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PREFACE

This study concerns the computer simulation of the mass transfer
at nuclear reactor cooling channels by the method of subchannel analysis.

In the recent years a great deal of effort has been devoted to the
subchannel type of computer codes which give more detailed information
on the thermal-hydraulic behaviour of the rod bundle than the bundle
average approach. In these codes, as their name indicates, the cross-
sectional area of the rod bundle is divided into smaller sections called
"subchannels". Using a lumped parameter approach the equations of mass,
momentum, and energy written for each channel and solved numerically
taking into account interchannel interactions such as miXing and diversion
cross-flow. The end product is a map of pressures, mass flow rates,
enthalpies, etc. throughout the bundle. Several subchannel codes have been
quoted in the open literature. However only limited number are easily
accessible. Once the subchannel codes are developed, they should be

checked against experimental data.

With this work the subchannel code COBRA-IV-I is adapted into
IBM PC compatibles as COBRA-PC4 at ITU Nuclear Energy Institute and
using experimental data obtained from literature, the code is checked .

Also some predictive experimental cases are simulated.

The main enforcement behind this study was the encouragements of
my supervisor Prof. Dr. $arman GENCAY willing to use subchannel codes
more effectively in our Institute's computers. I wish to express my special
thanks to him giving me great support in both developing and preparing
this study.

June 1995 Ozkan Feza BICER
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NOMENCLATURE

Ky

dy,D

fr

Flow area (L?%)

Thermal conduction cefficient (H/T6L)
Friction and form pressure loss due to cross flow
Mass flux (M/TL?)

Spacer loss coefficient

Cross-flow resistance coefficient

Irrecoverable pressure loss

Hydraulic diameter (L)

Friction factor

Turbulent momentum factor

Acceleration of gravity (L/T?)

Enthalpy (H/M)

Enthalpy carried by diversion cross-flow (H/M)
Distance between subchannels (L)

Mass flow rate (M/T)

Pressure (F/L?)

Heat addition per unit length (H/LT)

Rod spacing or gap clearance (L) '

Time (T)
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T; = Temperature (0)

u = Axial velocity, effective enthalpy transport velocity (L/T)

u = Effective enthalpy transport velocity carried by diversion
cross-flow (L/T)

v = Transvers velocity (L/T)

v = Specific volume (L*/M)

v = Effective specific volume for momentum
(1-x)*/ps (1-a)+x*/pg & (L*/M)

W = Diversion cross-flow (M/TL)

w: = Turbulnet cross-flow between adjacent subchannels (M/TL)

B = Turbulent mixing parameter

Apyp = Irrecoverable pressure drop caused by the blockage (F/L?)

ADsriction Pressure drop caused by_rfriction (F/Lz)

APform Form pressure drop caused by the blockage (F/Lz)

Ax = Length of the control volume, Ax=x;,;-x; (L)

¢ = Two-phase friction multiplier

P = Specific mass (M/L3)

SUBSCRIPTS

i,j = Indices for the subchannel control volumes

k = Indices for the control volumes which includes spacer or

blocakge
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SUMMARY

In this study, mass transfer in the nuclear reactor cooling channels
are simulated by the subchannel analysis code COBRA-PC4,

In order to perform this simulation, the COBRA-IV-I code should be
adapted into available computer media. Original COBRA-IV-I code is
obtained from OECD NEA Databank in the format compatible for IBM
mainframe computers. Then the adaptation work is performed to obtain an
IBM PC compatible COBRA-PC4 code.

After obtaining PC compatible‘ code, simulation step is started for
subchannels. Three kinds of experimental setup are simulated with
fourteen different cases, and the results compared with the experimental
data.

As the final stage of this work, predictive experimental cases are
simulated in order to give the predictive data to the future experimental

studies.



OZET

Bu c¢aligsmada, niikleer reaktér sogutma kanallarindaki kiitle
transferi alt-kanal analiz programi olan COBRA-PC4 ile

incelenmigtir.

Bu tiir bir ¢aligma yapilabilmesi igin, Oncelikle, alt-kanal
¢oziimlemesi yOntemi ile hesap yapan bir bilgisayar programi
gerekmektedir. Altkanal ¢o6ziimlemesi, bugiine dek en ¢ok
kullanilan yodntemdir. THI-3D, SABRE-1, HAMBO, THINC,
ASSERT-4 ve COBRA-IV-I bu y6ntemi kullanan programlardir. Bu
programlarin en basarililarindan olan COBRA-IV-I bu c¢aligsma

i¢cin se¢ilmistir.

COBRA- IV-I bilgisayar programi alt-kanal analizi metodu
ile bir ya da daha g¢ok alt-kanal {izerinde hesap yapabilme
yeteneine sahiptir. Programin bu yetenegini kullanilarak niikleer
reaktdr sogutma kanallarindaki kiitle transferi problemi

modellenip benzetimi yapilabilmektedir.

Altkanal ¢6ziimlemesi, temel olarak, g¢ubuk eksenlerine
paralel hizlarin, ¢gubuk eksenlerine dik (transvers) hizlara oranla
¢ok biiyiik oldugu kabuliine- dayanir. Bu kabulle, herbir altkanal
icin, komsu altkanallara kiitle, momentum Ve enerji alig-
veriglerini de i¢inde bulunduran korunum denklemleri yazilir. Bir
altkanal ig¢inde transvers dogrultuda akista ve fiziksel
6zelliklerde bir degisim olmadig: kabul edilir ve eksenel
dogrultuda biitiin kanal Ax sonlu araliklara bdliinerek sonlu fark

denklemleri elde edilir.
4

Altkanal ¢6ziimlemesinde kullanilan bazi terimler:

Altkanal akis debisi: Altkanaldan eksenel yo6nde gegen
debi. Bir altkanal i¢inde eksenel dogrultuda degisebilir.

xii



Saptirilmig akis debisi: 1ki altkanalin sintrint gegen,
transvers dogrultuda net akan kiitlesel debi. Bu akis tek yonliidiir
ve iki altkanal arasindaki basing farkindan veya altkanal igindeki
saptiric1 kanatlardan meydana gelir. (COBRA programinda bu

biiyiikliigiin birim uzunluk basina olan miktar:1 kullantlmistir).

Tirbiilans karigimi: Transvers dogrultuda debinin
calkanan bilesenidir. [ki kanalin arayiiziinde net olarak sifirdir.
Dolayisiyla kiitlenin korumuna etki etmez, fakat momentum ve

enerji alig-verisine etki eder.

COBRA-IV-I bigisayar programi, niikleer yakit elemanlar:
(yakit gubugu demetleri) ig¢inde, siirekli ve gegici rejimde, entalpi
ve debilerin degisimlerini ve dagilimlar1 hesaplar. Bu programin

6zellikleri sunlardir:

eAltkanallar arasinda tiirbtilans karisimi ve sapatirilmis akis
gdzoniine alinir. Saptirilmis akis debsi, altkanal debisi yaninda

cok kiigiiktiir.

esHerbir altkanalda iki fazli, kayan akis gdézdniine alinir ve

tek boyutta (eksenel y6nde, yani altkanal boyunca) ¢6ziim yapilir.

eFazlarin homojen karigmis ve termal dengede olduklar:
kabul edilmistir. Entalpinin, altkanal debisinin, 1s1 akisinin,
basincin, konumlin ve zamanin fonksiyonu olan bir bosluk orani
tanimlanmistir. Herbir fazin 6zellikleri altkanal iginde transvers
dogrultuda i#iniform alinmistir. Bilindigi gibi, halkasal akista
cidara komsu olan suyun hizi, buhar fazinin iginde siiriiklenmekte

oaln su zerrelerinin hizidan 6nemli Slgiide kiigiiktiir.

eGegici rejim hesaplamalarinda alinan zaman araliklari, ses
dalgasinin kanali ge¢mesi i¢in gereken siireden daha biyiik

alinarak, ses dalgasinin yayilma etkisi hesaba katilmamigtir.

eKullanilan ¢6ziim yodntemiyle bir sinir defer probleminin
¢6zUimi yapilir. Sinir sartlari, giristeki altkanal debisi ve gapraz

akis debisi, ¢ikistaki basingtir.

eKonum ve zaman adimlarinin segiminde, ¢Oziimiin

kararliliginin saglanmas1 igin gereken hig¢ bir sinirlama yoktur.
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eProbleme uygun olarak programin boyutlari

degistitirilebilir.

eAkis Oniindeki kismi engeller, y6n degistirici kanatlar ve

c¢ubuklarin etrafina sarilmis olan tel sargilar hesaba katilabilir.

eGii¢g yogunlugunun belirlenmesi durumunda, yakit ve zarf
sicakliklari, yakit ¢ubugu ig¢in segilmis olan bir modelle

hasaplanir.

eKomsu altkanallar arasinda bir tiirbiilans karisimi1 gézdniine
alinir. Net tirbiilans karigimi1 sifirdir ve saptirilmis akisa ilave

bir etki yapar. Sonugta bu iki ¢apraz siiperpoze edilebilirler.

eDenklemlerin ¢6ziimiinde bazi ampirik bagintilar
kullanilmaktadir. Programin yaglldlgl zamana kadar yapilmis olan
deneyler ve elde edilen ampirik bagintilar yeterli olmadigindan
bazi kabuller yapilmistir. Kullanilan ampirik bagintilar ve yapilan
kabuller bir hata igerdiginden, ¢o6ziim iizerine etkileri

tartigmalidir.

eProgramda kullanilan ampirik bagintilar; siirtiime katsayis:
korelasyonu, agir1 soguk sivi kaynama bosluk orani korelasyonu,
iki faz siirtme ¢arpant korelasyonu, iki faz bosluk orani:
korelasyonu, tek faz karisim korelasyonu, iki faz karigim
korelasyonu, konhmlandlrlcllar igin basing kaybi1 korelasyonlari,
1s1 transferi korelasyonlari, konumlandiricilarda meydana gelen

saptirilmis akis, saptirilmis akis direng katsayisidir.

eEnerji ve momentum korunumu denklemlerinde goriilen n
ve u', ¢apraz akista hakim olan kanalin, entalpisi ve hizi1 olarak

alinmaktadir.

ITU Niikleer Enerji Enstitiisii bilgisayarlarinda, galisan bir
COBRA-IV-1 programi bulunmadigindan, program OECD NEA
Databdnk'indan alinarak uygun bilgisayar ortamina aktarilmis ve

c¢aligtirilmistir.

Orijinal program IBM mainframe bilgisayarlarina uygun

olarak hazirlanmis sekli ile Databank'tan alindigindan, IBM PC
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uyumlu bilgisayarlarda caligabilmesi igin uyarlanmasi

gerekmisgtir.

Bu islem  yerine getirilirken COBRA-PC4 programi
olusturulmugstur. Bu program PC iizerindeki DOS, WINDOWS ve
0S/2 isletim sistemlerinde denenmis ve en uygun ortamin
WINDOWS ortami olguguna karar verilmistir. Windows ortami
DOS ortami gibi aktif Dbellek kullanimin1i 640 KB ile
sinirlamadigindan COBRA-PC4 programi istenilen giris

kosullarinda galigtirilabilmistir.

Bu asamadan sonra, deneysel sonuglarla COBRA-PC4
programinin dogrulugunun kontroliine baslandi. Bunun ig¢in ondort

ayri durum kullanilmistir. Bu durumlar asagida gosterilmistir:

eTek fazlt deneysel verilerin elde edildigi diizenegin
geomerisi su sekildedir: 0.847 m uzunlugunda birbirine baglantil:
iki diisey kanal, baglant: aralig1 1.52 mm genisliginde ve 3.17 mm
kalinliginda, kanallarin hidrolik ¢aplar1 12.6 ve 12.5 mm, kesit
alanlar1 166.2 ve 165 mm?>, tikanmantn yeri birinci kanalda kanal

giriginden 0.327 m igerde.

eTek fazli akisg ig¢in, plaka tipi tikanmada degisik akis
hizlarina sahip iki, %29.8 oraninda tikanma ve bir, %59.2
oraninda tikanma durumu incelenmis, sonuglar deney verileri ve

COBRA-IIIC sonuglar: ile kargilastirilmigtir.

eTek fazli akis i¢in, egimli tipteki tikanmada bir, %58.6
titakanma oraninda tek pargalt tikanma ve iki, %64.2 tikanma
oraninda iki pargali titkanma incelenmistir.

eiki fazli deneysel verilerin elde edildigi diizenegin geomerisi
de su sekildedir: 1.129 m uzunlugunda birbirine baglantil1 iki
diisey kanal, baglant: araligi 1.52 mm genislig§inde ve 3.17 mm
‘kallnllglnda, kanallarin hidrolik caplar1 12.43 ve 12.55 mm, kesit
alanla‘rx 162.4 ve 165.5 mm?, tikanmanin yeri birinci kanalda

kanal girisinden 0.272 m igerde.

oiki fazli akis i¢in, ii¢ adet degisik bosluk oranlarina sahip

durum incelenmistir. Bu incelemede bosluk siiriiklenmesinin.
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COBRA-PC4 tarafindan ne kadar ©benzetilebildigine dikkat

edilmistir.

eiki fazli akis igin, plaka tipi tikanmada degisik akis
hizlarina sahip ii¢ %31.9 oraninda tikanma ve bir, %61 oraninda
ttkanma durumu incelenmis, sonuglar deney verileri ve COBRA-

ITIC sonuglar: ile kargilagtirilmigtir.

COBRA-PC4 program: ile esas olarak kontrol g¢aligmalari
yapildiktan sonra, bilgisayar iizerinde deney adi verilebilecek
c¢aligmalara bagslandi. Bu asamada dokuz degisik durum ig¢in

bilgisayar deneyi yapildi.
Bu deneyler sunlardir:

esGeometri olarak iki fazli akis deneylerinde kullanilan

geometri segilmisgtir.

oiki fazli akis, tikanmasiz iig degisik akig sart: icin COBRA-

PC4 ile inceleme yapilmigtir

eiki fazli akis, plakalt %31.9 oraninda tikanma ve alt

degisik akig sartr igin inceleme yapilmigtir

Bu g¢alismadan ileride yapilacak deneylere kaymak olacak

sonuglara ulasilmstir.

Ayrica, deney setinin oniki altkanalli bir benzetimi yapilarak
sogutucu kanallar1 incelenmigtir. Bu deney setindeki akis kanali
alti, 1sitic1 ¢ubuk ¢evresindeki hacimden olugmaktadir. Elde
edilen sonuglarla, ASSERT programinin sonug¢lar: karsilagtirilarak

sonuglarin uyumlu oldugu goriilmiistiir.
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CHAPTER 1

INTRODUCTION

The thermal-hydraulic design of a power reactor core depends on the
expected performance of the core, like core life, fuel burn-up, power load
follow characteristics etc. This information is used to obtain heat removal
capacity of the core considering "critical heat flux" (CHF) which is one of the

most important quantity in reactor design.

Thus, thermal-hydraulic analysis of the nuclear fuel assemblies used
in power reactors requires detailed information on coolant parameters such as
pressure, flow rate, quality, void fraction, enthalpy etc. throughout these
assemblies. Because of these parameters are used for the determination of
limitation to the rate at which heat can be removed from a nuclear fuel
bundle.

Therefore, experiments in fuel assemblies of complex geometry are
important for the determination of the local conditions. Unfortunately,
obtaining experimental results aimed at having detailed information on mass
flow, enthalpy, void fraction and pressure distribution throughout the fuel rod
bundle are very difficult if not impossible.

Another thermal-hydraulically important subject is to investigate
consequences of coolant flow area blockages in fuel assemblies. In pressurised
water reactors during the refilling and reflooding phases of a hypothetical
loss-of-coolant-accident, the temperature of the zirconium fuel cladding could
reach peak values. These peak temperatures couples with high internal
pressure of fission product gases may result a ductile or brittle failure of
cladding. This failure could result in a swelling of the fuel rod. In this case
the flow area of a subchannel or a group of subchannels could be reduced. The
grid spacers and especially in CANDU reactors, the end plates may also perturb
the emergency core cooling fluid flow significantly.



Most of the experiments done on flow area blockages had a simple
geometry in order to gain a good insight into the thermal-hydraulic aspects
and to obtain detailed information on the variation of the key parameters;
liquid and gas flow rates, void fractions and pressures in the blocked and
unblocked channels. Obviously complex geometry experiments are more
desirable,. but due to measurement difficulties in rod bundles the determination

of above parameters, at present, very difficult.

To overcome these experimental difficulties, another approach to the
problems which consist of more sophisticated analysis techniques has been
employed [1-3]. In these techniques, the complex geometry of the fuel
assemblies is divided into small cells called "subchannels". Using lumped °
parameter approach the one dimensional conservation equations of mass,
momentum and energy are derived for each subchannel and solved numerically

while taking into account inter channel interactions.

The solution is a map of mass flow rates, enthalpies, void fractions
etc. throughout the rod bundle. Using these data either experimentally
determined critical heat flux is then correlated to the above local conditions or
consequences of flow area blockage could be determined for rod bundles.

The purposes of this work are the followings.
- Adapting the subchannel analysis computer code COBRA-IV-I
into IBM PC computers as COBRA-PC-4 at ITU Nuclear Energy Institute.

- Altering executable binary code type in order overcome

computer core storage limitations.

- Comparing the results of COBRA-PC-4 with the results of
COBRA-IIIC and experiments which are found in the literature. The experiments
in two interconnected parallel subchannels with or without blockage are

}
chosen for the comparison.

- Making computer experiments and produce results for the

fictitious experimental cases in interconnected parallel subchannels.



CHAPTER 2

COMPUTATIONAL SUBCHANNEL ANALYSIS [4-7]

Subchannel analysis, stands on the assumption of order of magnitude
of the axial flow rates are higher than transverse flow rates. With this
assumption, subchannels are divided axially into small control volumes and
the conservation equations for axial flow are written while taking into account
the exchange of mass, momentum, and energy between adjacent subchannels.
The transverse equations are used to ensure the coupling of the subchannels

axial equations.

2.1 Definitions of some terms

Axial mass flow rate (m): This term represents the predominant

axial flow rate of the selected subchannel control volume, i.

Transverse mass flow rate per unit length (#;and W,}’D): Two
mechanisms create transverse mass flows; transverse pressure gradients that
drive diversion cross-flow and turbulent fluctuations in the axial flow that

drive turbulent mass exchanges.

Diversion cross-flow rate (Wij): Net transverse mass flow rate
between the boundary of adjacent subchannels. It is a directed flow and is a
result of pressure gradients between two adjacent subchannéls or diversion
effects of flow blockages, fuel rod bowing in subchannel.

Turbulent interchange (W,TJ.’D ): This exchange is postulated to involve
equal' volumes of eddies which cross a transverse subchannel boundary. If
these eddies are also of equal density, as they effectively are for single-phase
flow conditions, then no net mass exchange results, but both momentum and
energy are exchanged between subchannels.



2.2 Specifications of COBRA-IV-I computer code

COBRA-IV computer code is an extended version of the COBRA-IIIC
subchannel code which computes the flow and enthalpy distributions in
nuclear fuel rod bundles or cores for both steady state and transient

conditions.
Specifications of this computer code are given as the followings.

a)  Turbulent mixing and diversion cross-flow rates are considered
between adjacent subchannels. Diversion cross-flow rate is assumed as smaller

than axial flow rate.

b) At each subchannel, it is assumed that two phase fluid, slip flow
conditions are valid and one dimensional (axial direction) solution is

computed.

¢) Homogenous equilibrium model is assumed. Void fraction
defined as a function of enthalpy, subchannel flow rate, heat flux, pressure,
location and time. Properties of each phase are uniform at transverse direction
in subchannel. As well known, in annular flow liquid flow rates close to
boundary smaller then the flow rates of the liquid droplets in gaseous phase.

d) * Time steps used in transient computations, taken as bigger than
time required to the propagation of sound waves along the channel, so effect
of propagation of sound waves is not considered.

e) A boundary value problem is solved by selected solving method.
These boundary conditions are inlet subchannel mass flux, cross-flow flow

rate and exit pressure.

f) There is no stability restriction while choosing either space or

time steps.

g) Maximum number of subchannels around a fuel rod is 6,

maximum number of adjacent subchannels to one subchannel is 4.



h)  Along the flow direction, separator blades, grid spacers and

wire wraps could be considered in computation.

i) For determination of power density, fuel and cladding

temperatures are computed by the model chosen for fuel rod.

J) Only between adjacent subchannels, turbulent mixing is
considered. Since equal mass exchange model is assumed, net turbulent
mixing is zero but it has additional effect on diversion cross-flow rates. So

these two cross-flows could be superposed.

2.3 Conservation equations used in COBRA

Mass Balance -

mitom; Ax
ox
Ny e
Wi Ax
—
@) : o Ax
Wi Ax E
-
' E W' Ax
—>
m;!t E !

Figure 2.1 Control volume for continuity equation

.th h

Applying continuity equation only i subchannel adjacent to j'

subchannel following equation is obtained

—QpiAiAx =m;,-m,;— om;
ot

~ L Ax = WyAx+ W' Ax— W' Ax. @2.1)

In this equation two phase density is defined as

p; =p,o+p,(l-a). 2.2)

Assuming there is no change in cross-section area with time and W} =W}

equation (2.1) is reduced to



A, 2 oax+ M Ay e WiAx =0 (2.3)
ot Ox
or obtained as
0 om
A —p; + . =0. 2.4
T at pl, ax 127 ( )

If i'™® subchannel adjacent to more than one subchannel continuity equation is

op;
A _=_ 2.
i Z,( (2.5)

Energy Balance

shitomh, Ax
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Figure 2.2 Inlet and Exit Energies of Control Volume
Internal Energy of control volume is

p U OAAx +pu(1-a)AAx (2.6)

Since gaseous and liquid phases are in thermal equilibrium, p, = p; = p

and using relationship A = u+2 and definition

P
, o= p .o +peh,(1-a) @.7)
R
Internal Energy is reduced to
piu; A Ax (2.8)

Energy balance equation :



O ot Az = mh, —mp — O Ay giax
ot oz (2.9)

Considering no change in channel cross-section area in time, and
performing required reductions equation 2.9 is
0 om;h,

A, EPEui = g -Wh" + W', (h;— k). (2.10)

First term of LHS of this equation expanded as

B d D, 3 op,
A —pu. =A —(ph, —-p'—=)=A —(ph)- A, — 2.11
i 5 it ,at(p, ; — P} p;') Lat(p, i)~ A, P (2.11)

and then substituted into equation 2.10 following equation is obtained

om;h,

—, . , op;
™ =qi—Wijh +Wij(hj—hi)+AiE (2.11)

0
A —p'h. +
Latpl 13

In order to prepare this equation to numerical solution, it is
needed to expand multipication terms under derivation sign. First term
of equation 2.11 using the equation 2.7 could be expanded as

pih; =pho+ph(l-a)
=p,olh; —(1-x)h,1+p,(L—a)(h; — xh,) (2.12)
=[ap,'+(1-a)pIh; —[a(l—x)p, +x(1 - )p; A,

Expression in second parenthesis

y =a(l-x)p, +x(1-a)p; (2.13)
is named slip correction term. Using this definition p}h; term turns to

pih; = p;h; — ‘Vhfg . (2.14)

Derivation of this term with respect to time could be expanded as

0

P oh. oy, Oh,
r Do =2 (o —yh, )= (o, —h, O¥y. O 2.15
ot P 6h,-(p” Whi) at e (2:13)

Second term of equation 2.11 expanded as



om.h, oh, om,; oh
[t - mi 2 +hi | S mi
ox ox ox Ox
Last term of equation 2.11 could be disregarded. This assumption and

LW, (2.16)

gyt

substituting equations 2.15 and 2.16 into equation 2.11 energy balance

is

oy - Oh, oh,
Alp,—h .
ilbs =l o 1 ™

or for the case of more than one adjacent subchannel

=q;-W'; (h; —h;)+W;(h, ~-h") (2.17)

oy , Oh; oh, _, '
Ai[pi“hﬁg ahi] ot +m, Bx =qi—;Wij(hi_h’j)

(2.18)
+> W,h,—h")

is obtained.

Heat transfer term g/ could be divided into two terms. First
term is heat transfer from fuel rod to the subchannel. Second term @/, is
heat transfer between subchannels. It is assumed that transferred heat is
proportional to the temperature difference between subchannels and
coefficient is depend on channel geometry and fluid heat conduction
coefficient. With these assumptions g, term is shown as

NI
g/ =q,- Y Cy(T,-T;). (2.19)
=1
Using this definition of g/ and effective enthapy flow rate
ul'= m 5 modifying equation 2.18, energy balance equation is
A (p; —hy )
1 6h, Ooh, C. w.
ety =gt - M (T, -T,)—2~) (h;~h,)—~
u’ ot ox % Zj:( ’ ’)mi ‘?( i =h;) m,
W (2.21)
+3 (b, -nH)—L
zj:( l )mi

First and second terms on the RHS of equation (2.2), represents only
the net heat addition to the channel i. Third term refers to enthalpy exchange
by turbulent mixing between channels. W'ij calculated from an empirical

relation. Last term refers to transferred energy by diversion cross-flow.



Axial Momentum Balance
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Figure 2.3 Inlet and Exit Momentun from Control Volume

Genaral form of momentum balance is shown as

{rate of momentum} {momentum} {momentum} {external
= - + .

accumulation inlet rate exit rate Jorces

Considering i'" subchannel and adjacent jth subchannel writing terms

using figure 2.3

'

imiAx = mu; + Wiu,Ax —mu,; — oyt Ax — Wiu,Ax
ot ox 5 (2.22)
—~W,u"Ax — gA;p; cos0Ax — F.Ax — A, api
x
Since W =W}, axial momuntum balance is reduced to
%mi = W, ;) - W” — % _ gA o, cos0— F, - A, gp,. . (2.23)
x

While obtaining this equation only one flow rate is used. This flow rate,

which js defined as
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u; = ”A—V (2.24)

11

is effective momentum flow rate. v; in this definition is effective

momentum specific volume and defined as

x (1-x)?
=2y (8TE
e £ 1-a

Frictional force F;Ax that in axial momentum equation has two source. First

(2.25)

is continuous viscous losses and second is local losses. Local losses
originated from spacer and blockage in subchannel. Frictional force acting

on the unit length of control volume due to local and continuous losses is
Af " AK ’
F, = f:0:v; (ﬂ) ik iVi (ﬁ) (2.26)
2D, \A, 2Ax \ A,

In equation 2.24 there is a multipicated derivation term. It is needed

to expand this term. Using continuity equation and u; definition

Cox F ot 6x\ A,

is obtained. Expressions 2.26 and 2.27 are substituted into equation 2.23

then axial momentum equation is

10, _oq,%:

m; i
A. ot ot

%_ sz; i Vf¢
+ (Ai)[ G(x)+ A, (AJ 21)] (2.28)

I

—fTZ(u W” +Z(2u -u )——gpcose

l l

for N adjacent subchannel. Here

4

— X, <X <X,

G(x) =

0 ;x<x,, %, <%
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Transverse Momentum Balance

u*x+Ax /
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/
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Figure 2.4 Inlet and Exit Momentum in Transvers Direction

According to figure 2.4 transvers momentum balance is

—F;Axl - p;sAx + p;sAx = aa—sleu —(p'slu’v )

(2.29)
+(p'slu"v, ),
After each term reduced by /Ax
s 6p (p*slu*u )oonr — (P sl’v)
K. 4 —D. Yx/x+Ax x/x
5+ (Pi=p;) g =" 80, Ax (2.30)

is obtained. Last term in Ax —0 limit turns to O[p su’]/dx; W, = =v,8p
substituted into equation 2.30. Then transvers momentum balance is
oW,  du W]

. .S
_F.o4(p—'p)E= 2.31
i+ (P p’)l ot M ox ( )

In this equation p*

- [PV > 0 2.32
P = oW, <0 , (2.32)
>3
In steady-state condition (p,—p; =K, —{ and v=
steady-state c (pz b; i g 7 s
form pressure loss due to cross flow is
K
F, = ”I l ( ) (2.33)
2s5%p" l ‘

Modifying equation 2.31
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oW; | olu'W;] +@ KW,

i S
po P z “W; = (p, ~p)7 (2.34)

2s%p"

Irrecoverable Pressure Loss, K,, Spacer Loss Coefficient, K,

Diversion Cross-Flow Resistance, K;; [8]

The irrecoverable pressure loss defined as

A
K, = 2o, (2.5)
7PV

where v is the average velocity of the undisturbed flow.

The spacer loss coefficient is defined as

K = Apform . (26)

Assuming linear pressure drop within distance Ax; K;=K/Ax; is used for

spacer loss coefficient.

The diversion cross-flow resistance defined as
P — P
il

8

: (2.7)

s’p

K, =

Ny
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2.4 COBRA PC-4 Code

Original FORTRAN listings of COBRA-IV-I computer code is
obtained from OECD NEA Data-bank which is tested for IBM 3084
mainframe computers. This form of code is not suitable for execution on PC
computers and Workstation. Since available computers in our institute are
PC compatibles COBRA-IV-I code should be adapted into these computers
in order to be executed. Original flow chart of COBRA-IV-I code shown at
Fig. 2.1

Some enhancements and modifications are required for this kind of
adaptation. In order to obtain suitable executable code following

enhancements are performed.

-Input and output files are arranged at utility SPECSET..
-Incompatible CSPECS utility is replaced by SCISS.

-Input/output and include files are arranged at COBRA-IV-I master
file.

-In order to have a modular structure, which is more easy to
maintain and to generate executable binary, COBRA-IV-I master file divided

into its subprograms.
1

-All of the subprograms are compiled in library form with the help

of the modular form.

-Several compiler dependent syntax and runtime errors which

occurred at test stage of executable binary are fixed in COBRA-PC-4

-For executable binary, MS-FORTRAN 5.1 compiler is used for
obtaining DOS, WINDOWS and OS/2 executables.

2.5 Changes made on COBRA-IV-I computer code

Important modifications that are performed on COBRA-IV-I are

shown below.
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Master COBRA-IV-I FORTRAN source file chopped into the files for
each routine, since the compiler is not suitable for compiling a single master
file

Two IBM3084 system dependent assembler routine replaced with
compiler dependent routines to check date and time; IDAY.FOR,
ICLOCK.FOR

Input/Output files are arranged in COBRA.FOR main routine so an
option for input file could be made.

Compiler errors from preinitialization statements are fixed.

A timer added in code to indicate total running time for further

benchmark purposes

The initalizer routine CLEAR.FOR is discarded, since variables are

already initialised to zero by compiler, also DUMP.FOR option is disabled.

In AREA.FOR routine variable preinitalization statements are

separated from the definition statements due to compiler error.

Format statement is changed due to consistency with the output list at
routine CARDG2.FOR

In CARDG4.FOR routine read statements are reorganised to the

proper input format.
At CARDG7.FOR routine several CALL LOADL statements are
modified to CALL LOADLI1, CALL LOADL2 statements due to compiler

error about inconsistency of parameter list.

Read statements are reorganised to the documented input format at
routine CARDGS8.FOR

If block is modified due to compiler error in routine CARDGC.FOR
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Variable definition statements are separated and placed before the

initialisation statements in routine CHF1.FOR

At the printout stage of RESULT.FOR, subcahnnel length data
converted from inch to mm, pressure data converted form psi to N/m* mass
flow rate data converted form lb/sec to kg/h. Also output format specifications

are corrected due to compiler warning.

All routines, but main routine COBRA.FOR, are compiled and routine
library is built by these routines. Using this library form is very modular
while obtaining the executable binary of COBRA. Main routine also compiled
and linked with the routine library then executable is obtained. Finalh flow
chart of COBRA-PC4 is shown at Fig. 2.2

This procedure of obtaining executable is performed at several
different operating systems, DOS, 0S/2, WINDOWS. DOS operating system
is restricted with the maximum core memory which is an upper limit on the
executable size of 640 KB, however other operating systems OS/2 and
WINDOWS have not such software based core restrictions. While the array
sizes in COBRA code are grown, the executable size would be bigger than 640
KB in DOS operating system. This problem let us to use 0OS/2 or WINDOWS
environments for running the code. Current COBRA-PC-4 executable binary is
in form of WINDOWS one.

After the completion of these work, original test cases of COBRA-IV-
I are tested on COBRA-PC-4 and exactly the same results are obtained.
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Figure 2.5 COBRA-IV-I FLOW CHART [4]



17

SPECSET 5
Data > |
SPECSET 11 Sized
Compile,Link & Execute ———>] COMDECKS
Unsized 16
COMDERS >
5
I Y
SCISS
Fortran
Compile,Link & Execute
SPEC??.FOR B
Fortran <
Files 3

COBRAPC4
>—— Compile + Link < Fortran
File
FT10 10 CUBRAPC4 6 COBRAFC4
file > Load Module > OUTPUT
TEST CASE 5
Input Data >

Figure 2.6 COBRA-PC4 FLOW CHART



CHAPTER 3

VERIFICATION OF COBRA-PC-4 RESULTS

3.1 Experimental Data - Overview

Three groups of sample experimental data are chosen from literature.

These are the followings.

1. Single phase with subchannel blockage.
2. Two phase.

3. Two phase with subchannel blockage.

The experiments are performed on a test section consist of two
parallel subchannels. List of the experimental geometry and set-up is given in
the Fig. 3.1 and the Tables 3.1, and 3.2.

Figure 3.1 Geometry of Test Sections [1]

Table 3.1 Single phase with subchannel blockage
Experimental Data [1]

Square Channel
Gap Clearance 1.52 mm 0.06 in.
Gap Thickness 3.17 mm 0.12 in.
Hydraulic diameter CHI 12.6 mm 0.496 in.
: CH2 12.5 mm 0.492 in.
Hydraulic perimeter CHI 52.762 mm 2.07724 in.
CH2 52.8 mm 2.07874 in.
Area CHI 166.2 mm’ 0.258 in’
CH2 165.0 mm’ 0.256 in?
Interconnection length 847.0 mm 33.35in.
Blockage Location CHI 327.7 mm 12.90 in.




Table 3.1 Continue

19

Blockage Area Flow Rate Flow Fractions Total Mass
Type | Reduction (ke/h) Flux
CHI CH2 | CHI  CH2 (Mib/h-ft4)
Run#10 Plate 29.8% 1854 1717 | .5192  .4808 2.2087
Run#11 Plate 29.8% 2633 2393 | 5116  .4884 3.1086
Run#8 Plate 29.8% 1859 1761 | .5239  .4761 2.238
Run#18 Smooth 58.6% 1816 1862 | .4937  .5063 2.2750
Run#19 Smooth 58.6% 2640 2665 | 4976 .5024 3.2812
Runi#20 Smooth x 2 64.2% 1816 1798 | .5025 4975 2.2353
Run#21 Smooth x 2 64.2% 2635 2634 | .5001 @ .4999 3.2589

Table 3.2 Two phase with and without subchannel blockage,

Experimental Data [2,3]

Square Channel
Gap Clearance 1.52 mm 0.06 in
Gap Thickness 3.17 mm 0.12in
Hydraulic diameter CHI 12.43 mm 0.4894 in
CH2 12.55 mm 0.4941 in
Hydraulic perimeter CHI 52.26 mm 2.058 in
CH2 52.75 mm 2.077 in
Area CHI 1624 mm2 | 0.2517 in?
CH2 165.5mm2 | 0.2565 in?
Interconnection length 1129.6 mm 44.47 in
Blockage Location CH1I 272 mm 10.71 in
Centroit Distance 155.88 mm 0.6252 in
Blockage Area | Liq. Mass Flux | Void Mass Flux | Flow Fractions
Type | Reduction | (kg/sqm-s) (kg/sqm-s)
' CHI CHI CH2 | CHI CH2 CHI CH2
Run V-1 - 0% 3175 3089 | 13.47 0. 0.60 0.
Run V-6 - 0% 3125 3065 | 8045 0. 0.51 0.
Run V-9 - 0% 3113 3075 | 1486 1.20 0.59 0.17
Run#1 Plate 31.9% 2006 1969 | 104 105 | 0589  0.60
Run#2 Plate 31.9% 2022 1994 9.7 0.0 0.595 0.
Run#3 Plate 31.9% 2008 1964 0. 9.8 0. 0.602
Runi#4 Plate 61% 2016 1983 11.8 10.9 | 0597 0612

Using experimental set-up and

data, a proper input data were

prepared for execution of COBRA-PC4 code. The results corresponding to the

input cases are shown in the following figures.

It is concluded that COBRA-PC4 code is capable of simulating the

flow in subchannels.
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3.2 Single Phase With Subchannel Blockage
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Figure 3.2 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.3 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.4 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.5 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.6 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.7 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.8 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.9 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.10 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.11 Comparison of COBRA-PC4 Predictions with Experimental Data



25

10000 Sqguare Channel Smooth Blockage Run #18
m Pressure Drop at Unblocked Channel
1 o Area Reduction :58.6%
B : Inlet Flow Rates
7 Blocked Channel : 1816 kg/h
&000— Unblocked Channel : 1862 kg/h
- K,;=1.0, K=0
B O Experimental
—~ i < Cobra PC-4
§ 6000—
5] :
+ g . A
000— *
% * - * oOOO
| ©
1
- P
. g
2000—
0 T [T O [T T T[T O T[T T[T T [T T T [T T[T T T [TTTr]

-50 -40 -30 -20 -10 O 10 20 30 40 50 60
Position (cm)
Figure 3.12 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.13 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.14 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.15 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.16 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.17 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.18 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.19 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.20 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.21 Comparison of COBRA-PC4 Prediotions with Experimental Data
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Figure 3.22 Comparison of COBRA-PC4 Predictions with Experimental Data
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3.3 Two Phase Flow Without Blockage
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Figure 3.23 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.24 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.25 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.26 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.27 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.28 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.29 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.30 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.31 Comparison of COBRA-PC4 Predictions with Experimental Data
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3.4 Two Phase Flow With Blockage
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Figure 3.33 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.34 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.35 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.36 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.37 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.38 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.39 Comparison of COBRA-PC4 Predictions with Experimental Data



40

30,000 Vertical Two Phase Flow Plate Blockage Run 3
N Pressure Drop at Blocked Channel
Area Reduction:31.9%
— Inlet Flow Conditions
* g Gyukg/m?s) G (kg/m?) o %
B < Channel 1: 2008 0.0 0.0
| ~ Channel 2: 1964 9.8 60.2
X K,=1.0, K=0.3
20,000 Xx > Experimental CH1
x
Q . O S — Cobra PC-4 CH1
g -
>3
< —
10,000—
— "\‘)‘g
— \"X\
O IllllllIIII]lI[IIIIIIIIIIIIIlrlllll“l“llll
-60 -40 -20 0 20 40 60 80 100

Position (cm)

Figure 3.40 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.41 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.42 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.43 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.44 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.45 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.46 Comparison of COBRA-PC4 Predictions with Experimental Data
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Figure 3.47 Comparison of COBRA-PC4 Predictions with Experimental Data
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3.5 COBRA-IV-I Results

To show the consistency of the COBRA-PC-4 and COBRA-IV-I
some of the results of COBRA-IIIC are given below [1,3]

RUN #8, SQUARE CHANNELS
PRESSURES IN BLOCKED CHANNEL

BLOCKAGE : PLATE
- 16 000 AREA REDUCTION : 59.2%

o EXPERIMENTAL

—_— COBRA III-C

INLET FLOW RATES
BLOCKED CHANNEL : 1 859 kg/h
- 14 000 UNBLOCKED CHANNEL : 1 761 kg/h

12 000

K..=1.0, K =0.5

K;: =1.0, K=0.1

5]
(=
V4 p—
(&)
Q
=
=1.0,K=0
4 000 ~
2 000 -
. [ )
©— INTERCONNECTION REGION —
| \ \ \ | g Hm
-0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

Figure 3.48 Single Phase with Plate Blockage Run#8
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Figure 3.49 Single Phase with Plate Blockage Run#8
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Figure 3.50 Single Phase with Plate Blockage Run#8
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Figure 3.51 Two Phase with Plate Blockage Run#1
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Figure 3.52 Two Phase with Plate Blockage Run#1
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Figure 3.54 Two Phase with Plate Blockage Run#1
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Figure 3.55 Two Phase with Plate Blockage Run#1
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Figure 3.56 Two Phase with Plate Blockage Run#2
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Figure 3.58 Two Phase with Plate Blockage Run#2
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Figure 3.59 Two Phase with Plate Blockage Run#2
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Figure 3.60 Two Phase with Plate Blockage Run#2
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Figure 3.63 Two Phase with Plate Blockage Run#3
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Figure 3.64 Two Phase with Plate Blockage Run#3
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Figure 3.65 Two Phase with Plate Blockage Run#3
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Figure 3.66 Two Phase with Plate Blockage Run#4
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Figure 3.67 Two Phase with Plate Blockage Run#4
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Figure 3.70 Two Phase with Plate Blockage Run#4

These are the results of the same runs which are given above.




CHAPTER 4

COBRA-PC4 PREDICTIONS ON FURTHER TEST CASES

After getting consistent results from blockage simulations with the
experiments some predictive cases were performed. The results are shown in

graphics.

As a further step for prediction , a model of a multi subchannel test
section was simulated in COBRA-PC4. This model consists of six heater rods
of three kind in an flow channel. The rods, which are made of INCONE-600
material, produce heat by conducting an electric current under certain
potential difference. Since they are at different thickness, they produced
different amount of heat that transferred to the coolant. The object of this case

to find out whether the critical heat flux conditions are reached.

Table 4.1 Computer Experiments

1 CHI CH2 Explanation

Area Reduction (%) , 31.9 (Plate) No Reduction Similar to Run#3
Ligquid Flow Rate (kg/h) | 1600 800 with diferrent inlet
Void Fraction (%) 0.0 60.2 flows

2 CHI CH?2 Explanation

Area Reduction (%) 31.9 (Plate) No Reduction Similar to Run#3
Liguid Flow Rate (kg/h) | 1921 480 with diferrent inlet
Void Fraction (%) 0.0 60.2 flows

3 CH1 CH2 Explanation

Area I'Qeduction (%) 31.9 (Plate) No Reduction Similar to Run#3
Liquid Flow Rate ’(kg@ 2401 0.0 with diferrent inlet
Void Fraction (%) 0.0 60.2 flows




58

Table 4.1 Continue

4 CHI CH2 Explanation

Area Reduction (%) No Reduction No Reduction Similar to Run-V1
Liguid Flow Rate (kg/h) 2958 739 with diferrent inlet
Void Fraction (%) 60.0 0.0 flows

5 CHI CH2 Explanation

Area Reduction (%) No Reduction No Reduction Similar to Run-V1
Liguid Flow Rate (kg/h) 2464 1232 with diferrent inlet
Void Fraction (%) 60.0 0.0 flows

6 CHI CH2 Explanation

Area Reduction (%) No Reduction No Reduction Similar to Run-V1
Liquid Flow Rate (kg/h) 3969 0 with diferrent inlet
Void Fraction (%) 60.0 0.0 flows

7 CHI CH2 Explanation

Area Reduction (%) 31.9 (Plate) No Reduction Similar to Run#3
Liguid Flow Rate (kg/h) 1500 900 with diferrent inlet
Void Fraction (%) 0.0 60.2 flows

8 CH! CH2 Explanation

Area Reduction (%) 31.9 (Plate) No Reduction Similar to Run#3
Liguid Flow Rate (kg/h) 1400 1000 with diferrent inlet
Void Fraction (%) 0.0 60.2 flows

9 CHI CH2 Explanation

Area Reduction (%) 31.9 (Plate) No Reduction Similar to Run#3
Liguid Flow Rate (kg/h) 1300 . 1100 with diferrent inlet
Void Fraction (%) 0.0 60.2 flows
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Vertical Two Phase Flow Plate Blockage
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Figure 4.1 COBRA-PC4 Predictions
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Figure 4.2 COBRA-PC4 Predictions ’
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Figure 4.3 COBRA-PC4 Predictions
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Figure 4.5 COBRA-PC4 Predictions
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Figure 4.6 COBRA-PC4 Predictions
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16,000 Computer Experiment 3
— Pressure Drop at Channels

— Area Reduction: 31.9%
Inlet Flow Conditions

m (kg/h) o % Glkg/m?®s)
7 Channel 1: 2401 0.0 4106
12,000— Channel 2: 0 60.2 0

—F—— Cobra PC-2 CH1
—&—  Cobra PC-4 CH2

4,00H
.
— \\E
0 e
I ) Ik O B
-40 -20 [ 20 40 60 80 100
Position (cm)
Figure 4.7 COBRA-PC4 Predictions
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Figure 4.8 COBRA-PC4 Predictions :
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Figure 4.9 COBRA-PC4 Predictions
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Figure 4.10 COBRA-PC4 Predictions
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Figure 4.11 COBRA-PC4 Predictions
Vertical Two Phase Flow

Position (cm)

1.00— Computer Experiment 4
7] Void Fraction at Channels
’ Inlet Flow Conditions
7 m (kg/h) o % Gkg/m?s)
N Channel 1: 2464 60.0 4215
0.80—] Channel 22 1232 0.0 2068
] ! ——F— CobraPC-4CHI1
B —4A— Cobra PC-4 CHZ2
0.60— %
—
0.40—
4
0.20—
0.0 IIITTIIIIIIIIIIIIIIIIIllllillgIITITIII1"[IIIITIIIII
20 30 40 50 60 70 0 90 100 110

Figure 4.12 COBRA-PC4 Predictions

Position (cm)

120



65

Vertical Two Phase Flow
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Vertical Two Phase Flow
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Vertical Two Phase Flow Plate Blockage
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Vertical Two Phase Flow Plate Blockage
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Vertical Two Phase Flow Plate Blockage
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Vertical Two Phase Flow Plate Blockage
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TABLE 4.2 Comparison of the ASSERT-4 code
predictions with the COBRA-PC4 predictions

ASSERT-4 Run Predictions, [10]

Channel | Mass Flux | Mass Flow | Exit Quality | Void Fraction

# Mib/hr-ft2 | 1b/sec % %

1 5.6680 1.0615 9.382 44.93
2 5.3575 0.6208 7.822 40.43
3 5.2850 0.6124 8.254 42.18
4 5.5389 1.0375 10.143 47.47
5 4.7094 1.0503 17.425 63.84
6 5.6260 1.0538 9.600 45.59
7 5.2624 0.9857 11.97 52.76
8 4.3790 0.9766 21.02 69.41
9 5.3516 1.0024 11.28 50.80
10 4.8318 0.5600 11.32 51.97
11 5.1518 0.9647 12.77 54.73
12 4.9077 0.5688 10.68 50.10

COBRA-PC4 Run Predictions
Channel Mass Flux Flow Equil Quality | Void Fraction

# Mlb/hr-ft2 | Ib/sec % %

1 5.4287 1.0168 9.135 55.554
2 49337 5720 9.017 55.199
3 49270 5712 9.059 55.325
4 5.3227 9970 9.796 57.449
5 5.2331 1.1670 11.028 60.643
6 5.3374 9997 9.705 57.196
7 5.2448 .9824 10.323 58.865
8 5.1566 1.1499 11.588 61.968
9 5.2360 .9807 10.382 59 021
10 4.7261 5479 10.513 59.359
11 5.1434 .9634 11.046 60.689
12 4.7156 5467 10.589 59.551
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CONCLUSIONS

The subchanne!l thermal-hydraulics code COBRA-IV-1 s
successfully adapted into PC type computers. The memory limitation
originated from DOS operating system is overcome by using WINDOWS
environment. Thus some memory management routines of COBRA-IV-I is

eliminated while adapting.

COBRA-PC4 run with the test inputs, fuel thermal sample and U-
tube sample problems produced same results as in reference outputs of

these test problems.

The experimental data have been compared with the predictions of
the subchannel code COBRA-PC4 to ascertain how well they can be
predicted. Also some predictions are generated for the future experimental

studies.

The comparison of the code predictions with experimental data
taken from the literature and COBRA-IIIC results shows that;

Single phase with blockage predictions are similar to the COBRA-
ITIC so that both predict 30% plate blockage fairly well, however they fail
to predict the data on 60% plate blockage. For smooth blockage very
reasonable agreement is obtained between COBRA-PC4 pfedictions and
experimental data as well as COBRA-IIIC.

Predictions of the two phase experiments without blockage are in
good égreement with the data. Two phase with blockage predictions also
look same as COBRA-IIIC.

Using two phase results some computer experiments are performed
with COBRA-PC4. Several different mass flow rate cases are predicted.
The observations on these predictions are the followings. '
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1. For the 2:1 or higher ratio in flow rates the effect of blockage

cannot be seen on mass flow rate diagram.

2. For flow rate ratios lower than 2:1, i.e. 1.4:1 the effect of the

blockage is more dominant.

Another kind of comparison is performed by a multi-subchannel
test section (rod bundle) simulation. Predictions compared with the
results of another subchannel code, ASSERT-4. COBRA-PC4 gives
reasonably compatible results with ASSERT-4.
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