEhSl0N V(]OO),ROW(50~),ROWOLO(JOa),ENT(300),ENTOLO(300) 
CO~MON ITCMP/T[~F(300),TCMFOLO(300),T[M(2500),TEMOLD(600)/ 

. C Ot~ "" all I COO R I )( ( 40 OJ, 3 ) , Y (4 OU,3 ), NS (400,3), [J ( 3) , C (3 ), NC OL. 
CJMf'oIG~ IrLUIO/II<30Q),fLOI/(300) 
CJIII~Cll IPttYr!t<f,RtlOf,ItCCAPf,OfL,OFW,OfHT 
C J:-J M 0 ~ I P tt Y C I 0 C ,j, 0 C T , K C , R tt 0 C, tl [ CAP C ,0 C LAD T 
CO,HtCN ICLMII ~I Ol (40i), lttCATGC(40Ll),NP,NELEM,NOW 
o 1:1E"'SI ON 0 CLPR (31)0) ,fLOI/OLO( 300) 
REA L LG 
CItAAr;[A=OC\.J-OCT 
H<ISS.t:Q.O) 0:;0 10 11 
I F ( I K • G T. 1) G a TU 1 1 
1 F ( ~ K • G T • 4) G 0 TO 1 1 
DO 10 l=r~CoL,NP,tjCOL 
RQ,/OLO( 1) :::~ow(l) 

10 E'HOLOCI)=ENTCI) 
11I:::"iCOL 

ROw (1)= RtlOWA( TEM <I» 
v (I ) ;; fLO \.J( I ) I (il.J\1 ( I ) • C It A A R I: A ) 
ENT (I)=ENHIA( T!:"1f (1» 
I=NS(J<K,J) 
If<ISS.CQ.O) GO T:l 12 
GO TO 13 

12 ROW(I)=RtlOWA(TE'If(I» 
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C 

C 

VCl )=fLOfl(I)/ CROLJC~)*CHAAREA) 
If C 1 11<. E U • 1) GO Till ~ . 
riO TO l' 

15 ENTCI)=SUI1/fLO' . .j(!)tr.NT(l-.5) 
GO TO 10 

17 CALL H[fLUX(T~~(1-3),T[H(I),T[Mf(I-.5),TEMf(I),fLOW(1~.5), 
HLOo/(l),Q!) 

E IH ( 1 ) :: L G *Q ZI fL 0\1 <1 ) t [tH ( 1 -.5) 
1 t.. T SfH (I) :: T IIA (C 'H <I » 

GO ro 101 
13 If( !K.[Q.1> GO TO 102 

GO TO 104 
102 CALL lI[fLUX(TC"':lU)(I-.s),TEMOLD(1),TEI1fOLDCI-.5),TEl4fOLO(I), 

HLOIo/{I-.5) ,FLOWe 1-3) ,(Jl) 
GO TO 103 

lOt, CAL Lite r LUX (T [M (I - .~ ) , r C IH 1 ) , f[ 11 r ( 1 - }) , T [M r ( [) , r LOW ( 1 - .5) , 
HLOw<I-3),Ul) 

1 0 3 E IH ( !) = (L G • Q Z tr L 0 .J( I - '5) t ( L G • E NT 0 L :> ( 1) ) 1 (V (I -.5 ) * 0 E L TIM () tEN T CI -.5 ) ) I 
1 ( L G I (V ( 1- 3) * 0 C L T! :1 [ ) t 1 • a) 

T E:,\ F ( 1) =T ',jA (E tiT ([ » 
100 RO.r(!)::RIlOwA(TC I1f<I» 

T E,., r 1 :: T Ulf ( 1> 
1f(lT.EQ.l> GO TO 15C 
FLO i./ ( ! ) = fLO w ( [- 3) - C II AAR [A * ( RO W ( I) -R ow OL D ( I) ) * LG 10 EL Tl ME 
GOT01)1 

150 fLO.l(l)::fLOw([-3) 
151 V(l)::rLOW([)/(RO,,(I)*CHAAR£A) 

1 F ( I K • [ J. 1 j G:) TO 202 
GIl TO 204 

202 CALL HEfLUX(T!:'10L;>(1-H,TEMOLD(I),TEl1f(I-3),TEI1f(I),fLOw(I-3), 
1FLOO/(I),u!) 

GO TO 2U3 
204 CAL L II [ fLU X <T [11 (I - 3 ) , t [ M ( I ) , T E:1f ( 1- .5> , T EM F ( 1) , fLO .. ( 1- .5) , 

HLOl,J(I),i.I!) 
203 t: NT ( 1):: (L G. ;l Z tr LO.l ( [ }t ( L G * ElH OL 0 ( 1) ) I (V (l ) * DE L T I H E> tE NT <1-3 » I 

1 (LGI (V( 1) *DEL TI:1[)t 1.0) 
TE "1 F ( 1> = TwA (I: I'i T <I ) ) 
RJoI (I)=RIIOWA( TE.if (I» 
If(IT.EU.l> GO TO 2)0 
fLO..l(1) ::fLO II( 1-3) -CltA<\R EA- (ROW( 1) -ROf/OLD( 1) )-LG/DEL TlME 

GJ TO 2)1 
250 fLO,/(I)=rLO'.J([-U 
251 V (I) = fL Ow (I) / (R JW (I) • CII AA REA) 

1F(AE:S(TCI1fl-TCo1fCl».LE.U.J005) GO TO 101 
GO TO 100 

[f(ISS.GT.D) GO TO 301 
fLOWOLD(I)::fLa~([) 

ROwOLO(I)=ROW([) 
301 DEL P::9. 31 *RJ", (!). Lei t 2. * V( I) *lG*(~OO/ (I )-ROOIOLD (I» 10 EL TIl1E 

l-FLO":<: )**2.* (1./~O..J(l)-I./ROW( I-.S) )/CHAAREA**2.-fRI'C 
2 * LG / CI1A AR [A -( rVJw (n - FLOW OL D ( 1> ) - LG /( Cli AA RE A* 0 I: LT HI E> 

DELPR(1 )::OELP~( 1- 5) tD[L!' 
R£TURN 
I: ND 

c * * .. * * .......... * * * ..... III .. III •• .. III ......... * ............ ~ .................... * .... * .. 
C 

StJ!JROUTlt4E H(FLI)X<Tl,T2,Tf1,TFZ,fRl,FR2,QH) 

C 
C ...... * ........... II1II .. III * II .......... * ........ ,. ................ " ....... ..... * .. * .. * .... * 

DIM I: N S I ON T (2 ) , T F (;~ ) , r R (2 ) 
CO~MO" /PIIYC/DC,j,UCT,~C,RIIOC,HECAPC,DCLADT 
COMMor, /PI1Yf/l<r,RltOr,lt[CAPF,OfL,DfW,DfHT 
D.E = (2.0 * 0 C W • D C 1./ ( :> c ,J , !) C T> ) 

79 

: 



·' 

QI\=J.O 
T(l )=T1 
TCZ)=T2 
Tf(1)=Tfl 
Tf(~)=Tf~ 

fIHI).;r~l 

FR(2)=fR~ 

DO 1 1=1,2 
fLRAH=fR (I)I (DCw-DCT> 
R [= 0 [* f LR AT [J V I 5e ,1/. ( H ( 1) ) 

P R = VIS e wA <T F ( 1> ) * 51' [ II [A T( TF (I » I e ON Dill" ( TF (I » 
H = 0 • 023 • e ON l> .... A (T f <I ) ) 0 R [. * 0 • a * P R * * 0 • 4 IDE 
If(T(I).GT.12S) GrJ T02 
VIS C R = ( V I S C lolA (T f ( 1> ) /tJ I S C 101 II <T (I ) ) ) * * 0 • 1 4 
G J TO 3 

2 V I:; C R= (V I !iC 'tJA <T r ( I) ) IV I 5C lolA 1 <T (1) » ** 0.14 
3 II=U*V15CR 

Q =) f .. *11 * ( T ( 1) -T f ( I) ) 

QII=OlltO 
R [T U R~ 
[ /ojD 

c ................... _ ................................... -
C 

SUURCUTl'lC fRICTN(I,Rdo,eIlAI\REA,fRlO 
( 
C ** •• ** ............................ *** •••••• ** •• ** •••••• 

(or'''10N ITEMt'1 TL:.1r (,SDU), Tl"'fIlLD('sOU) ,TEM(2~OU> ,TEHllLD(600) 
(or~ .., ON If LU 10 III n :)0 ) , r L 0 ... ( ,S l1l) ) 
C 0 r1 '1 C NIP IlY CI !) C .~, DC T , r< C , R t\ a (, fl I: CAP ( , D (L II D T 
·D£=2~O*DC,j·DCT/([lC..ltOCT) 
fLRATE=fLOw<I)/ (OC .. *DCT) 
q r. = D [ * f L R A TC I "I S e .I A ( T( IH ( I ) ) 
f f = I) • 04 ? * fl r ••. ( - 1. ;! ) 
f III C =.!. ll. ff • f LO . ..j ( 1> * 02. I ( D [ • R itO 0 C IIA ARE A ) 
Rt:TURN 
[NO 

c •••••••••••••••••••••••••••••••••••••• _. 
C 

S Jcl il CUT INC II e .\L ( J ,1 j( ,..- K , ISS) 
C 

{C ._ ................... _ ••••• _. __ ........... . 

134 
185 

190 

11~1 

192 

187 
188 

C :jII'WN I T[M III T UII" ( 5 ,J (), TUI f OL 0 ( 30 I) , TEM (2 ~ 0 Q) , TE 11 III 0 ( 60 () 
C HI "\ C r, I C '.l 0 II I ~ ( I, 0 01, ~ ) , Y (I, 0 II , 3 ) , r 15 (4 0 tJ ,5 ) , U ( 3) , C U ) , NCO L 
COM~ON IflUID/H(30u),rLOW(300) 
CJ~Ir1G~j IpoIYc/DC.J,~CT,r(C,RIIOC,Ii[CAPC,D(LADT 

Or.:= (2.0*OCW*DCT /( OC .. tOCT» 
lFCr<fC.GT.4) GO TO 1.')4 
1 = ~I C CL 
GO TC 1dS 
Y=NS(Kr<,J) 
TFX=TEIH(J) 

. fLP.AH=fLOWn)/ ("CwoLlCT) 
R E= D [. f Lfl AT U 'J! ~C 'AA ( H X) 
P R= V15C wA <T f X). 5P Elt [ .A T( H X) IC Ote Oil A (T f .0 
H ( [ ) = O. 023* CO NO .JA (T fX) • R'[ *. !J. 3. PR .. 0.41 DE 
!FCISS.EO.I) ~:) TO 19.1 
GO TO 191 
IF(lK.l(4.1) GIJ TO 1')~ 

G 1 TO 1 n 
If(H.t:J.1> GG ra IH 
T fW = TE'" <I ) 
GJT01bo 
Tf'.I=TEI'IOLO(l) 
If(TfIO.GT.125) :;(.0 TO :!1)1 
VIS C R::; ( VI 5C lolA (rr .< ) I v t :; C "',4 (T Fw ) ) .. O. 14 '. 
GO TO 202 
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C 
C 

c 

201 
202 
195 

V IS C R;: ( V I 50lA (T r x ) I V 15 C "'A 1 ( Tf II) ) • .0.1 4 
HCI )::.H(I) *VI~Cll 
IF<I.[Q.NCOL) (,0 TO 1d4 
RCTURN' 
[tiD 

*****,.l1li**._.*.******.*****.********************** 

C *_IIII __ ••• a •••• ' ••• ____ ._._ ••••••• _ •••• * ••• _._ ••• _*. 

C 

C 

,C 
e 

C 

COMMCN IMAT~1/[f(.s),[OI(3,3),E:l(3,3),EP(3,3) 

C0'1'1t;t' IHTR2/[SN(40C,3,3),CSMOLO(400,3,3) 
e O~1 1'101', Ie 00 III x (4U·), 3),Y (1.00,3), liS (400,5), O( 3),e (3), NC OL 
COMi'lOI. IIlCL/[)y( 1l}),OIl(L(I}'i),HCLO),/HIEL,HG 
( ') !111 0 I. /I' II Y r 1 K r , R dO f ,!I C (A P r , [) f L ,Of II ,Of H T 
(OMMeN IPHYC/)C~,D(T,KC,RHOC,"ECAPC,OCLAOT 

RL:AL Ke,('f 
OJ 1551=1,3 

a V::. II C 1 ( 0 fL. D f .... * if II T * 2 ) 
Q::.JV*!l[L([) 
Ere 1);:C~*AI14/4.1 s. 
S U'1 :: 5 UM t [ f ( 1> • 0 r .oj .;:' • 

Oil ,1~5 J=l,' 
C ~.., (I< K, 1 , J ) =( t< r •. 1 ( 1 ) ell (j ) t ,( F * C ( I ) • C (J ) ) I A R 4 
1f(IS5.[0.0) (,0 TO 155 
E C,'1 ( 1 , J ):: R H () f 'It [C "P f ." R 41 4 • 16. 
I f ( 1. Co • J) (,0 T,) 1555 
[CM <I,J ):CCII( 1,J) 12. 

1555 E:l( 1,J) =ll.5 *( CS,HKK, l,j )t[SI10LO (KK,l,J) )tZ./DCL TIr-IC'CCM(I,J) 
E P ( I ; J ) = 2 .1 0 [Ll 111 C • [ C ~ ( I, J ) -0.5 * ( [s!'\ ( r<K , I , J ) t E S 1'10 LO (K K, I, J) ) 

155 CJNTlI.U[ 
RourHl 
[I't:> 

**.,********** •• ***._**IIr.*.".*******_.*.*** 

SU~~OUTIN[ 1NT[~P(FX,X,r,y,~) 

C ****** ••• ** ••••• **** •••• ,,**.***.*******.*** 
01:1 U.$ I 1)1~ r (1), '(:1) 

10= c..1 
C F.(:ORl>ltlATC V~LUE Tv J( eALeULATCO 
C X:A05IS5A VALU[ TO i]C Gl'JE'j 
C F: INPUT OR01"ATE VALUE 
C Y: 1'IPU r AiJSI ~~.~ 'OLUE 
C tI: IW 11.1 E" 0 f r (1) "'W Y ( 1) 

DO 3G ·1=1,N 
I F( X-V( '\) )48, 25,3'J 

25 If(~.EO.N) GO TJ 50 
30 COIl T INLJ C 

GJ TO 70 
40 H(M.Ea.l) GO TJ ;'Q 
50 LI = ( X - 'f( "1- 1 ) )/ (Y (M ) - Y (1- 1) ) 

f x = F (f'1- 1 ) t [) • ( F' ( 'il - f ( I' -1 ) ) 
RETURII 

70 \oIRlf[(IO,11)f'("( 
11 fOR1'lAT('110 VALue, r.<=',£12.f),'X=',[12.t,) 

R CT URN 
E liD 

c "*.*.*.****"*** ••• ***.*** •.• *."**.***~* 
c 

SUJROUTlt-1i: SUUeJOL(D(LPRi'IO) 
c 
c· .. *, * .. * .'" * *" "* "* ." "* ". • ,. ,. • "* " • .* * * * • .' ." ". 
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CQr1:-1CN ITCH)I feu (30C), TEi1FOLD(300) ,TEM(2500) ,TEI'IOLD(600) 
C~MMCN IFLUID/H(3QO),FLOW(300) 
CO~'CN IP~YC/DC~,JCT,(C,RHOC,HECAPC,DCLADT 
COM~O~ ICOOH/~(40Q,3),Y(4~O,3),NS(400,3),O(3),C(3),NCOL 

COMMO~ ICLM/ISIOE(400),IHEAfGE(4a~),NP,NELEH,NOW 
OI~E~SION ROW(3JO),V(300),OELPR(3QO),DNaR(300) 
CIIAAREA=!>CW*OCT 
DE::':!~OoOC\JoOCT/(vCw.DCT) 
D!=2. ooCWI3.14 
DO 1 I=NCOL,t,P,:-lC")L 
ROW(I)=RHOWA(TE~Fil» 
vel )=fLO'../(J)/ (R )101(1) oCHAAREA) 
A L FA:: 0 11:14 U 00 E /( ;)C tel) .4 3d .4 *V (I ) I DE u O. 6 
P ~ E S S = 1 .737" 0 EL PR CI ) *1 • E- 5 
T "/A L L;:~ 70 AL OG (1 4. 503 op H': 5 S) -5 4' PRES S I (P RE 5 S t 1 .034) 

1-u •. J2*V(I) 
CRr FLUX =ALf ". <T'../ALL- fEfH( 1» 
fLU ~ :: II( 1> * ( H H 1) - T ( "I f ( 1) ) 

ON~~(l)=CHlfLUX/FLUX 

.., R I T E ( 1 U, .. )' 0 I~d R;: • ,!> t~ !J R ( 1 ) 
If(ONORCI).L[.2.0) GC TO e. 
corHINUE 
WRlTE(IO,4) 
GO TO 7 

b WRI TE(10,~) 
IoI.RITE<IO,·), rwAL;:',TCfHI>,' VELOCITY =',V(l) 

4 FOR1AT<1/,10X,·'·W SU3COOLE'> U:JILIN~ .) 
~ fOR.1AT<I/,10X,';U ')COOLEO uOILlIlCo OCCURS I) 
7 RCTURN 

r. ~, [) 
C .aflr •••• _ •••••• _ ............... _ ••••• _ •• *_ •••• 
C 

C 
C. III ,.,. • ,. III l1li * ,. * * .. * ... ,. ,.,. IIIr II ... ,. * ,. ill ... ,. ,. ,. .. * * ,. ,. ,. ,. ,.,. II • ,. .... ,. 

C 
C 

C 
C 

C0I'1f'4Ctl/ii,\TR1/[f(1),ECM<3,3),cc(5,3),EP(3,3) 
CO~~Otl l"IATR2/[~M(40C,3,3),ES~OLD(4aO,3,3) 
C 0'1 M Otl I COO II I X ( I. fJ :J, 3 ) , Y (4 00,3 ) , N S (400, :5 ) , .H 3) , C (3 ) , NC OL 
COfH~O" II:LtHISl;l(40C),WCATGC(4011),tlfl,NCLEM,NBW 
C:lM'10N ISTOR[/A(2~OO),PA(i!5aO),p(i!50[J') 
')0 771;:1,3 
I 1;: rl S (" K, 1) 

DO 1~ J=1,NCL 
J 5;: (!'oj C L t J - 1 ) • 'If' • I I 

15 "(J5);:A(J~)tEr<1) 

DJ 17 J;=1,3 
JJ;:NS(KJ<,J) 
JJ;:JJ-Iltl 
If( JJ)1 7, 17,11; 

16 J4=(JJ-1>·tH'tlI 

1 J 
17 
77 

J5=JG5MtJ4 
If(ISS.[C.O) ~ll T0 10 
fl "( J4) ;: P" (J 4) t [ r ( I, J ) 
A (J 5 ) = A (J 5) t EJ ( I, J ) . 
1j0 TO 1'1 
" (J ~ ) =A (J ~) t ( SfH r: K, 1 , J ) 
C IN T It,U E 
CONTINUE : 
RET UIHl 
i: tlO •. __ .• -.-_.-._.-._. __ .- •.• *---.*---_ .• _.*._--* 

.............. * ..... ,,' • III ......... III ......... " ... * .................... * * * ... * .. .. 
D1ME~SlON GSM(HP,~D~),Gf(NP,hCL),RF(NP,UCL) 

82 
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00 278 t<1<=1,IICL 
DO 277 1 = 1 , tiP 
5U'I ~O.O 
K ~1-1 
00 270 J=2,lill ... 
M=Jtl-1 
If ( :1 • (, T • til') G 0 ru ~ n 
!; UM = 5 Ll~ t G :iN (I , J ) * .; f (I', I< .0 

275 If(K.LE.U) GO TJ 270 
5UI~;SU"'tGSM(K,J )*ljf (K,K.O 
K=I(-1 

276 CON T!NU ( 
277 R f ( I, KK ); 5U'1 t G S;1( I, 1 ) * G f ( I, I<K ) 
27 a C ON T I ~IU ( 

RETURN 
(NO 

C ........ ,. * .... * III .. * * _* .... ,. ......... II .. * ... * .. * * ........ * .. * .... 
c 

c 
C * III. _* .. I\: **.* _* III. 111_.111 •• " ... _._ .. *.111 **.* -* -* .. 

c 
c 

C 

22 ~ 
226 

OI~~~t.!;ION Gsr~(t\P,rILJ.I) 

10= 01 
t~ P1 = I.P-1 
DO 2~6 I=1,1IPl 
!'IJ=, I HWw-1 
I r ( ;ol J • G T • liP} M J = :,p 
~I J ; 1 t 1 
Mt<;N[\w 

I f( (~jp- It l).L T. 'Iu~) I1K=NP-I.1 
"i)= 0 
o 0 2 2 5 J = tlJ ,11 J 
MI<= 111(-1 
1I[)=NDt, 
NL=~.Otl 

DO 225 K= 1, '~r: 
11r(; NO tK 
(j 5"1 ( J , K ) = JS :1( J, r() - G S M ( I , ~I U -G 5M ( I , N 10 IG 511 (I ,1 ) 
C 011T lNU ( . , 

R CT URII 
( 1;0 ........................................................... 
5 U:J R CuT I~' E S L.., j [) (G S ,.., G f, .<X, N P, NO vi, N C L, I D , IT, I S 5 ) 

C •••••• _ ••••••••••••••••• _ .......... *-_.- ••••••• *-** •• .-_*** 

C 

01"1[/,5101, Gs.'1(~II',:ID\oi),Gf(tIP,NCL),)(X(tIP,NCU 

C 0111101. IT CMI'/ TC1f (3 UU, f[ ,-If OL D (300),T EM (2 500),T EMOL D( 600) 
COM~Oh /TL[/TITLE~(20),TITLEU5·(20) 
CO~~O~ ICOOR/X(40J,3),t(400,3),tlS(400,3),G(3),C(3),NtOL 
If( IJ.LE.O) IJ =1 
10= 61 
NP1 =t/P-1 
o 0 2tJ~ 1<11: =1 ,'~ CL 
J I~= K I< 

C DECO'1P05ITION Of TilE COLU:-II, VECTOR (if( ) 

C 
D02~u 1::1,/IP1 
r1 J = I t NO 01- 1 
If(MJ.GT.·jP) ~J=NP 

NJ=lt1 
L =, 
DO 250 J=I4J,MJ 
L::L t 1 

2 5 0 G r ( J , K K ) = G f (J, K .<) - G S r~ ( 1 , L ) • ~ f ( I , ~ K) I G S M ( I , 1 ) 
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.' 
C 
C BACKWARD SUiJSTITUTII)N fOR TilE ·DETERMINATION Of X( ) 
C 

C 

l( X (~r, '" K) = G r ( Nfl , tO~) 1 (, S:1 HI r, 1 ) 
o 0 2 ~ 2 ,,~1, Plr 1 
I =N P-K 
"IJ= t-tlHo/ 
I r ( ( I tfllJ \01-1 ). (j T • N 1') "'I J = Ilr -1 t 1 
:iUi'1=C.O 
DO 251 J=2,MJ 
N=I tJ-1 

251 SUM =SW1tGSM <I,J).!.X (N,KI() 
2 5 2 X .( ( I , KK ) = (G f ( 1, I( K ) - S U'-I) 1 G S 1'1 ( I , 1 ) 

C OUTPUT Of TilE CHCUl.I\T(O '!OPAL VALUES 
C 

C 

C 

261 

10 
1 1 

204 
265 

C . 

C 

C 

C 

C 

InISS.EU.O) GO T') lC 
IoIRITC(10,2{'1> IJ 
P R 1 U T ., , 1 T = ' , IT" (J • U 4 7 ~ 
fORMAT(1X,' ITERATION ',13 ) 

GO TO 11 
IoIi?lTEClIl,2c1) IJ 
tI"IL=NI'/2t.\ 
10/ iH TE (I 0, ~ (, 4) .( X 01. I L , 1) , T [H f ( NCO L ) , TC M r (t4 P) 
fOR'IAT<1l(,3<r2:;.3» 
CON T r rlU E 
IJ:;IJt1 
RCTUR'1 
( Il:) 

flllo/CTION V1SCiof.(T> 
V IS C'" A= Q. 14 ·32 H [- 2- 0 • 2'J 57 43 £- 4 .. T to. 25 a 1 56 E- b *T * * 2 • 

1-0.322939£-9" T·-3-. 
R ST U RN 
E NO 

fUto/CTIO,. VISCI/i\1(T) 
V15C~A1=-6.!962'6E-)t6.d~3976E-6"T-5.6aQd27E-d*T**2. 

1 t 1 • 2 r; In 73 (-10 .. T ". :>. / 
RETURN 
[ /010 

fU~ICTIOtl COND·.lA(T) 
C :l:'l 0 wA= O. 57 U6 71 tU .1 7C(J?i:. - 2" T- 0.634359 E- 5" T" .. 2. 
R CT u~rl 
[ NO 

fUIICTION SPEHEAT<T> 
SP[tlEAT=O.41?31JE4-0.744678*T t O.l00875E-1*T**2. 
RET U Rtl 
[110 

fUNCTION TWA(ENT) 
T~A=-a.121704t0.240234E-3*[~T-O.03227B[-11*ENT**2.tO.230918E-16 

1 .. CfI T ** 3 • - (). 344210 [- 2 2· [:IT * .. 4 
RET URtl 
EIW 

fUIICTIO'1 [·ITIoI,HO . 
EtlT~A=O.166564[3tl.41)253[4.T-O~3d647?*T**2.tO.352709E-Z·T**]. 
RCTUlm 
[ NO 

fUNCTION RtlOWA(T) 
RHO.lA=1.1 (0.?'J7!"~.6[-3tl).13~302r.-6.Ttl).3251a4E-B*T"2.) 
R [TURII' 
END 

19.14.23.UCLP, OU, POlo , 1.094~LNS. 
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TABLE C-l Thermo-Hydraulic Calculation(60 axial steps) 
T EHPL RA TURE S Of 

il I S TIl tiC E fUEL fU EL CLAP CLAPPING COOLING PREHURE 
CENHR IllTERFACE· SURfACE WATER PIFfERENCE 

(~1M ) ( C) (0 ( C) (C) (N/I4'''~) 

.il 44.1 44.1 44.1 37.0 .0 
9.9 4S.4 45.4 45.3 37.0 94.4 

19.'i 47.1 47.1 47.0 37 .1 188.9 
. !9.iI -4d.8 4a.8 4a.7 37.1 Z 83.3 

H.7 5il.5 50.5 50.4 :57.2 377.d 
49.7 52.2 52.2 52.1 57 .3 . 472.2 
5'J.o 53.a 5l.iS , 53.7 17.3 !l66.7 
69.5 55.4 55.4 55.3 37.4 6&1.1 
7i1 ~5 57.0 57.0 5ta.9 37.5 755.5 
39.4 ;;0.5 511.5 SiI.3 37.6 1150.0 
9'J .1, uu.o 59.9 59.cI 37.7 944.4 

10~.:l e.1.4 61.1 61.2 37.8 10311.8 
119.2 0~.7 62.7 62.6 10.0 1133.2 
1 ;? ').2 64.0 64.0 03.9 lil.l 1227.6 
lB.l 05.J 05 .~ t..S.l 10.Z 11U.l 
14'I.U ob.S 6b.4 66.1 311.4 1410.5 
,,9.0 ta7.6 67.0 67.4 311.5 1510.9 
'''i.1I tail.7 t..8.6 68.5 30.7 1605.1 
176.0 0"}.7 69.7 69.5 311.8 '(099.6 
1H.o 70.7 70.6 70.4 39.0 1794.0 
HiI.7 71.6 71.5 71.3 39.Z 1 b88.4 
21)0.ta 72.4 72.3 72 .1 39.l 198~. II 
210.(0 73.1 73 .1 n.9 39.5 2077 .Z 
2:!d.5 7J .j 1$.7 n.t.. 39.7 2171 .5 
2ld.) 74.4 74.j 74.Z 39.9 20: 65. <,1 

;:41.4 75.0 74.9 74.7 40.0 2360.2 
250.3 75.4 75.3 7S .1 40.2 2454.6 
200 • .3 75.d 75.7 75.5 40.4 2S41i.'1 
27<>.2 76.1 70.0 75.9 4U.6 ~t.4l.1 
2H.l 7ta.4 7b.l 7b.l 40.8 2737.6 
~1d .1 7ta.6 70.5 7b.l 41.0 Z1I31.9 
3'ld .0 70.ta 70.6 70.4 41.2 292ta.2 
317 .9 70.7 70.0 70.4 41.l l020.0 
.527 .9 76.6 76.b 76.4 41.5 3114.9 
'j 17.0 7b.S 7t..4 7e.. j 41.7 3209.~ 
,347.7 70.l 70.3 7(0.1 41.9 llOl.S 
j)7.7 70.1 76.0 7~ .8 42.1 J397.7 
3:.7.(0 75.7 75.7 75.5 4~.3 l492.0 : 
377.0 75.3 75 .l 7).1 42.4 358(0.3 
j:l7 .5 74 .9 74.8 74.ta 42.6 lb1l0.6 
j'17 ... 74.3 74.2 74.1 42.11 3774.9 
4J7.4 73.7 73.6 n.s 4l.0 11169.1 
417.1 H.il 7l.0 12.8 43.1 3963.4 
427 .2 72.3 72 .2 72 .0 41.3 4057.6 
4H .2 71.5 71.4 71.2 43.4 4151.9 
447.1 71l.0 70.5 7(J.4 41.6 424(0. V 
.. 57.u b9.7 69.ta 69.5 43.7 434U.4 
4b7.0 011.7 68.6 68.5 43.8 4434.0 
470.9 b7.b ci7.5 07.4 44.0 4520.11 
4.~O .0 6".5 6e. .4 60.3 44.1 4,,23.1 
4-)0.:1 05.3 65.3 05.2 44.4: 4117.3 
5,)b.7 (04.1 64.1 63.9 44.3 4811.5 
510.7 c2.3 ci2.d 6Z.7 44.4 490S.7 
520.Q 61.5 61 .5 61.4 44.5 5000.0 
53u .5 ,,0.1 60.1 60.0 44.6 5094.2 
5 .. 0 ., :id.7 511.7 511.6 44.7 51811.4 
5'j".4 57.2 57.2 ' 57.2 44.7 5282.0 
5:.16.3 SS.7 55.7 S~.7 44.8 537b.8 
:)70 • .3 !l4.2 54.~ )4.1 44.9 5471.0 
5 ~0.2 S2.7 52.7 52.6 44.9 55 b).2 
:;-]".1 51.0 51. S 51 .5 44.9 5,,59.4 

'. 
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TABLE C-2 Thermo-Hydraulic Calculation· (90 axial s t e pT ( c.o n tin u ed ) 

'" H.~ ,,6.9 c.C/.1:I 6c..7 44.1 4591.7 
,"'JJ .,. "co. I 60.0 05.9 44.1 4054.5 
,"'Jco./! :'S .3 65.3 05.1 41,.2 4717.3 
51.3.4 " ... 5 64.S 61,.4 41, .3 1,780.2 
51il.U co3.7 6).0 ~) .5 1,4.4 .4843.0 
516.7 b2.a 62.a 62.7 44.4 490~.lI 
5.!3.3 61.9 61.9 61.8 41,.5 49611.6 
5H.9 61.0 61.0 60.9 44.5 5031.4 

# 

B".) 60.1 60.1 60.0 44.6 5094.2 
51, l .1 . 59.2 59.2 5'1.1 44.6 5157.0 
54') ... 50.2 . 5d.:! 5c1.1 44.7 5219.8 
~5co.4 57 .2 57.2 57.1 44.7 5282.6 
5 c.3 .U )co.2 5co.2 5c. .2 44.8 534:i.!I 
569.co 55.2 ;5.2 55.2 44.1i 54011.3 
57:..:1 SI,.2 54.2 51, .2 41,.9 5471.1 
H2.9 53.2 S'.2 53.2 44.9 5533.9 
5:\').5 52.3 S.!.3 52.3 4/,.9 5S9t..7 
~ >v.1 . )1.3 51.8 51.8 41, .9 5659.5 

'TABLE C-3 Transient Thermo-Hydraulic Calculations-t=0.473 sec 

TEHPERATURES OF .. 
ill STA NC E f \JEL FU EL CLAD CLADDING COOLING PRESSURE 

CE NTER INTERfACE SURfACE' ·WATER DIffERENCE 
(111'1 ) (C) (0 ( C) (C) . (N/H**2) 

.0 4j.2 43.2 43.2 37.0 .0 

19.'" 47.5 47.5 47.4 37.1 225.5 
.B .7 51 .1 51.0 51,.0 37.2 451.0.,' 
59." 54.5 54.5 54'.4 37.4 676.5 
79.5 57.8 57.a 57.7 37.6 .. 902.0 
99 ... coO.9 60.8 00.7 37.8 1127.5 

11'11.2 coj.a 63 ~7 63 .. 0 3d.0 1352.9 
15'1.1 cob.5 06.4 ob.'.3 311.3 15711.3 
159.0 b8.9 b8.8 61i.7 311.0 lilD3.7 
Ha.C! 71.1 71.0 70'.9 38.9 2029.1 
196.7 73.0 72 .9 12.8 39.) Z254.5 
21"." 74 .b 74.5 74'.4 39.t. 2479.8 
23d.) 75.9 75.9 75-'.7 40.0 27 05.1 
250.3 77 .0 7b .9 ,7b.7 40.4 2930.4 
270.2 77.7 77.b 77 .5 40.1i 3155.7 
lB.1 70.1 7a .1 77 .9 41.2 3380.9 
317 .9 70.3 70.2 71:1.0 41.5 3coO".1 
337.0 78.1 78 .0 77.8 41.9 31131.3 
lS7 .7 77 .0 77 .5 77 .4 42.3 405b.4 
377.0 70.d 70.7 7co.b 42.6 42111.5 . 
3'J7 .4 7) .7 75.7 75.5 43.0 450t..6 
417.3 71,.4 74.3 74'.2 43.3 4731.7 
437.2 n.7 72.7 12.5 4J.6 4956'.7 
1,57.0 7.:1.8 70.<1 70.b 4J.9 5181.8 
476.9 od.7 bll.o 611.5 41,.2 - 5400.8 
.. 9C1.d coo.J 6c..2 ot..1 44.4 5,631. b 
:;1co.7 oJ.7 63.CI 6J .5 44.6 5B5b.7 
53C1.5 60.8 60.8 60.7 44.7 6081.7 
5~6 .4 57 .iI 57.8 57 ;,7 44.9 6J0c..7 
Sh.3 AI, ,1 51, .Ii h.1i 4h3 on'" ~,)c. .1 5U.7 50.7 DU" U. o 'itO 

"-
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TABLE C-4 Transjent Thermo -Hyd ra,u 1 j c .C~Jc_u"la.tions-t;;Q. 946 sec 
TEMPERATURES Of 

iiI STANC E fuEL fUEL CLAO CLADDUIG COOLING PRESSURE 
CENTER INTERf ACE SURfACE WATER OIffERENCE 

(1111) (0 (0 (C) (C) (N/M*'"Z) 

.0 43.4 43.4 43.4 37.0 ' .0 
19.9 47.8 47.8 47.8 37.1 225.5 
19.7 ) 1 .5 51.5 51 .4 37.2 451.0 
59.0 55.1 55.0 55.0 :57 .4 670.5 
79.5 58.5 58.4 5iS.3 ' ,37.6 . 902.0 
19 .... 01'.0 61.6 01.5 37.8 112"/. " 

119.2 ,,4.6 04.6 64.5 38.1 1352.9 
139.1 ,,7.4 67.3 67."Z 38.4 1578.3 
159.0 ,,9.9 69.8 69.7 38.7 11103.7 
17d .iI 72.1 n.1 71.9 39.0 2029.1 
19($.7 74.1 74.0 75.9 39.4 2254.4 
ll($." 75.8 7S .7 75.5 39.8 2479.8 
;:.i8.5 77 .2 77 .1 70.9 40.1 2705.1 
.!50 • .i 7d.2 70.1 70.0 40.5 . 2930.4 
27d.2 79.0 78.9 n .. 7 40.9 3155.0 

"2'/($ .1 79.4 79.3 79.2 41.3 3380.8 
.i17 .9 '79.5 79.4 79.J 41.7 3606.0 

. 337.iI 79.3 79.3 1'i.l 42.1 31131.2 
.s57.7 7b.J$ 78.8 78.6 42.5 1,050.3 
377 .0 71l.0 77 .9 77.il 42.9 4"Z 81.4 
3,}7 ... 70.9 70.8 7".7 43."Z 4506.5 
417.3 75.5 '75.4 75."Z 4J.6 4731.5 
437 .2 7J.7 7J .7 '13.5 43.9 4956.6 
.. H.U 71.S 71.7 71 .6 '1,1,. "Z 5181.(. 
470.9 09.5 69.5 69.4 44.4 5406.(. 
4')0.11 07.0 67.0 66.9 44.7 5031.5 
:il 0.7 (,4.4 04.j 1.4.2 44.9 5656.5 
:.iH.:; 61".4 61.4 61.3 45.0 6081 .:; 
:iSo.4 ;".1 .1 53.3 5($.2 45.1 6300.4 
J 7" • .i 55.0 55.0 55.0 45."Z 6531.3 
5-/(,f .1 51.1l 50.9 5U.9 45.3 675u.Z 

TABLE C-5 Transient Thermo-Hydraulic Calculations-t=1.4l9 sec 
TEMPERATuRES OF . 

.. I S TA NC E fuEL fUEL CLAD CLADDING COOLING PRESSURE 
CE uTER INTERFACE SUR fACE llATER DIFFERENCE 

(11:1 ) ( C) (C) ( C) (C) (NI M. -2) 

.U· 43.6 43.0. 43.6 37.0 .0.·' 
n.9 48.1 48.1 4b.0 37.1 225.5 
"S9.7 51.d 51.8 51.8 37.2 451.0 
59.0 55.5 55.5 55.4 37.4 (, 70.S 
7') .5 59.u 58.9 51l.8 37.0 902.0 
9'J ... 02.2 6Z.2 62.1 :s7.8 1127.4 

119 .~ 05.3 65.2 65.1 38.1 1352.9 
139 .1 08.1 68.1 67.9 311.4 15711.3 
15i1.U 70.7 70.0 7v.5 311.7 11103.7 
170.0 13.0 12.9' 12.7 39.1 2029.1 
1n.7 75.0 74.9 74.7 39.5 2~S4.4 

21<1.0 70.7 76.6 76.4 39.8 2479.11 
230.j 7iI' .1 78.0 77.9 40.2 Z7 05.U 
251.3 7'J.2 79.1 n .• 9 40.7 2930.3 
270.2 79.9 79.9 79.7 41.1 3155.6 
2'}d.l ciO.4 80.3 8IJ.1 41,5 3380. d 
.i17.9 :s0.5 80.4 dO.3 41.9 3605.9 
337.0 00.3 ao ."Z 80.1 4~.3 31131.1 ::\ 
357.7 79.8 79.7 79.6 42.7 4050.2 

377 ." 78.9 78 .9 Ta.7 43.1 4281.3 
3')7.4 77 .8 77.7 77 .6 43.5 4506.4 
.. t7 • .i 7".3 70.3 70.1 43.8 4731.4 
437.2 . 710.0 74.5 74.4 44.2 4950.4 
.. 57.0 72.6 12.5 7Z .4 44.4 5181.4 
470.9 70.3 70.2 70.1 44.7 5400.4 
4')0.1S 07.7 67.7 67~6 45.0 5631.4 
51".7 65.0 '64.9 64' .8 45.2 51150.3 
530.5 01.9 61.9 61.8 1,5.3 6081.2 
550.4 !i1l.7 5(1.7 58.6 45.5 6306.2 
57/o1.j 55.4 55 .• 4 55.3 45.5 6531.1 
;9 ... 1 51.2 51 .Z 51.2 4~.0 6750.u 

"--'--" 
'. 
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TABLE C-6 Transient Thermo-Hydraulic Calculations-t=1.892 

TEHPE:RATURES Of 
"I STANC E, fUEL fU EL CLAD CLADPING COOLING PRESSURE 

CENTeR INTERFACE' SURfACE W'AT ER DUFtRENCE 
("\"') ( C) (0 ( C) (C) (N/H"2) 

.0 43.8 43.7 43.7 37.0 .0 
1'~ .9 40.3 43.3 411,Z 37.1 225.5 
H.7 5Z .1 5Z .1 52.U 37. Z 451.0 
59.0 SS .8 , SS.8 55.7 37.4 670.5 
79.5 S9.4 59.3 59.Z 37.0 ,902.0 
99.4 6Z.7 ,62.6 6Z .5 37.8 11Z7.e 

119.2 oS .3 6S .7 65.6 311.1 135,. '9 . 1 H.1 e.3.7 66.0 66.5 31:1.4 15711.3 
159.0 71 • .5 71 .;! 71.1 38.8 1803.7 
178.iI 73.6 7l:5 73.4 39.1 Zli29.1 
lH.7 75.() 7S .0 75.4 39.5 Z254.4 
2111.0 77.4 77 .3 77.1 39.9 2479.7 
230.5 10.:1 ?a.iI ?i106 40.3 27 05.0 
2:i1l.! 79.9 79.3 79.7 40.7 2930.3 
273.<: 30.7 80.t. 80.4 41.2 31 55.5 
2H.l 01.2 81.1 aO.9 41.() 3380.7 
J17.9 31.3 81.2 81.0 42.0 3005.9 
331.e! dl.l in .0 80,8 42.4 3631.0 
357.7 ,10.e. 80.5 8U.3 42.9 4050.Z 
517 ." 19.7 79." 79.4 43.3 4281.2 
397.4 70.5 78.4 711.3 43.0 4500.3 
411.3 77 .0 77 .0 70.8 44.0 4731.3 
437 .2, 7S.2 75.2 75.0 44.3 4950.3 
4:i7.il 73.2 73 .1 73.0 44.7 5181.3 
47".9 70.9 70.0 70.7 44.9 5400.3 
4,)".t) 08.3 68.2 60.1 4S.2 5031.Z 
51".7 05.5 65.4 65.3 45.4 5850.2 
530.5 .. 2.4 62.4 62.3 45.6 6081.1 
556.4 )9.1 59.1 59.0 45.7 6301>.0 
57".3 55.7 55.7 55.0 45.11 0530.9 
590.1 S 1.5 51.5 51.5 45.9 6755.8 
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TABLE C-8 Transient Thermo-Hydraulic Ca1cu1atio~~-t=5~203 sec 

TEI1i>ERATURES Of 
DISTANCE fuEL fuEL CLAD CLADDING COOLlhG PRESSURE 

CENTER INTERfACE SURfACE WATER DiffeRENCE 
(+'1 ) ( C) (0 (0 (I:) (N/I1**2) 

.0 44.2 44.2 44.2 37.0 .0 
19.9 4l1.9 413.3 48.8 :57.1 225.5 
51.7 52.9 52.9 52.11 37.2 451.0 
5'} .~ 5t..S 56.7 5c:..7 37 .4 676.5 
7'J .:. 00.5 60.4 ou.3 37.6 902.0 
)9.4 63.9 63.9 63.11 37.9 1127.4 

lH.': 07.2 67.2 67.0 3b.2 1352.9 
13., .1 70.2 70.1 70.0 3b.5 15711.3 
15 il .li 72 .9 72 .9 72.7 311.9 1803.7 
17.1. d 75.4 75.3 75.1 39.3 2029.0 
1 },i. 7 77 .5 77 .4 77 .3 19.7 2:i:54.4 
;:IJ.~ 79.3 79.3 79.1 40.1 2479.7 
;::H.) dO.8 30.a dO.6 4li.5 2105.0 
;:~d.3 l2.0 31.9 al.7 41.0 2930.2 
':H.~ &2.S 32.7 82.6 41.4 3155.4 
':')1.1 133.3 33.2 a3.1 41.9 3380.6 
317.9 .ll.5 83.4 133.2 42.4 3c.05.8 
337 .0 33.3 33.2 S3.0 42.8 3b30.9 
357.7 02.1 82.7 132.5 43.3 4056.0 
377.0 al.9 31.13 31.6 43.7 4281.0 
3'17 .4 cO.7 30.6 30.4 44.1 450c..l 
417. j 79.2 79.1 7b.9 44.5 4731.1 
431.2 77 .3 77 .3 77 .1 44.9 ' 4956.0 
4'1.U 75.2 75.2 7~~0 45.3 51111.0 
470.'7 12. !! 72 .s 720 45.6 540:i.9 
4')0." 70.2 70.1 70'0 45.9 5630.8 
S 10.7 07.3 61.2 67~' 46.1 5855.1 
~16.S 04.1 64.1 64.0 46.3 6080.6 
550.4 00.7 60.7 6U.6 40.5 6305.5 
57".3 57.2 57.2 57.1 46.6 0530.3 
59".1 52.9 52.9 5i:.9 46.1 6755.l 

.. 

TABLE C-9 Data Input for Reactor-I 

161. ITti"RMAL CONDUCTIVITY OF FuEL 
!lu. I TtiERMAL CONDUCTl VlTV OF CLADDING 
19JOJ. IDENSITY OF FUEL 
!7J7. IDENSITY OF CLADDING 
14u. IHEAT CAPAC'lTY OF FUEL 
~9~. IHEAT CAPACITY OFCLADDING 
39~9. IGENERATION OF IIEAT 
)?~.13d IF~EL LENGTti 
.2~4 IFUEL THICKNESS 
~9.093 IFuEL WIDTtiNESS 
.hl I CLADDING Till CKNESS 
~9.? ICIIANNEL WIDTHNESS 
~.470 ICHANNAL THICKNESS 
j7 IJATER INPUT TEHPERATURE 
.1039 IWATER FLOW RATE " 

1 IN~)\~ER Of REGION 

, ' 

;, I NU."IflER· Of JOUNOARY POINTS 
.'''' .254, .635, .635, .635, .254, .0, .0 
.0, .0, .0, 290.,)69, '596.133, 5Y6.US, 5'16.138, '2"1I~069' 
.>1 IN~HS"R OF ROWS 

3 I N~.~IIER Of COLUI1N S' 
1,2,3,4,5,6,7,3 

'. 
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TABLE C-10 Interactive Sample Data Input 

** DO YOU WANT INTERACTIVE uSUAGE (YES OR NO) ** 
? Y (·S 

******** 
EN TE. ~ TH E THER:~AL CO ,'Ji>UCTI VI TY OF FlJ EL ( WIt·1 C) 

? 167. 
EN TE R TH E TH ER I'~AL CONDUCTIVITY OF CLADDING (\UI'" 

? 21,0. 
EN TE. R TH E DENSITY OF FUEL (I( GI r~* * 3) 

? 3336. 
EN TE R TH E Di:::~S ITY OF CLADDING (K GI ~,1* *3) 

? 27117. 
~N TE R. TH E HEAT CAPACITY OF FUEL (J I K 3 C) 

? 740. 
ENTE R THE IfE AT CAPACITY OF C LA D DIN G 

? 896. 
::NTER TH E PO..JE !~ FOR Ttl E PLAT [ (~n 

? .3 J 2 J1. 
ENTERING THE ~IMENSI0NAL PROPERTIES 

f UE L LE NG Trl o.lI'\) 
? 5?~. 

FL:EL HALF THICKNESS (l'1r~) 
? .255' 

FUEL WIDTH 01('11) 

? 02.3 
C LA D D I .. ~ G T H I C K N E S S ( I~ i'D 

? • '3 <3 
C liA N N EL ~J I D THO! M ) 

? ob.6 
CHANNEL TrlICI(NESS O'lM} 

? 2.1 

(J II( G 

i:: (~ T E R THE COO LAN TIN LET T [ '1 P [R AT U R E ( C ) 
? 311. 

E N TE R . T Ii [ C 'J l.l L i\t IT r'1 i\ S S FLO ',m ATE (K GIS l C) 

'? .31 

ENTSRING TdE D,~TA FOR GRID GEiJERATION 

E N T E ~ THE N U rl a E R 0 f ~ £ S ION S 
? 1 

ENTER THE :-.jUI~IJER OF 10UNDJ\RY POINTS 
? 0 

C) 

ENTER THE AaSISSA VA(UES OF TH'ESE POlhTS (MM) 
? u •• 2:5 .635 .• 035 .63') .255 0. o. 
ENTEr~ THE ORDII~ATE VALUES OF THEse POINTS (rHD 

? O. O. ·0. 299. 593. 59.3. 593. 299. 
ENTER THE NU!'13ER OF RO\ol$ OF NODES IN REGION 1 

? .s 1 
ENTER lHE NUi1BER OF COLUMNS OF NODES IN REGION l' 

? 3 
'ENTER THE GLCJAL NODE NUMBERS USED TO DE.FINE THE 

;J U A I) R 1 LA T E ~ J\ L 0 F R ~ G I o:~ 1 
? 1 2 S 4 5 078 
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TABLE C-ll Data Input for Reactor-II 
'I t. 7. 
~lJ. 
',)'3.)D. 
':7117. 
14li. 

,j'Jo. 
.2~!i 
,,2.3 
.30 
:10.0 
.!.1 
)0 
.31 
I 
~ 

ITtlER.1AL CONDUCTIVITY OF FUEL 
ITHERMAL CONDUCTIVITY OF CLADDING 
IDENSITY Of fUEL 
I~ENSIT1 Of CLADD1NG 
/lIEAT CAPACITY Of fUEL 
IHCAT CAPACITY Of CLADDING 
I liE fIE iI A T1 ON a f tiC AT ' 
IfULL. L.EtdoT" 
I fuEL. THICKNESS 
I fUEL wIDTH 
I CL.ADDING THI CKNESS 
I CHAN riC L oil ~TlI 
ICHANNAL THICKNESS 
IWATt:R INPUT TE'iPERATUilE 
IWATER fLOliilATE 
I 'lUMBER, Of REGIOII 
INUl1uER Of BOUNDARY POINTS 

• n, 
• 0, 
.II 

.255, .oJ5, .t.35, .oJ5, .255, .0, .0 

.U, .0, 299., 598., 593., 590., 299 • 
INUlilleR Of ,ROUS 

,/IIUMdER Of COLUMNS 

TABLE C-12' Input Data (Heat Flux Distribution) 
FIIIITE lLEHENT ~NALYS[S Of STEADY ST~TE HEAT CONDUCTION IN TWO DIMENSION 
flhlTE ELEI1EIIT ANALYSIS Of UNSTeADY STATe HEAT CONDUCTION IN TWO DIMENSION 

~1 
O.OJ .165 
fi.02 .220 
D.04 .27) 
0.0 .. .32 a 
0.00 .3dl 
~. 11.1 .432 
.1.12 .482 
J.14 .531 
1.1 CI .577 
1.10 .622 
".1.20 .6t.5 
'l. 22 .700 
1. ~ .. .745 
J.2c". • 731 
J. :!o • ilS 
J.3U .1140 
".1.32 • d7 5 
1.34 .901 
i). :SCI • ?24 
).31> .941, 
1.4li .9Dl 
1.42 • 97 ~ 
1.44 .'Ho 
.1.40 .994, 
1l.4:i .99:1 
-1. :iu 1. Dull 
:).5<: .990 
,). )4 .994 
J.50 .9,30 
1.50 .975 
,).6U .961 
.).02 .941, 
\1.61, • '}24 
1. ClD .)1l1, 
.).66 .375 
.1.7U • a4D 
J.72 • 31 ) 

, ,,1.74 • 7.i 1 
J.7" • 74) 
'). 7", .7,)" 
).,:l1I • 6o~ 
J.32 • ,,22 
O. ~4 .577 
J.a" • 531 
). :lcS .4:12, 
"J. ')U .432 
11.'n • Jdl 
1)~'94 .32 /) 
J. Q~ • ~7"') 
;'. ')03 .22\1 
1. Oil ~ loS 
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