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. ABSTRACT | -

A one-pass simplified analysis method for steady state PWR
core has been developed. The advantages over thé other multistage
approaches have been discussed and compared. Recommended nodal-
pattefns for modelling the reactor core have been proposed. Also
the effect due to ﬁhe lumbed channel techhidué'uéilized in both
the Simplified method and existing multistage methbds has been investi-
gated for both 2D and 3D problems. Fér the hodal pattern recbmmended
with the proposed one-pass analysis method, use of the lumped channel

technique introduces negligible errors.



o s b e o

N At eva

- e o A s

. CHAPTER 2. ANALYSIS METHOD FOR DNBR DE”ERMINATION

vii

VOLUME I

~ TABLE OF CONTENTS

CHAPTER 1. DESCRIPTION OF THE PROBLEM..::ccceeccscscccocicnconns

-

1’.0, Introduétion.l.'.............."l....'..........’.......
1.1 Uncertainties,Assoéiated with ‘the Cascade Method......

1.1.1 Boundary Conditions for the Hot Assembly

AnalySiS-n--c- 00000 0.'........000-0.-0000....0..'

1.1.2 Transport Coefficients for Momentum and
Energy Exchange Between Homogenized Regions....

1 2 PWR AnalySiS IIeeds- [ .k o. * e o‘.o e o e o 0-0 e o o o

® S & 0% &0 0 58P0 0

1.2.1 MDNBR Analysis......ceceeeeenns

1.2.2 Coupled Thermal Hydradlic?Nedtronic Analysis...

1.3 Recommended Analysis Methods ccceveecerscccsssasannans

2.1 Identification of the Hot Subchannel....,.

- 2.2 Fine Mesh Size in the Region of the Hot Channel.......
2.3 Coarse Mesh Size in Core Region Outside Fine Mesh.....

2.4 Use of Transport CoefficientsS...ceeeeeeceeioss

2.5 Accuracy of Results - This Method Compared to the
Cascade Method....eoeseeeeenoacncacas

® & 6 6 g e 20 000000000

CHAPTER 3.- ANALYSIS METHOD FOR COUPLED THERMAL HYDRAULIC-
NEUTRONIC ANALYSIS.I.C..‘.‘O.I......I.....'....‘..I.

3.1 Enthalpy Errors in 3D vs. 2D AnalysiS...ccceceosccsccces
3.2 Application of Only the NH Transport Coefficient......
3.3 Numerical Value of NH(z) from 3D Multiregion Analysis.

CHAPTER 4, CONCLUSIONS & o o o o s « o o o o s o o s o o o o o
REFERENCES s« v viooeseonncesonscsonsesononassonasans



e A £ o . % 4 - —— =% 5 et o = e = & 7%

mremnr - o - o ———_— e & b § ekt ® -

Figure
Figure
Figure

Figure

Figure

Figure
Figpre
Figare
Figure
Figure
Figure
Figure

Figure
Figure
Figure

10
11
12

13
14
15

viii

VOLUME I

LIST OF FIGURES

The Variation of MDNBR as a Function of Enthalpy
Difference from Base Case for Different Radial

Power .Factors

The Variation of MDNBR as a Function of % Change
in Mass Flow Rate for Different Radial Power

Factors

Effect of the Internal Mesh

Effect of the Representation of the Whole Core
versus Partial Core

Effect of the Coarse Mesh -

Comparison Between the Total Crossflow Leaving the
Hot Subchannel in the Three Cases

Comparison
of the Hot

Comparison
of the Hot

"~ Comparison

of the Hot

Comparison
of the Hot

Between Flows
Subchannel in

Between Flows
Subchannel in

Between Flows
Subchannel in

Between Flows
Subchannel in

Crossing the Upper Boundary.
the Three Cases

Crossing the Left Boundary
the Three Cases

Crossing the Right Boundary
the Three Cases

Crossing the Lower Boundary
the Three Cases

Different Patterns of Channels in the Whole Core Analysi
with Small Numbers of external node

Comparison

of NH(z) Determined by 2D and Various 3D
Representations :

Channel Layout for the 3D Multiregion Analysis

NH(z) for the 3D Problem of Figure 13

Errors Found Without Using Transport Coefficients



PR S

PRSP LIRS
v

Y IRRIERY

e .

Lo e
sl abwn,

P AV RSuL N

k]

ix

VOLUME I

LIST OF TABLES

TABLE I. Expected Errors in 2D Homogenized'Region Enthalpy
’ : for Power.Upset Case '

TABLE II.' MDNBR for the Different Cases Analyzed -

TABLE III. Effect of Different Patterns of Channels

-TﬁBLE Iv. Effect of Hot Channel Boundary Conditiqns on MDNBR



mdieat e i Db e

APPENDIX

, APPENDIX

APPENIDX

APPENDIX
APPENDIX .

APPENDIX

APPENDIX

VOLUME I

LIST OF APPENDICES

DERIVATIONS OF THE COUPLING COEFFICIENTS FOR
A TWO DIMENSIONAL PROBLEM

ANALYSIS OF COUPLING COEFFICIENTS IN
COBRA ITIIC

DESCRIPTION OF THE DATA USED IN THE ANALYSIS

" TABULATION OF CORE CASES ANALYZED IN THIS STUDY

PREDICTION OF ENTHALPY RISE IN THE HOT ZONE FOR
MULTIREGION AND HOMOGENIZED REPRESENTATIONS

DERIVATION OF N AND Npp FOR LINEAR
GRADIENTS OF EN%HAL?Y VELOCITY AND PRESSURE

FOR TWO DIMENSIONAL PROBLEMS

SENSITIVITY OF PREDICTED MDNBR TO ASSEMBLY
PARAMETERS

65
80

93

154

164

167



e et

P

!

- vz

@ ;m
.'-"

xi

‘ ﬁOMENCLATURE

:cross—section area for subchannels i, (Lz)
cross-section area for any subchannel (Lz)

cross-section area for homogenized subchannels
k (L2)

thermal conduction coefficient for subchan-
nels i and j (H/TBL)

thermal conduction coefficient for homogen-
ized subchannels L and R (H/TeL)

crossflow friction force for subchannel i (F)

ecrossflow friction force. for homogenized
subchannels (F)

axial elevation increhent, (L)

axial change of radially averaged enthalpy in
the multi-subchannel representation, (H)

axial change of radially averaged enthalpy in
the homogenized representation, (H)

axial friction force per unit length (F/L)'
Flow ratio ‘
average flow rate

gravitational constant, (L/Tz)

mass flux of channel 1

averaged mass flux \

“enthalpy for subchannel i, (H)

Ny



[
rermvan e tee s el o

h¥

3

k

'H

k

Hp
X
L
i
My
N

12Ny Nppo
Ny

N!

x13

effective enthalpy carried by diversion

crossflow (H)

radially averaged multi-subchannel enthalpy,
my -

homogenized enthalpy for region k, (ﬁ)
inlet enthalpy ratio

crdésflow resistance coefficient

channel length, (L)

flow rate for subchannel 1 (M/T)

flow rate for homogenized region k, (M/T)
Total number of rods

NTF’NTU coupling coefficients

averaged coupling coefficient

total number of subchannels edual to

N/2 for N even
N/2+1/2 for N odd

pressure for subchannel i (F/L2)
pressure for homogenized region k'(F/Lz)
power ratio

?ﬁit)addition per unit length, for subchannel 1
L

averaged heat addition per unit length (H/L)

heat addition per unit 1éngth for homogenized *
region k (H/L)

ratio of ﬁ; in the FLOW UPSET CASE
rod spacing (L) 4
effective velocity carried by diversion -

effective averaged velocity for adjacent channels



| -~

'
PPN NENFSRT T

i
L e e vn Mo v A ) LA ol 27 e S ¢

e e B mite e

vo v —— e e

xiii

effective momentum velocity for subchannel
i, (@/T)

effective momentum velocity for homogenized
region k, (L/T)

effective averaged velocity for homogenized
region L and R . '

diversion crossflow betweeén adjacent sub-.

,channels (M/TL)

diversion crossflow between homogenized region
L and R (M/TL)

- turbulent interchange between adjacent sub-

channels i and j§ (M/TL)

turbulent interchange between adJacent homo-
genized region L and R (M/TL)

density carried by the diversion crossflow

r(M/L3)

turbulent mixing parameter

Subscripts

subchannel identification number

' homogenized region identification number

Variables

axial elevation node along tne subchannels






| | _ . CHAPTER 1

- ' | . DESCRIPTION OF THE PROBLEM

1.0 Introduction.

The goal of thié stﬁdy was to develop a method for steady stat:

- analysis of the core of a Preséurized Water Reactor using publicall
avallable computer codes. The Connecticut Yankee PWR core with
abnormally high average heat flux was selected and its physical

characteristics are presénted in Apﬁendix C. The computer code cho

wasCOBRAIIIC(l)ﬁxlitsMiTversion,COBﬂAIIIC/MIT(z). A complete tak:

lation of the core cases analyzed in this study is presented in Appendix’

It 1s clear that the ideal way to analyze a reactor core utiliz

- = the lumped subchannel approach is by taking each radial node in the

analysis at least as an actual subchannel. This implies that for

the Connecticut Yankee PWR core 35,325 radial nodes should be

PR P A,

considered (because of symmetry reasons this number may Berreduced
- to 4,416). These numbers are so large that there 1s no avallable

¢omputer which could handle this problem, and éven if such a

computer were available the cost would be prohibitive. Therefore

this possibility has historicaily béen ruled out and two dther

generaliapproaches have been developed.

One is the chain or cascade (multi-stage) method and the other is e

ohe;stage method .- The development of both schemes has reflected the 11

— imposed on'the.nﬁmber of radial nodes in any single pass calculat!

by previously existing subchannel code formulations,

.



ey EAeRE Wee eSS 54 . AL

L T I

E RS

-2-

The chain method has maximized the radial mesh repre-
sentation by performing a multistage analysis of the core(3’u).
In the first stage the whole core is analyzed on an assembly to
assembly besié (eech radial node represents an actual assembly).
From this analysis the hot assembly, i.e. the one with the largest
enthelpy, and its ‘boundary conditions can be identified. 1In the
second stage of the two stage method the hot assembly is analyzed
on a subchannel basis, (each radial node is an actual subchannel
or is created by lumping of a few subchanneis) taking advantage
of the boundary conditions found in tﬂe previous stage. The three
stage method sequentially analyzes the hot assembly as four regions
and then the hottest of the four by subchannels. Inour subsequent die;
cussion of the chain method we will focus on the two stage approachas «..
example albhough the uncertainties to be discussed are applicable
in principle independent of the number of stages; J

In the simplified one-stage method the core has been analyzed in
only one stage using a fine mesh in a zone consisting of those
subchannels with the larger radial peaking factors and a coarse mesh
outside this zone. Hewever because available codes require that the
boundaries of any mesh node must be connected to another point or
be impervious to.mass, momentum and energy exchange, the coarse mesh
zone has traditionally been extended to the core boundary. The
severe limits on the number of radial nodes in arailable codes as

COBRA has tended to maximize the core voiume represented by each

node in the coarse mesh zone. -
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In this study we have ) B L .
(1) adébted the -cddé iCOBRA. IIIC/MIT fér o“ne.-ls-tagAe a_.na_.lysis
- thereby'lifting:ﬁbé;prgvious sévere béund on the
~ .allowable number pf_radiai'ﬁédés, o
(2). recom@ended:théoﬁéimﬁm‘arréﬁgéméﬁé éﬁd.size of fine -
and coarse mesh“zoneé, and - ' | "
(3) assessed ﬁhe relafive ﬁerité of the-chain versué_thé

.simplif‘ied one-stage analysis for various cases of interest

under steady state PWR operating conditions.

1.1 Uncertainties Associated with the Cascade Method

1.1.1 Boundary Conditions for the Hot Assémbly Analysis

In deciding on what method of analysis to develop and recommen”

" for PWR analysis, the option did exist for us to _develop a chain

~method utilizing the COBRA code. This development would have

required adaptation of COBRA to accept radial mass, momentum and
energy fransport into the hot assembly from the first stage analysis.
While this could have been accomplished from a coding viewpoint, we
perceived, based onour development ofan'§pproximate 2st_agemethod(S
that any chaln approach would still have significant physicall
uncertainties. Specifically we refer to the following uncertainties

associated with the boundary conditions applied to the hot assembly,

(second stage) analysis.
a): . Flow distribution inside the hot assembly.
The only information that 1s obtained from the first stage

of the chaln method 1s the total crossflow that is
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leaving or enterlng each boundary of the assembly. No
informatioh is obtalined regarding the distribution of
axial and transverse flow between subchannels of the hot

assembly. Some assﬁmption must be made for the flow

distribution but the present lack of a means to verify the

assumption.leéds to Qﬁe$£ionable rééults. These problems
will be more noficeable at the outer rows of subchannels
'where fhe boundary conditions established for the wﬂole
assembly will havé a larger ?ffect while in the interior
of the aséembly this .effect will be smaller.

- Additionally this treatment of diversion crossflow wil

- introduce a'furthef approximation due to averaging in the

estimation of lateral energy and momentum transport. Speci
fically, for eiample, the energy transport will need to be
based on the average assembly enthalpy and this average
crossflow whereas in fact the actual number of subchannels
on a face thrqugh which ¢rossflow and energy exchange is
occurling may be localized. Further the enthalpy of the
coolant undergolng crossflow may be significantly different
than the‘bundle average. In those steps where diversion
crqssflow is enteringcu*léaving the hot assembly the
problem becomes important.

One final uncertainty relates to the adequacy of the
croséflow boundary condition applied to the hot assembly

-

analysis. It 1s clear that local conditions inside th .0
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assembly effect the crossflow distribution; These local
conditions are not taken Into account in the aésembly to
' aséembly analysis where the boundary conditiqns for the
" hot assembly analysis are established.
b) Mixing bétwgenAthehhqtrassembly and 1its adjacent channels
| in the hot assembly analysis. | |
In the hot assembly analysis.no turbulent interéhange is
taken.into accoupt-(s;= 0.0) because no interconnection
exists with the actual adjacent assemblies. Thils can lea¢
to significant overestimation of the enthalpy in the.outez
row of the hot assembly subchannels. We can Qisualize-sor
method to take into account this effeét but the fact 1is
that a new set of assumptions would have to be made and

there is not a data base to support those assumptions.

1.1.2 Transport Coefficients for Momentum and Energy Exchange

Between Homogenized Regions

In each stage of the chain analysis varidus slze regions of
the core are homogenized and represented by single nodes. The
1umpéd analysis methods applied to these regions formulate momentum
and energy exchange between these regions as proportional to differ
ences in nodal properties. In reality, however, such exchanges

between regions are propoftional to the gradlients of such propertie

‘across the boundary between regions. This deviation between homo-

genized nodal differences and gradients i1s developed in detail in

Appendices A and B. To reflect the state of the art for PWR analy:
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in these apbendices the moét detalled representation is assumed to be
that of single subchannels. Therefore gradients cannot be obtained
as differentials across boundarles but rather as differences between
'subghanne; values on either side of a boundary between.thé homo-
- genized regions. |
Based on a fwo dimensional analysis»éarried out in Appendix E,
the deviétion between ﬁomogenized nodal ehthalpy differences and
| enthalpy gradients_based'on boundafy subchannel values 1is éhown
to be proportiénal fo the number of subchannels in each homogenized
region, N; the intensity of the turbulentrinterchange, B3 and the
axial length along the heated channel z. This result is consistent
with.the recognition of this problem for negligible crossflows as.
a thermally developiﬁg flow field which is analogous (aé shown in
Volumes ITI and III)toa transient thermal conduction problem. Section
3.1 discusses the difficulty in estimating deviations in 3D situation
from those in 2D situations Table I presents deviations for thé typic
power upset case (different power between homogenized regions) in 2D.
This analysis shows a maximum error of 14.4 percent for conditions of
maximum B, maximumaxial position and intermediate N. All lumped region
analyses should apply coefficients (transport coefficient NH)tothe
homogenizedregionnodalenthalpydiffgrenqeétocorrectthésedeviations

Generally none are employed. In application of the THINC method, a
transport coefficient of N 1s applied to the turbulept interchaﬁge ter

- in the energy equation(B). This coefficient is exact for the two

-

dimensional case of linear transverse enthalpy profile through ttL
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assembliés on either side of the'bodndary in the absence of cross

as demonstrated in Appendix F. The error involved 1in this assumy
for other various cases of interest needs further assessment. Al

tionally as Appendix A illustrates, coefficlents need also to be

-.aﬁplied to other homogenized region nodal property differences fc

a complete thgoretiéal'solutibn]- Practical bounds on applicatic

these addifional coefficients need to be recommended.

1.2 PWR Analysis Needs

Two types of PWR analyses are now being performed within the

nuclear industry. 'The first is a thermal analysis using a prescr

spatial energy generation rate to find the Minimum Departure fram

Nucleate Boiling Ratio. A second potential 1limit is void fractis

- However in almost all practical cases the MDNBR is the governing

1imit not channel void fraction. The second type of analjsis be:
performed 1is coupled tﬁermal hydraﬁlic—neutronic analysis.  Whil
prime focus of this coubled analysis method is for transient an#
and we hgve presently limited our efforts to éteady state analys
we consider it since our future efforts will include transient
applications.

The nature of these two types of analyses lead to two diffe

approaches for thermal analysis.

1.2.1 MDNBR Analysis

For a typical PWR the MDNBR is dependent on channel heat ge
tion rate and enthalpy} The enthalpy of the chaﬁnel is depender

upon the heat generation rate and the characteristics of its net
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channels which effect. interchannel energy exchange. The dominant
parametér is the heat ggneration rate, which implies that the most
restrictive conditions,will take place in the subchannel where the

heat generaﬁion rate is'large and not necessarily in the subéhannel

with largest enthalpy. This will allow identification, by inspéction

of the core radial power! distribution, of that area of the core
where the most restrictive conditlons are going to occur. Then a
fine mesh of subchannels will be required in this zone while outside

of this zone a coarse mesh will suffice.

1.2.2 Coupled Thermal Hydraulic-Neutronic Analysis -

In ﬁhe coupled analysis the neutronic analysis requires the _
number density of all isotopes and the fuel temperature in each
region. The number densities are dependent on tne_nodal enthalpy
and void fraction. Optimum nodal sizes have not yet been estab-
lished in general and in particular in MIT's MEKIN developmeht
since feedback calculations have not been performed(6). However,
such sizes will be on the order of some fraction of a PWR assembly.
In any event the nodal division of the éore will be more uniform |
than for MDNBR analysis, will comprise the whole core, and will

require accurate calculation of homogenized region enthalpies and

void fractions.

1.3 Récommended Analysis Methods

Ior each Lype ol analysts In the previous scecetlon the simplifled

one pass approach using COBRA IIIC/MIT is recommended. Specific
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application of this approach further requires user‘specification

of the following factors._

-

1) ~The size and number of regions into which the core shou

be subdivided

2) The detall in which transport coefficients for mass,
momentum and energy exchange_should be expressed.
The remaining chapters of thlis volume address and resolve these

questions for the two types of analysis considered.
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CHAPTER 2 -
ANALYSIS METHOD FOR DNBR DETERMINATION

The recommended analysis method is a one stage approach

using COBRA IIIC/MIT applied in the following manner.

a)

b)

c)

identify the hot subchannel by virtue of ;ts radial -
power peaking factor and its placement in the assembly
with the highest assembly peaking'factor. If rod power
peaking factors are aVaileble, the hot subchannel will
be identified by the rod power peaking factors.

provide a fine mesh or internal mesh (eacﬁ node repre-
sents a subchannel) of sufficient nodeg, to surround tﬁe
hot subchannel with at least one ring of subchannels. -
For our Connecticut Yankee core example where two _
diagonally adjacent subchannels are equally hot, this
recommendation leads to sixteen required nodes. For

the case of one hot subchannel, nine nodes are required.
provide a coarse mesh or external mesh (each node repre-
sents a homogenized region) to represent the entire core
reglon outside the fine mesh. The number of coarse mesh

nodes can be determined by the following criteria:

® Whole core analysis 1s necessary.*

‘o Layout of at least two coarse mesh nodes representing

concentric regions about the fine mesh 1is required.

*ror symmetric core, whole core representation can be replaced
by some of its fractions representation.
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e The size of the region represented by the most
interior coarse mesh node should be larger than
»the~apea ofAlaye:‘of subchannels which 1s suffi-
cient to surround the fine mesb. Usually, this .
ﬁpst interior coarse mesh node_represents the
rest of the hot assembly;

e Computer restrictiohs on the minimum number of
coarse mesh nodes exist due to the limited
number ofrmesh nodes adjacent to a common node.
Thus these minimum nﬁmber can be considered as

the lower bound of the coarse mesh nodes.

d) by virtue of b) it is not necessary to utilize any
transport coefficients, as mentioned in'section 1.1.2.
In the COBRA ITIC/MIT input only an enthalpy factor,
Ny» is built in which should be set equal to one.

U%{=1.means that no enthalpy transport coefficeint
will be used.)

Channel layouts conforming to the above recommendation
are illustrated in Figure's la and 2a. Figure la is an ex-
ample of the simplified méthod channel layopt for one eight
core (because of symmetry reasons) with only one hot subcha

(numbered 1). Eight (numbered 2 thru 9) of the nine fine me
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nodes foiﬁ a layer of éubchannels surrounding the hot sub-
channel (numbered 1). Concentric fegions outside the fine
mesh have been represented by two coarse mesh nodes: one
(numbered 10{ represents the rest oﬁ the half hot aésembly,
while the other oﬁe (numbered 1l) represents the rest of
the-one eighth core. Similarly, Figure 2a is the simplified

method channel 1a§out for one eighth core with two equally

' hot subchannels. Fourteen (numbered 3 thru 16) of the six-

teen fine mesh nodes form a layer of subchannels which is
sufficient to surround the two hot subchannels (numbered 1
and 2). In order to satisfy the COBRA IIIC/MIT code restric-.
tion, five instead of two coarse mesh nodes must be used to
represent the two concentric regions (numbered 17 thru 20
can be considered as'one region, numbered 21 as the other
one) outside, the fine mesh. |

For those cases where the hot subchannel is three or
more rows from the assembly boundary, this method should give
results at least as accurate as chain approaches. For those
remaining cases where the hot subchanngl is closer to the

assembly boundary, the
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boundary factors discussed in Section 1.1.1 should adversely effect

the chain method eompared to this recommended apbrodch il the chailn
method is applied in the traditional way with the second stage
restricted to the hot assembly. If instead the second stage repre-

sents subchanneis éround the hot subchannel independent of their

parent assembly, the methods éhould'yield comparable results ’
although the éimb}ified method applié& a$ recommended inAaj througi
'd) abdvé will reﬁﬁife'iéss computer time'and stofage space.

Before presenting the detailed basis for the above'recommenda~
tions and claims it is useful to briefly examine the procedurg for
‘the key paraﬁeter effecﬁing'DNBR, Théée are linear powef, hot chax
nel enthalpy and hot channel flowrate. The linear power is an inpu
parametér while the other two afe calchiated by a subchannel_analsé
procedure,

Examination of the relevant energy equation illustfates that
'the phenomenon labeled turbulent interchange and crossflow across

the hot subchannel boundaries as well as the axial mass flow rate

- 1tself directly effect the hot channel enthalpy. We'demonstrate

this'by writing the COBRA IIIC/MIT formulation for the hot channel
enthalpy at axial position J, hHC(J), in terms of the properties

of its neighboring subchannels 1 = 1, 2, 3, 4 and the turbulent

interchange flows W' und crossflows W,

(tyc(I-1)-t, (3-1))Cy 4 -Ax
1 My (I-1)

h,(J) = h, (J-1) S0 (I—%) A g
= - F ——— X -
HC HC Mo (9-1) . 1n

(hyo(I-1)-hy (3-1))wyq 4 (I-1

1 myc(J-1)

u
L
.i=

(hyy (3-1)-h# (3-1) o 4 (3-1
1 - My (d-1)

b
-z
i=

(1)



RN | T PRI [

T N E

. e ot

-12-

Homqgenizafion of the subchannels adjacent to the hot channel with

its outer neighbors will introduce errors in energy exchange in

turbulent interchange and crossflows across the hot subchannel's

boundaries. Theoretically these errors can be eliminated by appli

cation of proper transport coefficients but for cases of moderate

crossflows the effects are noﬁ linear and as Appendix B demonstrat
it is not fruitful to attempt to develop transport coefficients.
Therefore the most direct course is to represent all real sut
channel boundaries in the region of the hot channel as single sub-
channel boundaries in ?he analysis appfoach. This means represen1
each subchannel by a radial node yielding a so-called fine (one n¢
per subéhannel), or internal (region of the core in which the hot

channel is located) mesh, For the hot channel from our analy s «

a 16 node interior region we estimate that the turbulent intercha

. and crossfiow terms are 16.2% and 2.8% of the linear power term in th

energy equation when each of these terms are summed from the inle
to the location of MDNBR., The coﬁduction term for these water
cooled cores of small axial coolant temperature rise.operating wi
at least subcooled boiling i1s negligible and was neglected in the
calculations. These estimates are based on case No. 1, but they
are more or less constant for the hot channel of any other case.
Notice that while the energy cérried by the crossflow may be larg
i.e., h*(J-l)wHC,i(J-l)Ax, the contribution to the hot channel

enthalpy rise is much smaller, i.e.

(th(‘J—l) C h*(I-1))w.. . (J-1)Ax .

HC,1
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Also the mass flow rate has a strong‘direct effect on the hot
channel enthalpy since it enters each term as a divisor. Consequenta
any error in this term will" effect the enthalpy rise in the same
proportion.

We can'conclude then, that in order to match the nesults of
our'simplified method ‘with the results that an actual subchannel
analysis would yield,,we_have'to-obtain very close cor'respondencel
for the turbulent interchange terms and mass floﬁ rates;' Note that
we can always match the 1inear;xmer terms identically since these
terms are input-variables. For the crossflow terms, since their
effect upon the enthalpy rise is very small, it is not. necessary
to achieve very close correspondence. However the crossflow alone ¢
enter the continulty equation thereby affecting the mass flow rate
and hence the energy equation. This effect is important and will t
treated subsequently. As will be indicated below, all the above
considerations, when taken together, make i1t possible to obtain ve:
good results for the MDNBR by use of the recommended simplified ani
sis.procedure. '

The following sections present the basis for the above recom—

mendations for MDNBR calculation.

2.1 Identification of the Hot Subchannel )

EXamination of the W-3 correlation for a typical set of PWR
core conditions has demonstrated that the onset of MDNBR 1s most
sensitive to linear power generation rate. The other variables of

channel enthalpy and flowrate are less important. Thils sensitivit,
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1s demonstrated by'Figures 1 and 2 based on results of a study
described in Appendix G. Thesg figures ihdependently examline the -
effect of hot channel enthalpy and axial:mass flowrate respectively
on identification of the channel in which MDNBR occurs.

Inboth figures the MDNBR 1is calculated for-a-hot subchannel with
an abnormally high power peaking factor of 2.266 anc an ad} éceht sub-
channel with the next highest power peaking factor in the hot assembly
of 2.060. Sincé'these-calculatiohs were performed for the subchannels
with adiabatic boundaries the inptt variations in inlet énthalpy can
be interpreted and plotted in Figure 1 as enthalpy variations at the
location of MDNBR. We next demonstrate on Figures 1 and 2 that for
the real case of interacting channels, the MDNER will still occur in
the subchannel initially identified as the hot’cﬁannel by virtue of its
high power peaking factor. We do this by the following conservative _
procedure, -

Coﬁsider first the reduction in hot subchannel enthalpy due to
turbulenﬁ interchange and crossflow. .This reduction is estimated
to be about 16.2% + 2.8% of the adiabatic subchannel axial enthalpy
rise to the location of MDNBR of 174 BTU/lbm or -33.0 BTU/lbm. On the
other hand the adjacent channel enthalpy 1s increased by tﬁrbulent
interchange and crossflow with the hot channel but decreased by tur-
bulent interchange and crossflow with the three other adjacent |
channels which have smaller peaking factors. Again the net enthal;y

change in the channel adjacent to the hot channel due to turbulent

interchange and crossflow are calculated in Appendix G to be -21.22

‘BTU/1bm.
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'TﬁeEEOGéldésiéfe plotted on Figure 1 to illustrate the margin

The margin is considerable.
Cbnsider next the_increase in hot subchannellenthalpy dde t
reduction in axlial mass flowrate. This reduction for the hot

channel and the adjacent subchannel are calculated 1n_Appendix G

"to be 18.0% and 17.2%. The adjacent channel flowrate decreases

less than the hot channel flownate.; iherefore the effect of
mass»flowraté-reductiob_as illustrated on;Rigure 2 is to furthef
increase the margin fo:-MDNBB‘shift. _ | |

Based on fhe results of Figures_l and 2 it can therefore.be

concluded that the hot_sﬁbchannel can be 1dentif1gd-by.?xgmi§§pf
of a core map of channel radial power peaking factors when axia

‘rates have been normalized. Should the channel power fagtors'fc

case of specific interest be significantly closer than in our ez
the margin would be reduced and it might be prudent to perform :

‘extra one pass calculation to confirm the validity of the ideni:

cation made 'of the hot subchannel. If rod power peaking factors
than channel peaking factors are available, exceptions‘to the at
process are possible in<subchannels composed of a zero §owef roc
to a high power rod because of the cold ﬁall’effect. This case
discussed in Appendix G whicﬁ recémmends the procedure which shi
used for hot éubchannel identification in this case.
~2.1a Base Case
In léter sectioﬁs we will determine the minimum number of :
and coarse mésh nodes necessary. With the'hot channel identifi
next establish a base case using an excess nﬁmbe; of nodes to «
we can later compare our lesser node results. Cases with 54 nc
(Case 9) and 101 nodes (Case 5) were selected as the base cases

Values of the mixing parameter@should b= dependent upon
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areas of the region represented by the radial nodes.(3) Different
values of @ should be utilized between nodes representing different
sized regions. This was accomplished by introducing the transport
coefficient, N, = ﬁ,_oetween channel boundaries *o compare to the
result obtained by using constaot? . As shown in Table V, the
improvement of MDNBR_by the modification for the base case is.
negligible. Therefore, constant 5 can be assumed for m1x1ng
between channels with dlfferent flow areas. |

Based on a sen31t1v1ty study of the cross flow resistance co-
efficient K to the MDNBRs of the base case (Ca;e 5), it was demon-
strated that the effect of the parameter K on MDNBR is not signifi-

cant. The results of the sensitivity are shown in Table VI. Note

that unrealistic values of K have been used to demonstrate the

insensitivity of MDNBR to K.

The different results of MDNBR between a small nonuniform inlet
flow case (6uter and Inner assemblies have 1.001 and .95 core
average values respectively.) and the base case with its uniform
inlet flow are shown in‘Table VII. Based on the small difference
of MDNBR (1.1%), uniform inlet flow distribution has been assumed
in the study.

2.2 Fine Mesh Size in the Region of the Hot Channel

In order to match the turbulent interchange term of the hot
channel a fine mesh of actual subchannels has to be used around
the hot one. ‘

The necessary number of subchannels that have to be used in;ﬁ

this fine mesh was established by a parameter study whose results

‘are illustrated in Figure 3. This figure shows that 16 interior
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mesh nodes are'sufficient since'fesults.do not ;hange compared tc
a 36 iﬁterior mesh array (Case No. f vVs. Case'No; 9, and Case No.
VSs. base No. 15). ‘However if we further reduce the mesh, for exa:r

tc ¥ nodes -(Case No.16 vs. Case No. 11) the results change signi-

'ficéntly. This result indicates that while turbulent interchange

effects on the hét chanhel-ﬁoundarieé and boundaries immediately
adjacent to the hot channel (16 versus 4 nodes) are'impdrtant,
interchange acfdss bbundariesiof'the oﬁher channels in the regior
of‘the hot channel do not have a dramatic effect (36 vérsus 16 nc<
The cénclusion of 16'internal-nodes'is based on placing one.layer
sﬁbchannels around the hot channel. Sixteen are required in the
Connecticut Yankee case examined because of the existance of two -
subcﬁannels.' According'to the same argument, 9 interhal nbdes-are
required if only one hot subchannel is presenéed;

Since there is no direct 1ntefchange between the hot subchanr
and the coreher subchannels of the one layer channel which surro .
the hot 6nes, the fine mesh nodes can be decreased by eliminating

those corner subchannels. By doing this, the requiremenfs of

sixteen and nine nodes can be decreased to twelve and four nodes

respectively.

2.3 Coarse Mesh Size in Core Region Qutside Fine Mesh

In order to match the mass flow rate of the hot channel, a
coarse mesh or external mesh ié needed outs{de of the fine mesh.
The influence of 'chis coarse mesh upon the MDNBR was studied from two
different viewpoints. First the importance of the reprgsen‘cation of

the whole core versus the representation of only a part of the core was

analyzed. The results are presented inFig. 4, (Case No. 6 vs. Case Nc
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and Case No. 8 vs. Case No. 12). From these results it can be
concluded that it 1s necessary to répreSeﬁt the whole core in or™ v
to have good results. The physical effect demonstrated by these

pairs of cases 1s that radially directed érossflow is generated

by the hot channel and its neighbofs which normally is redistributed

outward in the'cqarse region. The magnitude of the crossflow.
leaving‘the hot region is proportional to the pressure difference

between this hot region and the rest of the core. 'When the whole

 core is not represented, the outer regions which are the coldest

and the ones with lower pressure are eliminated. This imblies

ﬁhat the pressure difference, which detérmines the amount of
crossflows, is reduced and then less flow leaves the hot region
radially. This leads to larger mass flow rate inside the hot chann

which leads to smaller enthalpy rises and therefore to larger -

. MDNBR's as indicated in Figure 4.

Once it is clear that the whole core needs to be fepresented,

~ the next question is how this mesh outside of the hot region has

to be established.

The question is answered in Figure 5 where Cases No. 5, 6, and
7 are represented. It can be observed that no change tékes place
in the MDNBR even when we go to very.coarse exterral meshes (15
external nodes). This result was confirmed fcr the cases with
NH = N (Cases No. 1, 2 and 3)'and for the situation where the hot

channel is close to the»boundary (Cases No. 19 and 20). Ths insen-

e wmeanm wae

sitivity of MDIBR to the coarse mesh size was investigated for Case

2 and 3. It is aue, as shown in T'ig, 6,-to the fact -that very simi

-

total radial flow leaves the hot channel in the three cases and

hence the axial mass flow in the hot channel is well determined
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independent of the layout of the coarse mesh. Tnese results wer-
confirmed for other cases."‘

Also the individual crossflows leaving each boundary of the

hot cnannel were investigated. The values obtained for Cases Ho.

1, 2 and 3 are ?iven in Pigures 6, T, 8 9 and 10 In all those

cases, since the large number of - external nodes, there are no lar

.ditferences of channel area. 1t can be obscrved that the influer

of the external mesh on these values is quite important but becal
the importance of the crossflow term upon the enthalpy rise 1is
very small these'changesgdo not‘effect the MDNBR results. The
physical reason for having large differences in the individual
crossflows while their'sum’is a constant vaiue for the above cas:
is.the folloWing. When.we change the external mesh, the resista
to crossflow along specific directions 1s changed too, but the &
resistance of tne core to the crossflow leaving the hot channel :
kept unohanged. Therefore we do not influence the total flow
Aradially leaving'tne hot channel but we force.it to leave in

different directions. Fortunateiy the importance of the individ

,'corssflow terms in the:energy equation is very small and as long

i
the total crossflow is similar we can use coarse external meshes

radial nodes) to predict IDNBR with a degree of exactness- as goc¢
as with finer external meshes since the MDNBR quickly reaches ar
asymptotic value (Figures 3 and 5).

The reason uhy the lower bound of the number of external r
nodes is 5 is because of a computer limitation on permissable tl

pattern of whole core channel map for the 16 internal nodes cast

the number of external nodes 1s less than 5, too many nodes wil

be adjaoent to a common node. Under such conditions satisfacto
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-results can not be obtained from the COBRA IIIC/MIT. So the dues-
tion comes to this: What is the physical result if the number of..
externai nodés is léss’thén S, a éituation which is possible if 9'
‘internal nodes are utilized for a single hot.channei case. To ex-
' plore the effect of a decréase in the number of external podes, a
series of caﬁes were rpn'assuming an internal mesh of 4 nodes instea
16, Four nodes-were selecte@ for economy in place of 9 in this stud
In those 4 internal nodes cases, two external mesh nodes will be enc
to give satisfactory rgsults. If there is only one extgrnal node’e\
if it represents the balance df the core, it will never give a good
result., Also one should be very careful in 1aying—out‘the external
channel map as discussed iater if'only two external nodes are involi
These conclusions were derived from analysis of the following four
whole core cases. |

The same internal channel map and radial power factors fo. Lhc
four cases, and the different external maps and radial powef factor
for the four cases are shown in figure 11. The-pattefn of channel
maps in figure 11 are taken from Appendix b, but with different
channel numbers, However the assigned number of each case is consi
“tent with the case number in Appendix D. The different resultsfor
the four cases can be seen in Table III. Comparing the MDNBR value
from Table III witn the values in Figure 3, i is clear that oniy ca
34 gives a IMDNBR value which is close to the asymtotic value in fig
3. The MbNBR changes as the total cross flow out of the hot channe
changes. As shown before, (figure 6, 7, 8, 9, 10), for cases with
large number of exterjor channels the different number of external
nodes can only change the individual cross flow out of the hot " har

but not the total cross flow out of the hot channel. Now, the tot:



i
et

LN

et 2t ol o i i b 0 WP B

-20-

'Cross flow_but'ofithe‘hot channel in the single external node c

(even if it is for the whole core) is different from those tota
flows out of the hot channel in two of the two external nodes c
Moreover, the total cross flow out of the hdt channel is differ
even though the number of external nodes 1s the same 5ut with ¢
pattern of chénnél maps.

Referfing to figure 11 the reason of the unsatisfaétory X
which come from the three cases (c?ses 35, 37, 38) can be seen:
case 35, since only one external node exists, there is no cros:
from channel 5 to channel 6. Therefore, the total éroés flow ¢
the hot channel is small. In case 38, the two external channe:
not;concentric. The channel pattern has the same.efféd% 6n-the
cross flow out of the hot channel as the singie external node <
case 37, the area of the first layer of the external chanﬁels :
to tﬁe area of one single subchannel layer which surrounds the
internal meshes. Since the difference of the channel area bet:

two external nodes is huge, the result is questionable, Note -

~ layout of case 37 is like case 31 (Refers to Appendix D) excer

case 31 the first layer of external nodes (2, 13, 12, 17) comp
an area closer to case 34 than 37. Because of the first layer
area differenceé, case 34 gives a result which is close to the

totic values in figure 3.

The criteria for the layout of coarse mesh were based on

" facts presented in this section.

2.4 Use of Transport Coefficients \

Because the interior region 1s represented on a subchann¢

baslis, all transport coefficients are unity by definition. W
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our selection of the size of this region’was made to insure that
uncertainties in calculatgd enthalpies of exterior region nodes =~
did not effect hot channel enthalpies. The results of Table II
in which extremes 6f NH were employed (Cases 1, 2, 3, 5, 6, and 7)
demonétrate that our selection accomplishes this goal and hence

use  of transport coefficients is not required for MDNBR prediction.

2.5 Accuracy of Results - This Method Compared to the Cascade Methc

The uncertaihties associated with the hot assembly boundaries
in the cascade method were identified in Section 1.1. Sipce the
éimplified method inherently provides an improved metﬁod of deéling
with these uncertainties, it should give at least as accurate
results as the cascade method. Additionally in principle the
cascade method should be iﬁcreasingly poorer as the hot channel
location moves to the assembly boundary and these uncertainties..
effect hot subchannel conditions. This presumption was investigate
by a'series of cases 21, 23 and 24 in which the hot subchannel was
in the fifst réw and the simplified analysis method was used but
in a manner to progressively represent the cascade method; The
base case, 21, provided an internal mesh about the hot channel whi«
overlapbed assembly boundaries as necessary. In Case 23, the
cascade restriction on the subchannel or interior mesh that it lie
within the hot assembly only was applied. Finally in Case 24 the
additional restriction of no turbulent interchange along the hot
assembly boundaries was added. The predicted MDNBR'S for these
cases ~are presented in Table 1IV. OQerall the effect of the bound

conditions (Case 21 vs. 24) is only 2%. In part this result occuz

because the successive changés introduced in Cases 23 and 24

effect the MDNBR 1n opposite directions. In another general case
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. 1t 1s possible that these effects would not oppose each other. I

would be interesting to éxamine the conditions of Case 21 with th
cascade method as suggested by the last entry in fable IV. Howev
from the results available it appears thgt in practice the hot
assembly boundary conditions do not cause significant uncertaiﬁti
on the prédiction of MDNBR.. Céﬁverseiy we can Eonclude_that fhe
simplified method and the cascade method will yield very comparat

results for the typical PWR core cases analyzed here. _

3. Comparison with THINC-IV Results

To check the accuiaéy of the MDNBR results by the simplified
method, a Westinghouse PWR core has been analyzed by the one-
stage method. Since different numerical,schemes'and-correlatiéns
are used in the computer codes COBRA IIIC and THINC-IV, differen:
resuits may be expectgd. Perhaps coincidently, the differences
between results from the two different methods (chain method
using THiNC-fV and one-stage method using COBRA IIIC) were not _
significant as shown iﬁ ?able VIII (Case 39, Case 40 see Appendix
WE can éonclude that thé‘simplified method and thé chain method
will vield very comparable results. for the‘typical PWR cases

analyzed here.
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CHAPTER 3

ANALYSIS METHOD FOR COUPLED THERMAL HYDRAULIC-NEUTRONIC ANALYSIS

The goal of this calculation is presumed to be the determina-‘
tion of the gross radial power distribution in the core The
thermal portion of this calculatlon is therefore aimed at yielding
channel enthalpy and fuel temperature of homogenized regions.

MDNBR's are not caleulated in this first phaee of the calculation
but could be obtained using this gross distrlbution to yield a

fine radial power dlstributlon in an analysis of the type recommended
in Chapter 3. Consequently for this first stage coupled analysis
it is presumed.that.neutronics considerations will establish the
desieed.mesh size, 1.e. tnumber of subchannels represented by each

-~

radial node.
The recommended analysis method is a one pass approach using
COBRA IIIC/MIT applied in the foliowing manner.
a) Identify the number of subchannels represented by each
radial node. From Table I or Appendix E determine the
" percent error in homogenized region enthalpy for the
assumed turbulert interchange coefficient B based on
two dimensional 2+=3lysis under the applicable case condi-
tions, typically z power upset case. Errors in three
dimensional analysis should differ only slightly from the
. two dimensional values. These errors can be.reduced in.
varying degrees by the steps eutlined below if their

B

influence on the neutronics portion of the calculation

warrents.
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b) It is generally Sufficient to apply.only NH transport
-coefficients on the correction to the turbulent intér-
change and cfossflow terms in the energy eéuation.'

c) Determine‘thg numerical values of NH(z) for a boundary’

| between homogenizéd fegionsrof the size identified in
a) for a range of fadial power distribﬁtions‘fypical of
core to be‘analyzéd.' The method of determining NH(Z) is
a multiregion COBRA IIIC/MIT analysis as detailed in
Volume II. Since theée multiregion‘analyses are time
consuming it would be desirable to-characterize the depen-
dence of Ny(z) on radial power distribution in a way té
minimize the number of multiregion analyses required.

It should be emphasized that steps b) and c) should only be

utili;ed if the increased accuracy in channel enthalpy determination

(6)

is justified. Based on work to date in this area , known by the

authors, no assessment of the range of error which warrents reduction

. is available.

3.1 Enthalpy Errors in 3D vs. 2D Analysis

In order to predict the relative importance of NH(Z) in a 3D

problem versus a 2D problem, the value of NH(z) for boundaryrA of

Cases No. 25, 26, 27 and 28 in Volume III, was calculated. These

cases represent a variety of 3D channel layouts of the channels

around- boundary A. These cases represent a sequence in which
the 3D problem of interest (Case 28) is approached using 3D
representations in progressive steps from the characteristic

2D problem (Case 25) which was extensively studied as described
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in Chapter 2. The results of this sequence show tnat the proximity‘m
of the additional upper and lower strip of channels abou§<the

center 2D strip exerts an important effect (Case 28 vs. 27) énd

care should be exercised to make the dimensions of boundary A and

the upper and lower channels comparable, The results are presented

in Figure 12. From these results 1t can be cbncluded that for the

particular cases analyzed the-error found in a 3D problem will be

larger than_for the'corresponding 2D problem, However it is not
pbssible_to say "a priori" whether or not this 1is the general

trend, and it 1is expected that for some other power distributions

1 PO 1o T e U N whrotets bome 2 4 2

the trend could changé'and the 2D errors may become ‘the upper bound

of the corresponding 3D problems instead of the lower one.

3.2 Application of Only the N Transport Coefficient

This conclusion is drawn from a two dimensional study of the
improvements in enthalpy prediction which result from progressive
application of additional transport coefficients to the energy

and momentum equations. Section 4.1.4, Volume II presents the

RPNUPIPPTRpIIY I TP | DRLIVEN S g R R e et

results of this study for the typical power upset case and demon-

strates the small gain achieved by applyihg more coefficients than

P LA

solely NH.

3.3 Numerical Value of NH(Z) from 3D Multiregion Analysis

The 3D multiregion analysis presented in detail in'Volume III
utilizes tﬁe‘channel laYout of Figurel3 with nodes representing
an'array of 3 x 3 subchannels. The NH(Z) result is plotted in
Figure 14 for illustration. Further this célculafion yields the -

error in homogenized channel enthalpy which would be obtained

- [

without application of NH(z) as indicated in Figure 15.
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CHAPTER 4

CONCLUSIONS

This study haé-ihvesfigated only stead§ state conditions., Two
types of PWR analyéis'are needed. One 1s a thermal analysis usiné a
prescribed spétial.energy'geherétion rate to find the Minimum bepaﬁtﬁre
from Hucleate Boiling Ratio (KDNBR). Another is a coupled thermal
hydraulic-neutronic anélysis. Since feedback calculations have not
been performed, only analysis methods for INDNBR have been extehsivély'
investigated in this study. Based on MDNBR criteria, a so-called
one-stage simplified method was develoﬁed. The 6ptiﬁum modeling tech-
nique for‘thisone—stagenmthod for'PWR cores under steady state con- .
ditions can be categorized as follows: - .

a) Methods For Identifying Hot Subchannel:
| The hot subchannel can be ldentified by examination of a core map

of subchannel radial power peaking factor when axialypower-rates have

'been normalized, If the normalized rod radial power peaking factors

are available, the procedure to identify the worst location will be:
first, to identify the highest rod radial power peaking factor as the
hottest rod; sécond, to check the existence of any cold rod (zero
power rod) in the neighborhood of the hottest rod. If there is indeed
a cold rod which exists in the neighborhood of the hottest rod, a
two-channel COBRA IIIC/MIT analysis has to be performed in order:to
find the lower MDNBR of the hottest rod in the hot channel and the |

hottest rod in the cold channel considering the cold wall effect.

b) Fine Mesh Around Hot Subchannel
A fine mesh (each node represents a subchannel) of sufficient node

to surround the hot subchannel with at least one ring of subchannels ha
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to be provided. For the Connecticut Yankee core example where two
diagonally adjacent subchannels are equally hot, 16 nodes are re=
quired. For the case of one hot subchannel, 9 subchannels nodes

are required to surround the hot subchannel.

"e) Coarse Mesh Outside the Fine Mesh:

It is_necessary to represent the radial extent of the whole
core not a partiél core by the coarse mesh. Specifically a partial,
say 1/8; core segment can still be used as long as the full core
radius is utilized.

Layout of at least two conqentric layers of external channel

about the internal nodes is required. Also the area of the first

-layer of the external channels should be at least larger than the

area of the one subchannel layer which surrounds the internal meshes
For edonomié reasons, the minimum number of coarse mesh limited by
COBRA IIIC/MIT can be considered as the number of coarse mesh now.s.

For example, for 16 internal mesh nodes, 5 coarse mesh nodes are

- needed for U4 internal mesh nodes, even 1 coarse mesh node satisfies

requirements of COBRA MIT/IIIC but from the above argument, 2 céarse
mesh nodes are required. '
d) Application of Transport Coefficients

If no coupling coefficients are applied, an error will result
in the predicted exit enthalpy of the homogenized represenfation.
For DNBR ahalyses by the cﬁain method this error iS‘probably
tolerable since the absolute vélue of the errors is modest and the
effect of hot channel compared to linear power on %he DNBR is minima:
Also analysis by the simplified.one—stage method éliminates the erro:

by virtue bf the proposed nodal layout. Therefore the utilizati ™~
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of transport coefficients is not neceseary. However increasing
interest is developing on methods for coupled neutronic-thermal
hydraullic analysis. Here more.accurate'prediction of channel

enthalpy 1s desired although coupled calculatlons have not been

performed to date to assess either the degree of accuracy required

or whether it can be achieved solely by proper sizing of the

homogenized regions.' Consequently derivation and prediction of
transport coefficlients 1is of potential appllcation in the future
development of these coupled analysis methods.
e) Limits of Applicability of the Simplified Method
The key core parameters which relate to the applicability of the
method are the radial power peaking distribution ‘and the 1n1et
flow distribution. Significant changes in the power distribution
from that assumed here may make the identification of'the hot
subchannel difficult. However, uncertainties in this area can
be handled by performing an extra single pass calculation
centered on the alternate suspected hot channel location.‘
Significant changes in the inlet flow distribution from thet
assumed (outer and inner assemblies have l.bbl and 0.95 core
average values respectively) may lead to changes in the'predicted
MDNBR from the hase case. While it is possible that the simplified
method may correctly follow the change in MDNBR, a study of the
limits of usefulness of the simplified method regarding inlet flow
distribution has not been accomplisﬁed. Therefore the care should
be taken in applying the eimplified method'for analysis of more

severe flow upset situations than that considered here.
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Hot Subchannel: numbered 1% '
Fine Mesh: numbered 2 through 9
Coarse Mesh: numbered 10 through 11

EXAMPLE OF LAYOUT OF CHANNELS USED IN SIMPLIFIED
METHOD* FOR ONE HOT SUBCHANNEL IN 1/8 PWR CORE’
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Fine Mesh:
Coarse Mesh:
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numbered 1* and 2*
numbered 3 through 16
numbered 17 through 21

EXAMPLE OF LAYOUT
TWO EQUAL

figure 2.2

OF CHANNELS USED IN SIMPLIFIED METHOD FOR
LY HOT SUBCHANNELS IN 1/8 PWR CORE

b
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- MULTICHANNEL REPRESENTAT ION

Properties and diniensions of the -channels orer those of Appendix C.
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—J=Z
2-Binlet
Exit enthalpy of the region found with the homogeneous region
analysis _
Average exit enthalpy of the region found the the multichannel
analysis
(4.5%) (-1.73%) (-2.36%) (-2.91%)
635.40 - 673.18 696.76 . 716.08
(636.66) (675.38) ,(700.35) (721.09)
(2.96%) (-.53%) - (=2.56%) (=1.44%7)
633.59 660.91 681 59" 697.09
(631.15) (661.51) (685.08) (699.27)
. \ .
(7.50%) (2.36%) (1.14%) (.48%)
617.86 - 643,00 662.74 67740
(613.04) (640.83) (661.45) (676.79)

ERRORS FOUND WITHOUT USING TRANSPORT COEFFICIENTS

Figure 15,
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Total Internal - External N = N. =

Case No. Channels Mesh Mesh H H
1,5 101 16 85 1.040 1.047
2,6 61 16 45 1.040 | 1.o042
3,7 30 16 14 1.043

1.041

TABLE II

MDNBR FOR THE DIFFERENT CASES ANALYZED
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Enthalpy |[Flow rate Totalhcross Mass density
c: No in Channellin Channel |flow out of |decrease
ase NO. 1 1 Channel 1 rate of MDNBR
Channel 5 by
Btu/1lb 1b/sec 1lb/sec cross flow
to Channe
6 .
1b/in3-sec
34 686.45 0.5889 0.1403 11.95 1.034
' )
35 649.71 0.6622 0.067 ‘inapplicabld 1.349
' ?
37 670.86 ¢,6174 0.1118 9.172 1,159
38 649.03 . 0.6632 0.066 0.329 1.356
-

)

Table III Effect of Different Patterns of Channels
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Turbulent
Interchange
: Features Along Hot
Internal | External of Assembly fongBR_
Case No. Mesh Mesh Case Boundary H ™
- Hot Rod -
, Centered - .
21 16 17 Overlap Included 1.008
Boundaries
. Hot Rod
Non Centered
23 16 13 Non Overlap Included 1f019
Boundary
Hot Rod Not
Non Centered
24 16 13 Non Overlap Included 0.999
Boundary
Equivalent | Equivalent Pegaizzgiard Not -
Cascade t%‘lG to*%G Approach Included ?

¥ Nodes in 2nd Stage

¥* Nodes in 1lst Stage

EFFECT OF HOT CHANNEL BOUNDARY CONDITIONS ON MDNBR

TABLE IV.
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CASE MIXING MDNBR

Base Case

85 coarse Constant B 1,040
mesh

16 fine

mesh Variable B8 1.047
(case 5)

TABLE V Sensitivity of MDNBR to B

CASE K MDNBR
Base Case
85 coarse 0.0001 1.042
mesh
16 fine 0.5 1.040.
- mesh
(case 5) 5.0 1.041

TABLE VI Demonstration of the

Insensitivity of MDNBR
to K
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- CASE INLET FLOW  MDNBR
Base“Cése

- 85 coarse Uniform 1.040

' mesh :

. 16 fine Outer Assem-

" mesh blies - 1.001
(case 5) Inner Assem- 1.028
' - bliles - .95
core avg.
"~ TABLE VII Effect of Iniet Flow

~ Distribution on MDNBR

COMPARISON WITH THINC-IV RESULTS

METHODS

NO. OF FINE
MESH NODES

NO, OF COARSE
MESH NODES

 COMPUTER CODE

MDNBR

ONE-STAGE
SIMPLIFIED
METHOD

5

'COBRA TTIC/MIT

2,042

ONE-STAGE
INTERMEDIATE
- METHOD

45

32

COBRA ITIC/MIT

2,049

THREE-STAGE |

METHOD

THINC-IV

1.959

TABLE VIII
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APPENDIX A
'DERIVATIONS OF THE COUPLING COEFFICIENTS

In this appendix, the coupling coefficiénts, NH’
Ng» Ngps Npp and Ny are derived in (A.1), (A.2) and
(A.3). The multi-subchannel layout and hdmogénized
representation laydut"cah be seen in Figures A.2 and A.3
respectively. For N odd, subchénnelé C aﬁd D can be
regarded as.half channels. For N even, subchannels C
and D can be regardéd as full channels. The derivations

presented here for these coubling coefficients are valid

for N elther even or odd.

A.l Derivation of NH

The steady state energy equation for adjacent éub—

channels 1 and j following ( 7, equation A-6) can be writ-

ten as:
amih N N ' N
1 : *
=q, - £ (t,-t)e, ,- L -h - I h - (A.l.
4T L (ty-t5)ey 5 ) (hy-hydwy 4oy 1 (4.1.1)
* ) . ‘
where Ni,Jh = wi,Jhi ir wi,J >0 - (A.1.2a)
% : S
Wy gh =Wy ghy AT Wy <0 (A11.2b)

Hote that w, > 0 means the direction of diversion cross-
2

flow is from channel 1 to channel j, and w, 3 < 0 means
° 3
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the direction of diversion crossflow is from channel ]
N to channel 1.
We consider a multi-subchannel layout shown in Figure

A.2 and write. the energy equation for each subchannel.
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°s,B " °B,A - S - (Abe)
AL . -(A 1.4b)

Ya,B ~ YB,A ; et

WA’B = _WB,A . (A.l.I‘C)
i n* = h

YWa,B? T VWa,Ba

if Wap > Q (1.e. wB,A<tO)'(A.1.Rd)

. |
Wp AR = W ahy L
n' = h
Wp,B? T Ya,B™B o
B if WA,B-< 0 (1.e. Vg A 0) (A.l.l4e)
R :

: . *
Therefore, a simple relationship between wA Bh and
: >
%
Wy b can be derived from equations (A.l.4c), (A.1.4d)
3 - .
and (A.l.lke).
he = h | > '
Wpoph = 'wB,A for WaB < 0 (A.1.5)

We define the region composed of subchannels A, B, and C
as region L, and similarly, D, E, and F as region R. Now
adding the energy equations for region L and region R and

utilizing the relations of equations (A.l.la, A.l.ﬂb) and

(A.1.5) we obtain the following two energy equations:
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C ooy C , . .
& o I qy - (tcetD)cC!D - (hC-hD)wC’D -h wC,D (A.1.6a)
- \
\
F ahf%_ E , ' %
Lo < 121) 9y 7 (Eytglep o = (hpyhodwy o = hwpy o (A.1.6D)

i=D

3

On the other hand, we can express the energy equation for

the homogenized regions of Figure A.3 in (Volume II) directly as

aHLML TR, L HL‘HR B -
QL ( i ) LR N' JLR (A.1.7a)

NH H

MR R TL HR'HL B |
T g o Crn T g M o, - N VR,L (A.1.70) =
H

If we assume .

C d9h,m dH. M

i1 L'L
z = : (A.1.8a)
j=p O9X X -
g Bhimi ) BHRMR . (A.1.8b
jop 3X 3% ' -1.8b)
. c . S
QL = -)E ay L | (A.1.8c)
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and

Yy,

W,

then NH’

H

R =

R

-~

e )

=W

'
NH’

c,D

and N

where
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T Tl T

H can be defined as follows:

(A.1.84d)

(A;1.8e)

(A.1.87)

(A.1.92)

(A.1.9b)

(A.1.9¢)

If we assume the specific heat at each elevation is

constant, then

\

\

(A.1.10)



£ oAl 4

R L A

-53-

*
Also the subchannel enthalpy h can be expressed as a

function of NH'iE the following manner by virtue of thé

definitions of HL,'HR and NH (eqn. A.1.9b) and the assump-

" tion of a symme?ric enthalpy profile with respect to the

central boundary (see Appendix B Volume II for derivation of
following relations).

hc + hD H +H

_iL Y Hg © (A.1.11)
2 2 . . . . <
HL+HR
% HL+HR + HL - 2 1 N .
h = 2 | NH f wC,D 0 ) . (20301,_(v01
H. +H
¢ HptHp  Hp - i | .

’ 14
Therefore, we can obtain NH in terms of N;, and other known

A H
' "quantities.
" Hp ‘ '
Ny = o = e 1 wgp > O (A.1.12a)
h ym g - LR
LR, L 5
> N
H
v H Hp
and Ny = %y = s 1f e p< O (A.1.12b)
h gy g - LR '
LR RT3
> N
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From the abbve derivatioﬁ we have determined the-éoupling
coefficients required_ih the energ&Ieéuations (A.1.72) and
(A.li.'{b). By virtue of equations (A.1.10) and (A.1.12a and b)
these coefficients are all expressable in terms of the
single coefficient NH- ’ |

A.2 Derivation of NU

The steady state axial momentum equation for channel
1 and adjacent channels j following ( 7, equation A-11)

can be written as:

| 9Dy s
= 8A;p30080 ~ Ay == 4 1,5 tuwy

=% MYy + 01 )

1,3 (A.2.l)-

where

. v
F = friction factor = [ Avt@ + giz 1T % ]2

where the parameters in the deflnition are per Cobra,

BNWL—

¥ | ' :
uAg g = u.w ifw, , >0

* .
= <
u wi,J ujwi’J if w 0

Consider a multi-subchannel layout shown in Figure A2 and
write the axial momentum equation for each channel. In

the steady state condition, obtain:
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The Ny and N&Ican be defined as follows:

U, -U ' -
- L R i
N, E —/—/m— (A.2.7a)
%
'_ 0 .
NU = —T . (A¢2.7b)
u .
: v UL . ' N : N " '8.
[} UR ) ’ .
Ny =g i Ve,p <0 (A.2.8b)

: : *

The subchannel veloclity u can be expressed as a function
of NU in the following manner by virtue of the previous
specified definition of Ny (equation A.2.7a) and the

aSsumption of a symmetrié axial velocity profile wifh respec'™

‘to the central boundary

+ uD _ U. + U

u i o
c ‘ ) ,
0 = LR B ~ (A.2.9)
UL + UR .
# _ O tO% Y- - ' ]
UL + UR -
e _ Ut -7 ' '
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Therefore we get:

. | 0, ) N o .
v+, U - R -
L R, L 2
2 N
U L)
o UR. . .
Ny = Tsos LW, p<0 (A.2.10b)
‘ U U, U - R - |
L R, _R 2
2 TNy

From thé above derivatidh.we have determined“thé coupling
coefficients required in the axial momentum-equaticns.
(A.1.7a) and (A.1.7b). By virtue of equations (A.2.7b)

- and (A.2.10a and b), these coupling coefficients are all

_expressible in terms of the single coefficient NU'

"A.3 Derivation of N N_ . and N

TP®> "TU TF

The steady state transverse momentum equation\for
adjacent channels i and j following (7, equation A-17)

can be written as:

d(uw, ,)
— = 2 (p, - py) - ey (A.3.1)



where

P1,5 ©

1 _
5 (ui + gj) wi,J
% : klzi* | ) vy
3
28 P13
pi if wi,J >0
pg ;f wi,j <0

. (A.3.2a)

(A.3.2Db)

(A.3.2c)

(A.3.24)

where subscripts i1 and J denote adjacent channels.

-,

Consider the multichannel layout shown in Figure A.2 and write

the transverse momentum equatlions associated with each

o (uw
A!B)
9x

a(uwB C)

-9X

d(uw, )
Cc,D

9X

t L]

]t

ol

'boﬁndary we obtain;

(py - Pg) - ¢y
(pg - Pgl-cgy

(pc - pD) - Cc

(A.3.32)
(Ag3-3b)

(A.3.3¢c)

s,
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3 (uw. )
(uwy g)

-2 p-pgd e . (A3.30)

|0

o(uw. o)
E,F’ _
9x

oja

(pg = Pp) - cg a : '_ (A.3.3e)

We can derive a combined transverse momentum for all

these channels. ' o L . "'

E 3(uw

_ ) E
1,i+1 S .
f ——2_ = = = (p -pPo) - I ¢ (A.3_l;)
1=A ox L A' E 1=a i ST

If we consider these N channels as two channels, i.e.,
we combine channel A, B, and C as channel L and channel

D, E and F as channel R, we can write the two channel

"transverse momentum equations as follows:

' a(Uwi R’ _ s P - Py C v '
—_—2 = = ) - ‘ (A.3.5)
N ox L NTP NTF . .
TU ' L
U, 4+ U o |

and NTU’ NTP’ NTF are coupling coefficients inﬁroduced to

match equation (A.3.4) with equation (A.3.5).

\
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Therefore NTU’ NTP and NTF can bg defined as follows:

o (Uw, .
) - ____ELBl
09X
Npg 20 g ( _ )
) ) 3 u w
gop \ 1,1+1
X
PL - PR

TP ~ D, - Pp

"L
: - TF L,R
N =_C __ PLR
™ B B oWy 143195 44
L ocy L ¥
1=A 1=A by 44

(A.3.7a)

(A.3.7b)

(A.3.7c)

o

From the above derivation we have determined the coupling .

coefficients required in the transverse momentum equation

(A.3.5).
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APPENDIX B

ANALYSIS OF COUPLING COEFFICIENTS IN COBRA IIIC

Introductlon

The general coupling coefficienté NH’ Né, N;,
NU’-NG’ NTF’-NTP and NTU are derived from the differen-
tial conservation equations in Appendix A. However, it
is questionable whether these derivations are applicable
to the difference conservation eqﬁatipns which are glways
employed in the code computation. |

The purpose of this appendix is first to show the

difference between HL and ﬁi resulting from introduction

! 1 "

of the coefficientg Ny, Ny and Ny from Appendix A into
\

the COBRA IIIC computation, and second, to investigate a

-

general way to derive the coupling coefficients from the

difference conservation equations.

1]

‘ ! . "
N.. and N

B.1l Error Between.HL and hL Employing NH, H H

| in the Homogenized Computation

If the equations used in COBRA IIIC wece those des-
cribed in Appendix A, both values.(ﬁi and HL) should be
identical in casés where either the diversion crossflow
1s negligible or 1is the same for the boundary that sepa-

rates the left and right hand sides. But from the results

presented in the study (Section 3,1.2 Volume IT) we can ob-

serve the éxistence of slight differences between these values.

-
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These differences, as will be shown below, are due to

the fact ‘that the difference equations used in COBRA IIIC

are not exactly those of Appendix A.

. Let us take the following example: T g
A B|C D multi-Subchannel‘léyout
L R~ homogenized channel layout

In the COBRA IIIC formulation, the energy equations for

each channel are written as:

(J-!s) (tA(J-l)-tB(J-l)CAiB Ax

(B @-1)-np -1, B(J—l) Ax

nmﬁJ—l)
. (J-l)-h G-y pODbx
B.1.1
(J—!z) (tg@-1)-4(I-1))Cp oAx
bp(J) = bp(d-1) *@ﬁf b - Tig@-1)

_ (6g3-1)-t,(3-1))C, gix
my(3-1)
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(hp(3-1)-ny(3-1))

- 0D Wp ¢(9-1)Ax

(hg(3-1)-n, (3-1))
Ag-1) wp,y (J-1)Ax

(hg(J-1)-h" (3-Lwy o(I-1)x
Fig(3-D)

-

L
(hg(3-1)-h (3-1) g, (3-1)x o
T (3-1) . '

The multi-subchannel averaged enthalpy for the left
hand side strip can be célculated frdm the following ..

equation:

R (()m (3) + he (T)me(T)
- _ hp (J)my g(JImp
hp (J) = m(3) F my(3) (B.]

Inserting equations (B.l.1) and (B.1.2) into equation

(B.1.3) with the assumption Ci 3 = 0, we obtain
3

hy (J-1)my (3) + hy(3-1)my(J)

b (9) = My (3 + mg(3)
ap(3-%) ") apaay M) ) ax
mAzJ—l) mBZJ—l)
+

my(J) + mp(J)
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. [hA(J-l)'-hB(J-l))wA’B(J;l)mA(J) 7+.( (3-1)- y (J-1)wig AmB(J)]

mA.(J-],) ' ’ mB(J—_-l)
my(J) +mg(J)

" [ 50D (-1 ((3-1) mB<J>]
Ax
+ mB(J —1) N :

ENCEFNEY

B [(hA<J-1)-h*(J-_1))wA,B(J-l)mA(J) (hg(3-1)-h" (I-L)w (J—l)mB(J)

m,(0-1) — _- mB(J—l)
(nB(J-l)-n @Dy (G-Dmg@ | .
mB(J-l) ’{nA(J) + mB(ﬂ ( -4)

In the COBRA IIIC formulation, the energy equation for the

hombgenized strip L incorporating the coupling coeffi-

~ clents can be written as follows:

Q) (3-4) (HL(J-l)-HR(J-l))wI",R(J-l)Ax
HL(J) = HL(J"D FR G Mo F G-LN (1)

(HL(J -0- H((J))) g(9-1)ax

- ML(J—l) : | ('B.1.f5)

\]

where NH(J—l) and NH(J—l) are the coupling coefficients
for the turbulent and crossflow interchange, and are

defined following equations (A.1.9a), (A.1.9b) and (A.1.9¢) as:



B O T O A LR AT L

 H_(J-1) - H(J-1)
¥ H. (J-1)
h (J-1) . h B ?
¥ H_ (J-1) : - '
H _ 'R _
;i‘ = R (3-1) if WR,L <0 Q(B.1.61

and H; (J-1) is defined as

hA(J-l)mA(J—l) - hB(J—l)mB(J-l)

H (J-1) = my(0-1) ¥ g (7-1) o s

Inserting equatioms (B.1.6a), (B.1.6b) and (B.1l.6c) intc
(B.1.5) we obtain

,‘ o
. L Q) (hg(I-1)-np(T-1) )Wy, L (3-1)0x .
B0 = B0 i mGDT & T T RG]

(HL(3-1)-h" (3-1))Wy p(3-1)Ax |
[mh(J—l)+mB(J-1)] } | (B.1.7)

Therefore, forming the desired difference from equations

(B.1.4) and (B.1.7), we obtain
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. hy (3-1)m, (3) + hp(J-1)mg(J) |
B (J) - I'IL(J_) ={ W) Fmg(@) - W=
N 3 ) mA(J) + '(J !2) mB(J) ' :
q, (- m_(_YA J-1y © 9\~ g (J-1) Q(3-%)
+ A

_ mA(J) + mB(J) _ o - ﬂi}J—l) + mB(jli)

, | B0 B0y G-1my ) (g (3-1)-ny (-1)wgy , (I-1Img ()
Imy (3) + mg(J) Jmy (J-1) [my (7) + my(J) Img(d-1)

Q) + B ImGD)  [m0-1) * mp@-1)] b

. l(nA(J-l)-hch-l))w& pU-Dm @) (hp(-1)-h" G-1)wg , G-1hmy(@)

mA(J -1) | mB(J-l)

| 1 (3-1)-" -1y (3-1)m(@) L
v Tp@-1) mp@) + W)

N J
(X‘!L(J—l)—l’l #J-1) )WL,R(J—l) A
mA(J-l) + mB(J—l)

= ERROR 1 + ERROR 2 + ERROR 3 + ERROR 4 (B.1.8)

From the above formulation, we find that the error between
HL(J) and Hy (J) is composed of four terms, i.e., the four
terms in parentheses ( {} ) in equation (Bﬂl.é). Now, we

examine equation (B.1.8) term by term to highlight the
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~ ERROR1(J) =

. oom 1 |
ERROR2(J) = [QA(J?) my (3-1) F aplds) mBU'-U:l, Qp (%)
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o—

factors causing the error between hL and HL(J).

B.1.1 Error on the Averaged Enthalpy at (J-1)

From the first term of equation (B.1.8), the error

due to the averaged enthalpy at (J-1) can be rewritten as:

hA(Jél)mA(J)+hB(J—1)mB(J) _ hA(J-l)mA(J—l)+hB(J~1)mB(J—1)
mA(J) + mB(J) mA(J—-l) + mB(J-l)

(B.1.1.1)

1

From equation (B.1.1.1) we observe that ERROR1(J) increases

as the diversion crossflow and subchannel enthalpy increase

B,1.2 Error on the Heat Added from Rods

The second term of equation (B.1.8) is

m, (J) ., ms(J)

T, () F mg) " -1y -1 [
' (B.1.2.1)

Now
Q (I-%) = q,(J=}) + qp(I-k) - . (B.1.2.2

Inserting equation (B.1.2.2) into (B.1.2.1) we obtain

ot
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(

| ["J ') m;—(——yA(J) b ooy B ]
ERROR2(J) = 1 W0 & Ty + B9 e

©qy(3k) + qn(3k)
T m,y (0-1) F mg(T-1)

Ax - | :: (B.1.2.3)

From the above equation, we observe ERROR2 increases
as diversion crossflow increases and the rod linear power
generation rate increases. For low power generation, this

term is much smaller than the other terms.

B.1.3 Error on the Energy Carried by the Turbulent

Interchange b

From equation (B.1.8), the error on the -energy trans-

_ported.by the turbulent interchange between HL(J) and HL(J)

can be Written as:

- t
(hy (I-1)~hp(J-1))w, 5(J-1)m, (T) Ax

ERROR3(Y) = —m, @) + my@)Im, -1
. (hg(@-1)-hy (3-1) ey, (G-I (7) &

lm, (3) + my(J) Jmp(d-1)
, (PpE-1-n6G-1)wg (-1 (3) ax

{my (3) + mg(J) Img(J-1)
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(hB(J—l)—hC(J-l)wI'l R(3-1) Ax

bute too much to the ERRORS3.

can be written as

ERROR4(J) =

-

where H (J-1) =

(B.1.3.1)
mA(J—l) + mB(J—l) ‘
From the above equation, we observe ERROR3 increases
as the diversion croséflow and the difference between
T ] o0 . .
W (J-1) and w (J-1) increases. Usually, the differ-
L,R B,C
? 1
ence between W and w 1s small and does not contri-
L,R B,C i
B.1.4 Error on the Energy Carried by the Diversion
Crossflow
From equation (B.1.8), the error on the energy trans- -
ported by the diversion crossflow between HL(J) and HL(J)
L ox
mA(J—l)[mB(J) +m(J)]
. ;
R [hg(J-1)-h (J—l)wB’.A(J—-l)mB(J) Ax
mg(J-1)[mg(J) + m, (J) ]
* , ‘
. [hy(J-1)-h (J-l)]wBLC(J-l)mB(J ) Ax
mg(J-L)[my(J) + my ()]
. .
(B (9-1)-h (3-1) IV g(J-1) Ax
- 2 (B.1.4.1)
mA(J—l) + mB(J—l) _
hA(J—l)mA(J—1)+hB(J—l)mB(J—1)
mA(J-l) + mB(J—l) (B.l.H.gz
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For simplicity, we assume wA,B’ WB,C, WL,R are less

than zero. Then

:h*(J—l)wA,B(J-1)~= hg(J-1)wy - 5(3-1) . (B.1.4.3a
p*(J-l)wA’B(J-l) = hB(J-lin’A(Jil) . (B.1.4.3b
' (I-1)wg (I-1) = ho(I-Lwy o(3-1) (B.1.4.3c

Inserting equations (B.1.4.2), (B.1.4.3a), (B.1.4.3b),
(B.1.4.3c) and (B.1.4.3d) into equation (B.l.4.1l) we
obtain, N

(

- [h, (3-1)-h. (3-1)Tw, (I-L)m, (J) Ax
ERRORL(J) = i A B a8

my (J-1)[mg(J) + m,(3)]

¥ mp@-D) {73 + my (7))

h, (J-1)m, (J-1)+h., (J-1)m_(J-1)
A A B )
[ T, (3-1) ¥+ my(3-1) ‘%UJﬁ
mh(J-l) + mB(J-l)

WL,R(J-l) Ax

_(B.1.4.4)

)

ERRORU(J) can be rearranged as follows:

N W01 &y (G- A
ERRORA(D) = | 5 T Dymg(0-D) ~ Tma(0)m,(0) Jag@-1y | Pet?D)

\
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, | Mapbm@) s my@-Di pG-1) & o)
. WB,C(J"I)mB(J) Ax i WA,B(J'l)mA(J) Ax
T mp @D @m, )] T i, (G- my (9 4m, (3))
(I-1)W, (J-1) Ax
. B L,R hg(J-1) (B.1.4.5)

[y (3-1)mg(3-1)F°

\

Equation (B.1.4.5) is a general expression for the
error oﬁ the diversion crossflow.. This error increases as
A

diversion crossflow and subchannel enthalpies increase.

B.1.5 Numerical Values of Errors Between H; and HL

From the above derivation, we conclude that all these
four errors vanish as the diversion crossflow goes to zero.
This‘giveé us strong confidence to neglect the error intro-

? n

duced by using the coefficients NH’ NH and NH from Appendix A
into the COBRA computation scﬁeme which employs a forward
differenced form for the conservation equations. However,
this error may not be negligible when the diversion Qrossflmv
between subchannels 1is large.

Let us now evaluate the ERROR1l, ERROR2,. ERROR3 and
ERRORY in order to see their relative importance
under two extreme conditions, 1i.e., low diversion
corssflow condition (ENTHALPY UPSET CONDITION) énd

et

high diversion crossflow condition (POWER AND FLOW UPSET
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CONDITION).

- The input energy -and flow conditions together with

. Input coeffic‘ienﬁs for the cases considgred in this

section are listed in Table B.1.

" TARLE B.1

ENTHALPY UPSET

FLOW AND POWER UPSET

Bundle Geometry N =5
L= llm'f

= Mlbm
G = 2.66 e

FR = 1.0

Mow Conditions

fnergy Conditions = 600 Btu/lbm

H
' -n MBtu
q" =0 hr-£t<

- Hp = = 1.22

Py = 1.0
nput Coefficients B = 0.02
K=0.5

S/L = 0.5

Bundle Geometry N=5§5

L = 144"
= Mlbm
Flow Conditions G = 2.66 —Ta— s
FR 1,22

Energy Conditions H = 600 Btu/lbn

q" = 0.0l
Hy = 1.0
' PR = 105 -

Input Coefficients B = 0.02
[ K=10.5

MBtu
hr-f+.

S/L =05
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The total errors between hEXIT and HLEXIT can be eval~*§e

by using equations similar to (B.1.1.1), (B.1.2.1),
(B.1.3.1) and (B.1.4.1) but reformulated to deal with
five subchannels. The results are tabulated in the follc

ing table (Table B.2).

\ TABLE B.2
ENTHALPY UPSET | POWER AND FLOW UPSE"
AH -34.4 BTU/1bm 21.5 BTU/1bm
EXIT :
. Btu Btu
£ ERROR1(J) 0.097 Tog 0.058 Teo
J=1 : . ,
EXIT :
Btu Btu
I ERROR2(J) 0.0004 Ten 0.0004 ToE -
J=1 |
EXIT
Btu , Btu
I ERROR3(J) 0.147 TEo 0.127 ¥
J=1 _ :
EXIT :
Btu Btu
f ERRORUY (J) -0.233 oo -0.130 T£o
J=1 X :
' Btu Btu
TOTAL .0°Oll Tom 0.055 3=

B.1.6 Conclusions

. The coupling coefficient derived in the differentia:
form conservation eugations can be used in the differenc:

form gonservation equations with some practical'tolerable
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erraf. Hoﬁever, if the subchannglienthalpies become
abnormally high (under channel bloéﬁage boﬁdition) or
the diveréién crossflowg between subchénheis becomes
very largeh(under severe boiling condition or channel

will
EXIT

become substantial from the practicalrpbint of view.

blockage), the errors between Hp and HL
: - EXIT

B.2 General Approach to Derive Coupling Coefficients From

the Different Conservation Equations

Couplihg-coefriciehts defived from the différential
conservation equations are applicable to the code appli-.
"cation only if the subchannel enthalpies and diveréion
crossflows are within the range of normal operation, as
we discussed in Section B.1l.6. Oﬁe way to eliminate this
.constraint to handle abnormal operationél conditions
is to derive the coupling coefficlients directly from the
difference conservation equations. For instance, we
deri&e cbupling coefficients in the differenée conserva-

tion equations by first letting
hL(J? = HL(J) . ~ (B.?L

and thén define the coupling coefficlents in each‘termoi’HI

to make HL(J) equal HL(J) term by term. Usiné the same



bfocedures, we can derive the coupling coefficients"for.

the axial veiocity and axial pressure drop. However,

it is worthwhile noting that the complexity of the

coupling coefficients resulting fromrthis kind of deriva;
tion generaily will make them undesirable for practical
applicatioh; Also resuits for Volume IT show that the

error due to no application of coupling coefficients is
modést. For DNBR thermél analysis, utilization of coupling
coefficients is not necéssary. However more accurate pre-
dictioﬁs of chanﬁel eﬁthaipy is desired for coupled neutronic.
thefmal hydraulic analysis. Consequently derivaéions and -
prediction of transport coefficients is éf potential appliaa-

tion in the future development of these coupled analysis meth



" -80-
APPENDIX C

DESCRIPTION OF'THE DATA USED IN THE ANALYSISV

In this appendix.the data used in the present study

wlll be given. The reactor analyzed is similar to

CONNECTICUT YANKEE

C.l.1

C.1.2

are:

Operating Conditions

Syscem Pressure 2150

Uniform Inlet Enthalny 548.8 BTU/lb ,
Uniform Inlet Mass Velocity 2.217 x 106 1b/hr 62

Average Heat Flux 0.2034 x 10° BTU/hr £t2

Dimensions of the Assemblies

.The geometrical characteristics of the assemblies

Area 38.37 in°

Wetted Perimeter 322.8 in
Heated Perimeter 270.5 in
Boundarj Gap 2.0 in
Hydraulic Diameter 0;4755 in
Channel Length 126.7 1in

Channel Orientation-0.0 degrees



C.1.3

are.

C.1l.4

"Dimension of the Subchannels.
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The geometrical charactéristics of the subchannels

Area 0.1705 in2

Wetted Perimeter 1.435 in
Boundary»gap 0.133 in
Hydraulic diémeterAOfH755 in

Discussions of the Rocds

All the rods are taken as having the same

diameter of 0.422 inqhes.

C.1l.5

Axial Heat Flux Distribution

The following heat flux distribution was used:

Position - ‘ , . | Relative Flux

(X/L)

0.0 ' . 0.039

0.05 0.289

0.1 0.531

0.15 | - 0.759

0.2 . 0.968

0.25 | | 1.151

0.3 : 1.303‘

0.35 ) S 1.421 T

0.4 N 1.502
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..ngigion i. L f>3elifézi Flux
0.65 - o 1543
0.475 155
0.5 . ~ -~ 1.545
0.55 o o © 1.505
0.6 | © 1.426
0.65 . 1391
0.7 - 1.58
0.75 T 0.977
0.8 _ | ~0.770
0.85 ' - 0.542
0.9 a - - 0.30
©0.95 . 0.051
1.0 - 0.0

C.1.6 Radial Power Factors

There are three different distributions of radial powe:

factors which have been used in Appendix D (Case A, Case B, and

Case C). Case A represented the base case. Cases B aﬂd C were
developed to permit testing_df the one pass method versus a
Simulatioh of the cascade method. Therefore case B was generatt
to provide subchannel peaking factors in the boundary region of
neighboring.assembly and movement of the hét subchannels closer
the assembly boundary. Case C is a varient of Case A with the
hot subchannels moved closer to the assembly boundary. using

the same peaking factors as Case B.
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‘The radial power factors of each assembly for Case A
are given in Figure C.1, These values were taken from
Figures 4.2-16 of the report GTS-75-A-136 sent to Dr. E.
Khan by J. Chunis of Northeast Utilities. Also the rédial
pOWer factors of each assembly for cases B and C are given.
in Figures C.2 and C, 3 respectively which were assuned by
Pablo Moreno.

The radial power factors for the subchannels of the hdt
assembly for Case A which were assumed by Pablo Moreno are
given in figure C. 4, In figure C.5, the radial bower factor

for the subchannels both the hot assembly and a.portion of

© one neighboring assembly for case B are. given. The radial

LY

power factor of the subchannels in hot assembly for case
were assumed by .Dr, E, Khan except that two hot subchannels
have begn moved closer to the assembly bbundary. The radial
power factpr of the neighboring'subchannels to the hot assen
were obtaiﬁed by multiplying the radial power factor of the
subchannels in the hot assembly by-a factor which is the
ratio of the neighboring assembly power factor to the hot
assembly power factor,

Figure C.6 gives the radial_powerrfactors for the sub-

channels of the hot assembly for Case C are the same as Case
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C. 1.7 Spacér Data
" In the following table the relative location and

the type.of spécer situated at that location are given.

" Location

(X/1) 0.005  0.159  0.324 0.k92 0.658 0.824  0.995
Spacer . , .
Type Yo. 1 2 : 3 3 3 3 3

The drag coefficients assumed for each spacer type are:

-

Spacer

Type No. 1 5 3
Drag | : o

Coefficient L.011 0.978 1.565

C.1.8 Thermal-Hydraulic Model,

C.l.8.,1 Mixing

Two values of the mixing coefficient B (0. and 0.02)
have been used in the analysis. _

The two-phase mixing coefficient 15 taken as equal to
that of single phase,

Thermal conduction 1is neglected.'
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I A

C .1.8.2 Single-Phase Friction
It is calcuiated by:

whére Re = n Reynolds Number

¢ .1.8.3 Two-Phase Friction
The homogeneous model friction multiplies was
selected to cescribe the two-phase pressure'drop due to

"friction. . . -

- €.1.8.4 Void Fraction
It was calculated using the Levy model and a élip

ratio equal to one.

c .1.8.5 Plow Division at Inlet
The 1inlet mass velocity was.taken as uniform,_

equal to 2.217 x 106 1b/hr ft2

for all channels.

C. 1.8.6 Constants

The constants used aré:

Cross-flow resistance (¥XIJ) = 0.5 -

Momentum Turbulent Factor (FTM) = 0.0

Transverse liomentum Factor (S/L) = 0.5
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- The CHF correlation used iq all the calculations was W-3.

C. 1.8.7 Iteration '

The flow convergence factor used was 0.01.

The number of axial steps in which the core was
:éivided wvas 21. Then the lengfh'of each axial steﬁ'was
6.003 inches.

All the calculations were done for steady state.
¢, 1.8.8 Coupling Parameter

The following coupling parameter was used:
Ny = W
where
N = number of rods between the center lines of
the channels making up the boundary conditions.
If no coupling parameter was.used;

NH=1'

C.2 Data Used in the Westinghouse Core Case

C.2.1 Operating Conditions

System Pressure 2200 psia ‘

Uniform Inlet Temperature 542.3 °F

Average Inlet Mass Velocity 2651 x.10" 1lb/hr ft
Average Heat Flux 0.2021 x 10° BTU/hr ft2

2
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c.2.2 Dimensions of the Assemblies

" Flow Area 38.11 1n°
Wetted Perimeter 348.0 in
Heated Perimeter 310.2 in

- Boundary Gap 2.108 in

€C.2.3 Dimensions of the cChannels
Rod Diameter:; 0.374 in
Rod Pitch: 0.496 in

' Diameter of uide Tubes: 0.482 in

Cc.2.4 Axial Heat »lux Distribution

Position Relative Flux
(x/1) | | ,
0.0 | 0.0
0.033 | 0.003
0.067 - 0.211
0,100 o 0.385
0.133 0.55%
0.167 . 0.717
0.200 . 0.869
0.233 . 1.010
0.267 ' . 1.138
0.300 ' 1.251.
0.333 1.347
0.367 . 1.426
0.400 | 1.486
0.433 . 1.526
0.467 1.547

0.590 : 1.547
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Position , '~ Relative Flux
0.533 ” . 1.526
0.567 - | 1.486
,eroo ’ 1.426
0.633 1.347
0.667 0 1.251
0.700 C 1.138
0.733 o -~—wg?- 1,010
0.767 | - 10.869
0.800 . f ~ 0.717
0.833 - : o 0.555
0.867 . 0.385
0.900 | 0.211
0.933 | 0.003

" 1.000 0.0

C.2.5 Radial Power Peaking Factors
Hot assembly rod peaking factors and Assembly
average power peaking Factors are shown in Figuré's C.7

and C.8 respectively.

C.2.6 Spacer data
Number of Types: 9

Single Phase Grid Coefficient for each Grid Type
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4.1
2.51
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J ‘ |
\ HOT ASSEMBLY (SEX® FIG. C.7)
11482 | 1482
] \
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t . .
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| | 1\
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Figure C.8 Asgembly Radial Fower I'eziiing: Factors
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" APPENDIX D
TABULATION OF CORE CASES ANALYZED IN THIS STUDY

In this appendlix a summary-of céses ana1§zed is presented in )
tabulated form. The pattern of channels usedntoirepresent the core
and hot assembly for eﬁch case 1is shown in the figures, Also a
discussion of some discrepancies between different cases is presented.
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" heat flux has been used, the MDNBR 1s estremely small.
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D.l1 Summary of Cases Analyzed o -

There are three different power distributions'(Casé A, Case B,
Case C in Appendix C) which have been used in the analysis. Only one
B value have been applied for all of the different cases. The internal
nodes and external nodes have been defined in the text. The evalua-
tion of the predicted MDHBR 1s based on the W-3 empiricél correlation.
A case number has been assigned fo each case. These numbers are the
same as in the text. :The channel number is indicated in the figure.

D.2 Discussions:

The MDNBR value is neither a strbng function of the NH:value nor
a strong function of the different number of internal and external mesk
But the MDNBR does change considerably according to whether it is a
whole core or a partial core analysis. All these have been discussed
in the text. But still some discrepancies between different cases
need to be discussed here. '

Case 8 is a whole core analysis with 5 internal and 5 external
meshes., Case 36 1s also a whole core analysis but with 4 internal '

. and 5 external meshes. Even these two cases have very similar number

of channels, still there is 0.7% difference of the .MDNBR value between
them. The reason 1s that the pattern of channels for the internal
meshes is quite different (Referring to Fig. D.¥, Fig. D.51), the
cross flow of the hot channel for the two cases is different. Due to
the different cross flow, the predicted IIDNBR based on small cross flo
is larger than based on large cross flow. Case 35 is a whoie core
analysis with 4 internal meshes and only one external mesh. Even
though it is a whole core analysis, it still can not gife a good resul
Since there is no cross flow from the only one external channel to
other external channels, the cross flow from the hot inteérnal channel
to the external channel is small, Therefore the predicted MDHB ratio
is much higher than the real value.

It also should point out that since the abnormslly high average
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SUMMARY OF CASES ANALYZED

Povier Trans-
Case | Distri-|port 8 GEOMETRY ,
No. |bution |Coef. InternalExternal L, MDNBR
* Ny Nodes Nodes gure
1 A N .02 | 16 85 D.1,D.2 [1.047
2 A N L,02 | 16 45 D.3,D.4 [|1.042
3 A N .02 16 14 D.5,D.6 [1.043
4 N N .02 5 5 D.7,D.% [1.013
5 A 1. |.02 16 85 D.1,D.2 |1.040
6 A 1. |.02 16 45 " D,3,D.4 |1.040
7 A 1. .02 16 14 D.5,D.6 [1.041
8 A 1. |.02 5 5 'D.7,D.8 [1.016
9 a 1. l.o2 | 36 18 D.9,D.10 |1.036
10 A 1. |.o02 16 45 D.11,D.12{1.107
11 A 1. 1,02 36 0 D.13 1.137
12 A 1.1 o2 5 1 D.14 1.109
13 A 1. |.02 I 83 D.15,D.16|1.021
14 A 1. .02 Yy 14 D.17,D.18}1.027
15 A 1. l.o2 | 16 0 D.19 1.123
16 A 1. |.02 4 0 D.20 1.069
17 A 1. |.o2 1 0 D.21 0.901
18 B 1. .02 5 5 D.22,D.23|0.982
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CONTINUED
Power Trans-
C;ze Distri- | port GEOMETRY MDNBR
- ‘l bution |Coef. InternalExternatlFi ure
: Nﬁ : Nodes Nodes &
19 B 1. ko2 16 14 D.24,D.25 | 1.00%
20 B 1. L02 16 95 D.26,D.27 | 1.019
21 B 1. .02 16 17 D.28,D.29 | 1.008
22 C 1. L 02 16 85 D.30,D.31 | 1.015
23 c 1. L 02 16 13 D.32,D.33 | 1.019
24 c 1. L 02%** | 16 13 D.32,D.33 | 0.990
See -~
25 lpig.p.3ult .02 Refer to Fig, D.34 -
See g, D. :
26, 1o D. 35 1. 02 [Refer to Eig 35 —e
2 See . i Refer to Fig. D.36 o
7 oD 26 1 102
See ,
28 Fig.D.37 1, ,02 Refer to Flg. D.37 —
See *Fig.
29 [13(sect.|l. .02 [Refer to Fig. 13 (Sect. 3.3) =--
o 3-3) -
30 A 1. .02 16 9 D.3%,D.39 | 1.039
32 A 1. 02 4 6 D.42,D.43 | 1.02:
33 A 1. .02 4 4 D.44,D.45 | 1.029
34 A 1. |02 4 2 D.46,D.47 | 1.034
35 A 1. .02 Y 1 D.U4B,D. 49 | 1.345
36 A 1, .02 4 5 D.50,D.51 | = 2:
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CONTINUED
37 A | 1. ].02 4 D.52,D.53 |1.159
3B | A 1. | .02 4 D.54,D.55 [1.356

*Power Distribution See Appendix C

**Turbulent Interchange along Hot Assembly Boundaries

Not Included
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Figure D.12
Detail of the Hot Assembly (Case No. 10)
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Figure D.19
Channels Used in the Analysis‘(Case No. 15)
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| Figure D.21
Channel Used in the Analysis (Case No. 17)
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Detail of the Hot Assembly (Case No.



~122-

— a— — OTE—— G— o—

- Fligure D.24

Pattern of Channels Used to Represent the Core (Case No, 19)



-123-

-1 1 L 1 L R I T AL B
“ J | o | ¢. LT T A
e T i e B A B et Eoly S Bl St bl by
L e
o I I . S N B H B R e
o I I I R R TN O A I O A
L e|a|m] 1 1 _~\T%_ T T
+ —|= 4 == == f == == =]

o I IR N N S AP S I S IO
T Fr,0 0
- — = o i =l i b i o e i
I U R UL N 7 A A N S R
;o ST A T T T
- = i Tl el b o
SRV RO 7€ Y O A N O S A
SR R D T I R R R B
— = —l— =l =l ol
Y I PR N S L DN PN N SOOI B
A7 R N I
R et s aht et s e e el et e iy et it
VA T A T T T T VR UL N S
o et vt e A A M T VA T Y B BT

» Figure D.25
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Figure D.27 v
Detail of the Hot Assembly (Case No. 20)
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. Pattern of Channels Used to Represent the Corée (Case No. 22)
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_;]_39._

 gusiein. -

Figure D,41l

31)

Detail of the hot Assembly (Case No.
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Figure D.43
Detail of the Hot Assembly (Case No. 32)
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Pat4ern of Channels Used to Represent the Core. (Case No. 33)



-143-

Figure D, 45
Detail of the Hot Assembly (Case No. 33)
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Pattern of Channels Used to Represent the Core (Case No.

34)
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Figure D.HA7
Detail of the Hot Assembly (Case No.

34)
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Figure D.48
Pattern of Channels Used to Represent the Core (Case No. 35)
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Figure D.49
Detail of the Hot Assembly (Case No.

35)
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Pattern of Channels Used to Represent the (;oré (Case No. 36)
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. Detail of the Hot Assembly (Case No.
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Figure D. 52
Pattern of Channels Usgd to Represent the Core (Case lo.
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- Detall of the Hot Assembly (Case No.
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Figure D.54
Pattern of Channels Used to Represent the -Core (Case No.
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\\\\\ BQT ASSEMBLY (SEE Fig D.59)
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Figure D.58 1/8 ZJore ‘hannel Fapping :cheme (Case No. 40 )
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Figure D.59 1/8 Hot Assembly Channel and Rod Mapping Schene
(Case No. 40)
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APPENDIX E _
PREDICTION OF ENTHALPY RISE IN THE HOT ZONE FOR

MULTIREGION AND HOMOGENIZED REPRESENTATIONS

Definekthe différence.betweeq the enthalpy rises ih
the hot zone for the'multi-subChanhél and hoﬁagenized
répréséntationé as the enthalpy rise deviation. The
purpése of the fdétdr NH(z) 1sito reduce this deviation
to éeroé In this appendix we derive relations for this
-deViatibn in the absence of'applicationlof this correc-
tion factor, i.e., taking Né'= 1, for the ENTHALPY UPSET
: CASE ENTHALPY AND FLOW CASE, POWER UPSET CASE and the

POWER AND FLOW UPSET CASE.

The defining equation for the enthalpy deviation is '

Enthalpy déviation ) ﬁEXIT(homdgenized) - hEXIT(multi-subchannel)l

for hot zone - EXIT(multi-subchannel) - hINLEP
: hot
zone
(E.1.a)
Now
' no. of hot
' . side subchannels
1y = o. of hot side _ 4 .
hggp(malti-subchannel) = oz ~ /M0 O Dot side =t

,hE(IT(hornogenized) = H
AH EIi-hIN
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Hence equation (E.l.a) becomes

Enthalpy deviation _ MM - th
for hot zone

(E.i.b)

In the evaluation of eQuatioqv(E.l.b) in.éerms_of bundle
parameters that fo}lows, we assume‘that t@e amount of
énthalpy interchange bétwéen channels dug to tufﬁulént
mixingliskmuch more than that due to diversion créséflow;

Therefore o B .

[
S+
.
S+

&h ¢ - Shpp | o .(E.?.a)

and AH

[}
>
e s

I
[
o]

Q" - | - (B.2p)

where the minus sign 1is introduced for the hot zone
and
EXIT
Mp.1. = Ve, 192 - E3)

INLET

Since per Appéndix A for either side L or R

.Q'.= I qy . (E.h.a)



2156~
and - - : . |
M = § o , |  (E.b4.b)

~then . -

Sﬁq, = &gq, ' :(E,4.c)'

Frdﬁ (E.2.a), (E.2:b) and (E.l4.c), the f&llowing equation

cafi be derived:
(E.5)

M - h 2 fg g - Mp 1,
Hence Wwe can rewrité equation (E.1.b) as
A‘ET.I. i I & (3.5)

Enthaipy deviition -
for hot zohe — — »
Ahg &hg 1,

Now from equatiofls (A.1:6a and A.1.7a) for an axial step

s m e 2 = ~(ho<hw
(8nym, )i 7 = =(hg=hpdw ;8K

Mo

i=A
and .
HL-HR v

BRI

(GHLML)T.I
: H
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Since Ny is established so that the LHS of both equations

are equal,

1
(HL—HR)AX W

L,R ' S
N, (x) = 2 (E.7)
H (hy=h )AX | ' .
. C ‘"D~ ' w'C?D B _
. Now since
GHT.I = (HL"HR) 34 L,R/ML] ' _ -.(E.8a)
- B ! ' - -
6hT.I = (hc—hD)' W C,D/im%] (E.8b)
M = imi | ’ - (E.lUb)
_then
: - 8H
Ny(x) = i ,‘ (E.92)

or when summed over the axial length of the fuel pin

_ AHT.I

N, = o . : (E.9b)
H ™ fhq g E
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Also per eduation (E.Ub)

sh . = aH

ql Q'

(E.bb)

Insertion of equatibhs (E.9b) and (E.4b) into (E.6)

yilelds:
| = -1
 Enthalpy deviation _ - Ny
for hot zone AH.,
Q' _ 1
AHp 1 - §

H

(E.11)

Now to evaluate equation (E.11l) we express the ratio

AHQ, _
YN in terms as follows.
I AP § ' : ‘

First we introduce power, flow and enthalpy ratio

definitions
o ' Q
Power Ratio = Py = 6591
COLD
GHOf
Flow Ratio = FR e
SCOoLD

' Inlet Enthalpy Ratio = H

and we recall the definition of B

R=

(E.12a)
(E.12b)
H,m(2=0)
HOT
=) (E.12¢)
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then

Migr
8p 1
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. o .
-
i+
\ Q

=
in

Bs (5.13).

| . '-[H'q'hotLj/N'dhotAs
i IEXit .. I:Hlflot(Z) B Hcold(z)] BS G dz

' 1
N As Ghot A

Inlet

[N}, )/ @8S)

| 1 t .
= - ?Old - Hcold(o) + tht(o)
NG A NG A ’
hot' s cold s.

'
NL

To'a' ) N'A/(@8S) \
= hot
CN'L ' 'L 1 (0) H__..(0)
9 hot _ Qeo1g N L It A_}fhot _ _cold ]
G ' G 1 1
hot cold J ’ -N_'TA;: N_'—K; J

[NP.J NA/(GBS)

PN L N'L l

. H .+ (0) Hcold(O)‘]

Chot Gcold» o q'cold qc':old
' N'A N'AS
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L t
[N PR] N A_/(8S)

r | . H
PNIE  NIG | o [ Bt 201a(0)]
: )
Gho’c Gcold, q cold q‘cold
, _N'As o N'As

[N'PR} N AS/(BS)

PRN'LE NIE GN'A
- + (0) - H (0)
hot ! Goola R Fhot cold™™ 4 a’1q

N Pp] N A/(8S)

. : —
He v @wio- v @lolo + [Phot(@ - Hong O] HON A
! A H H, q’cold
in in
t -t 1
[N Pzl @ N A,/(BS)
."" "]:' P N' (1+.];_.) - N' (1+F ) L+ 2 _ 2 ?{E\I‘Asq"

R

By @ N AJ/(BS)

L'l e arly - (em) + R G- A (1+P.)
-3 44 1 *g Fq R 1-Hg *s R

(E.14)
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For ENTHALPY UPSET CASE, since Fp = 0,

t
1, PR =1and q =
equation (E.14) can be‘fedgced to: ‘ .
AH‘[ ' 3 i .
BT - THoT - =0 (E.15)
7.1 [ R 6 g3 |
- H+1 , -
then equation (E.11) for this case becomes:
1 :
N, . o
H — - o
— - ~ Ny | (E.16)
Ny '

- . '
For ENTHALPY and FLOW UPSET CASE, since q- = 0, equation

(E.14) can be reduced to:

AH QI
NG =0 (E.17)
T.1
then equation (E.1l1) for this case becomes:
R
NH _ 7 :
T = (1 - NH) (E.18)
N; '

H
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For POWER UPSET CASE, since Hp =1, Fg = 1, equation

(E.14) ean be redﬁced to:

t
.A_.}.EQ_{_. = PRN As . . _ -~ ' (E 19)

then equation (E.1l) for this case becomes:

(1 -

= |-
L

: H . .
' s - (E.20)
. PRN As _ 3 . )

For FLOW and POWER UPSET CASE since Hp = 1, equation

(E.14) can be reduced to:

7 ]
AH v N A . . '
AHQ 1T .. = 81 - (E.21)
T.I 3 8SL [PR(1+-F—,—) - (14Fp) ]

R

then the equation (E,11) for this case becomes:



.
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ST | .
il - (B.22)
_» PN A .
28 L [PR(L%;) - (1+FR)] g

From equations (E.18) and (E.20) we know that the differ-

ence of enthalpy for the hot channel at the exit between

the homogenized case with Ny = 1 and multi-subchannel
case for the power upset case and the power and flow
upset case is a strong function of B, Hp, Fgr» PR, N'
and NH.
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APPENDIX F

N. AND N._ FOR LINEAR GRADIENTS

DERIVATION OF NH’ U TP

OF ENTHALPY, VELOCITY AND PRESSURE

From Equations fA.i.lh6), (A.2.1.6a5'and (A.3.1.6)

we define Ng»> Nys NTP in the following way:

A iy
H hC - hD
oY
R
Ny = .L” "R
TP PA - PE

If we assume the transverse enthalpy profile through

N., becomes:

channels is linear with slope Sh’ q

B i B

N | N
N, = (5= *+8 53 "8y ) - (5= -8 =554
B, S, H P S
(Zgds P - (-5 g
NN
=2 2 - =N for N odd ’
T 1 ] or o (F.1)
+
T T



e,

_1-65..

HL+HR . Hﬁﬁa' '

NH= HL+HR : i (HL+HR Sh.S i
. ‘LR 13 _ o dJ
v (=7 #8327~ R
] .!
N N - ' o . ,
2z T - .
= S5—% =N - for N even . (RF.2)
332 |
For thé same reason for NU’ NTP’ we obtain:
- U 4U B U+U '
LR R N _ R LN
NU=( 5 Y53 ) ( %3 SlJ)
HL+HR s H+HR , S -
iy L R_o 4
(5= +8, T) (=5 'Su —z;i)
]
= 2N = N for N odd - (F.3)
U, +U | ' U U !
.__I.J-_R'- ...N_—-. p— R ..N_._.
NU—( +su 5= * Sy5 ) = =S, "5 S4y) -
. + S,
HR _ii)_(HLHR s, -2l
| u 2
for N even (F.4)
) u+ ) tA ]
(PLPR+S-N-S)-(PJrPR S -3-+8,.,)
N = 2 D 2 p_ 2 ij
e = TP ' PL+PR 1
( __2__+ Sp . Sij « (N 2) )=( | - Sp . Sij - (N -'2—) )
] 1 »
N N : .
_ 2 2 _ N
= £ = a for N odd or even (F,5)



where Sh’ Sp and Su =

pressure and velocity.
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transverse slopes of enthalpy,

P
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ffom the bottom of the channel to the location of'MDNBR needs

~to be considefed.

G.1l.1 Changes of Enthalpy

The energy equation neglecting the conduction term for the

hot subchannel was written in Equation 1 as:

'K

. N ’ '

Y
- I
i=

*
(hyo(J-1)-h (I-1))wye 4

(J-1)-Ax
1 mye(J-1) |

- (6-1)

L
qHC(J-%)

Let. A EEETT:IT

HC,i(J—l)'Ax

g (hye (3=1)=h, (J-1) w
1=1 - mye(J-1)

- 4
cC= I
i=

(hye(3-1)-h" (3-1))wy, , (3-1)-Ax

1 THC(J'l)

HC,i

For the hot channel from Table'G;l, the value of each term (A,B,C,),
the ratios B/A and C/A in percent at different locations and the
overall summation value from bottom to the location of MDNBR are
listed in Table G.2. Table G.2 also lists the total values (summa-
tion froh inlet to exit) for reference. ‘The amounﬁ of'enthalpy
change due to the linear power in the hot subéhannel is around

174 BTB/lbﬁ, the turbulent interchange and cross flow terms are
16.2% and 2.8% of the linear power term. Therefore the net enthal-
py change due to turbulent interchange and cross flow of the hot
subchannel (Channel A) 1is around 33 BTU/1lbm (174 BTU/1bm (16.2% +
2.8%)). | | |



\ \ "168-

LY

Using the same information (Table G.1 and Fig. G.1), for a
colder subchannel (sa& channel 56 with a radial power factor of
- 2.060) calculation ofﬁtﬁe net entha;py change due to turbulent
interqhahge.ahd_éross flow can be performed in the following
¢hree step§4(Référr1ng to Fig. G.1): First, from Table G.1l, the
turbulent interchangé term (B) and cross flow term (C) at differ-
ent locations betweeh the hot subchannel (Channel 57, was deslg-
nated as Channel A in Fig. G.1l) and the surrounding adjacent sub-
channels (Channels 49, 56, 58, 63 were designated as Channels B
in Fig. G.1) have been calculated and listed in Table G.3. Also,
from Table G.1 for Channel 56, the total enthalpy change from
inlet to the location of MDNBR is 136.72 BTU/lbm (685.52 - 548.8).~
Second, the énthalpy increase from inlet to location of MDNBR due

to heat flux term (A = q%S(J"%) ) 1s calculated to be 157.94 BTU/lbm.
m56(J—-l)

Third, from Table'G.B (which was obtained in the first step), fhe
enthalpy across from Channel 57 té 56 due to turbulent interchange
and cross flow is 1.2 (.7978 + .4028). Based on the values obtained
from above calculations, the enthalpy leaving from Channel 56 is
22.42 BTU/1bm (157.94 + 1.2 - 136.72). Therefore the net enthalpy

change due to turbulent interchange and crossflow 1s -21.22 BTU/1bm
(-22.42 + 1.2).

G.1.2 Changes of Mass Flow Rate

From Table G.1 the difference of mass flow raté’between inlet
and the location of MDNBR for each subchannel was calculated. The

percentage changes in each of the four subchannels were listed in



_ R

~169-
S, N -
Table G.4. ' The hot subchannel (Channel 57) has a larger mass flow
. rate decrease than the other subchanneis,jbut the difference 1s

osmall.

6.2 The Effect of Enthalpy Versus Linear Power on MDNBER

Two radial poﬁer.factors (2.060, 2.266 having been marked as
Curves A and B respectively in Fig. 2.3) and a sequence of differ-
ence inlet enthalpies have been_usediin.the adiabatic subchannel
analysis. According to Case No. 13, a base case has been consis-
tentlx set up. Due to the adiabatic ‘boundary, the variation of .
. ‘enthalpy at the location of MDNBR is the same as at inlet. As
| "shown in'Fig. 2.3, fof a eonstanf radial pewer fector the MDNEBR
ehangesf311§ht1y“With“the»enthalpy,variation at the_locatioﬁ of
'MDNBﬁ 1h a linear mode. The value of MDNBR is larger if the radial
ﬁower factor is smaller. Curve B is always aﬁbve Curﬁe A and these
two cﬁrves'are parallel to each other. VFor the base case, the-
difference of MDNBR between Curve B and Curve A is .252. Referring
to Fig. G.1l, the hot subchannel with a redial power factor of
2.266 and with a radial power factor of‘2.060 were designated as
Channel A end B respeetively. So Channel A will'vary along Curve A,
Channel B will vary along Curve B. The enthalpy of hot subchannel -
and adJacent subchannel will decrease due to the turbulent inter-
change and cross flow. The amouﬁt of chenges.have Seen obtained
in Seetion G.1.1 and are repeated here: the netwenfhalpy change
due to tufbulent interchange and cross flow of Channel A and B

is -33.0 BTU/1bm and -21.22 BTU/lbm respectively.
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When enthalpy changes due to turbulent interchange and cross
flow are considered between the two channels, the difference of

MDNBR between Channel A and Channel B can be obtained along Curve A

‘and Curve B 'as indicated by the dash line in Figure 1. The differ-

ence was marked as thg margin with a valﬁé of 6.11. From this
pésitive'margin valﬁe, a conclusion can be drawn: even when
enthalpy changeé due to trubulént interchange and cross‘flow are
considered between the two channé;s with maximum power factors,
the channel with higher radial power factor still hgs the lower
value of MDNBR.. So the channel ﬁith-the highest radial_ppwer

factor is the crucialichannel which needs more consideration.

G.3 The Effect of Mass Flow Rate Versus Linear Power on MDNBR

‘The same base case, the same two radial power factors have
been used as in Section G.2, but the mass flow rate.has been
considered as the variable instead of the enthalpy. The results
were plotted on Figure 2.4. The value of MDNBR is larger if the
radial power factor is smaller. Also the value of MDNBR decreases
with the decreasing of mass flow rate. Due to the effect of cross
flow, the mass flow'rate is different at each location. From
the results in Section G.1.2 (Table G.4) the amount of change
in mass flow rate of Channel A and B (Figure>G.1) are -18.0% and
,;1.21 reépectively. The difference of MDNBR between Channel A
and B aftef the reduced mass flow rate effect can be found along

-

Curves A and B as indicated by dash lines in Figure 2.4. The
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difference was marked-as thé margin with a value of 0.29. Agaln

from the positive margin value a conclusion can be stated that’

'with the reduced mass flow- rate considered, the channel with-

higher radial-poweg factor still possesses the lower value of.
MDNBR. | _ |
G.4 The Effect of Cold Wall on MDNBR - R

In case both the hottest rod (highest power) and coldest
rod (zero power) exist in the same channel, the predicted

MDNBR might occur on the hottest rod even though the channel -is - -

‘not the hottest one. This is due to the cold wall effect of

the coldest rod (zero power rod).. The predicted CHF (by W-3
correlation). should.be evaluated using the heated equivalent

diameter (1.202 in.) versus the wetted equivalent diameter

-_(l ‘435 in.) and should be multiplied by a factor Fs

= (1.36 + 0.12¢9%) (1.2-1.6e"1-9%h) (1.33-0. 237e5 66x,
where D, = heated equivalent. diameter

X = local quality

For example, 1f the local quality is zero, the predicted

CHF due to Cold Wall effect considering both the use of DH and F

' wWill decrease around 5%, Referring to Figure G.2, G.3, and G.4,

i1f the hot rod (with a power factor 2.26b) is in cold channel
(with a power factor 2.0060), along with a zero pover rod due
to the cold wall effect curve A (Figure G.3, G.4) will shift

to Curve C. This net shift to lower I'DIBR is because the cold
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channel effect on MDNBR dominates the oppésing effect of decrease .
of chénnei power, '

Thérefore, if rod power peaking factors are availabie,
.thé procedure té.identify the worst location (place of lowest
MDNBR) is: first, to identify-the highest rod power factor;
as the hottest éod, second, to check the existence of any cold
rod (zero power rod)rin the neighborhood of"the hottest rod.
The predicted MDNBR might océur on the hottest rod with cold’
wall effecﬁ even if the channel is not hot. Figures G.3 and
. G.,4 can quantitatively demonstrate this point. Curves A in
both figures is the IDNBR of a ﬁot rod in hot channel. Curve . -
C in both figures is the MDNBR of a hot rod with cold wall
@ffect but in cold channel. | |

A positive initiai margin of 0.045 in both figure G.3

and G.4 can.be.seen for the base case. It means that the
MDNBR of curve C is smaller than curve A at the base initial
Situation. But due to the cross flow and the energy interchange
from the channel inlet tiil the location of HDNBR, both the
mass flow rate and enthalpy in each channel will change.,
From the calculation in Section G.2, and Section G,3 the per-
centage change of enthalpy and mass flow rate for each -channel
can be used which were indicated on both figures by the dash )
lines as the enﬁhalpy anq mass flow rate shift. Even after thosé
shift éhe margin is still positive which can be seen on figure

6.3 and G.4 as the margin of 0.019 and 0.035 respecﬁivqu. -
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Therefdre the-Mbﬁbﬁ‘cf'the'hcc fcdfwicc,cold wall effect is still
less thah the'hct rod withouc cold &all effect even with the
shift of mass flow raté and enthalpy in the channel. This result
" does depend‘oc?the_numerical values.éf'fod peaking factors. The
v&lues in-anyﬂbafficﬁlar situation ehould be chpafed'to those
used in this appendix to permit determination of the applicability
of the result of this ‘appendix to a new case. |
Therefore the predicted MDNBR would rather occur on the hottest

rod which is in th. cold channel side than in the hot channel side.
G.5 Relative Effect of Rod Power and Channel Power cn MDNBR .

This section presents the comparison of MDNBR between cases
of hot rod in cold channel and cold rod in hot channel, say hot rod’
with'poﬁer peaking factor "A" located in cold chennel with peaking
factor "D" (channel power is obtained from the averaged power of
the fuel rods comprising thé channel) and cold rod with power peaking
factor "B" located in hot channel with peaking fecotr "c"., So,
the following-relations are always true: A-B>0; C-D> 0. The
relative effect of rod power and channel power on MDNBR is the-
only purpose of this eection. Therefore, cross flow and turbulent
interchange which are only magnitude effect were not included in
‘the enalysis. |

The location of MDNBR which is eithetr on the hot rod or,onlthe
cold rod depends on the following four'numerical values:

(1) " A-B: differences between rod eowers

(2) C-D: differences between channel powers
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(3) A: 'power of hotirod |
| ) - Cf power of hot channe;. e
. These values are different frbm,core{to-cqre, therefore, case by
case analysis has to be performed to decide the location of MDNER.
ﬁatum génerated frém a séries of single channel thermal
hydraulic computer runs have been used to plot the curves in
Fig. G.5. The location of MDNBR for this example case can be
determined from this figure. Fér example, suppose that the‘powef
factors were assigned as: A=1.8, B=1.4, C=2.2, D=1.4 (the same
definition of A, B, C, D as'ment;oned at the beginning of this
section). From the plot (as shown by the dashed line), the loca-
~tion of MDNBR 1s on the cold rod which 1s located in the hot
channel (DNBR=1.544) not on the hot rod which is located in the
cold .channel (DNBR=1.818). The outcome depends solely on the
numerical value of, these power factors. |
Even though the individual value of the power factors plays
a deéisive role in determining the location of MDNBR, still from
Fig. G.5 a qualitative conclusion can be made as follows:
(1) The probability that the hot rod is the location
| of MDNBR will decrease first in caée of C-D increases
but "A" and "B" are kept constant; second in case of
A increases but A-B, "C" and "b" are kept constant.
(2) The same prdbab{lity aé (1) will.increase instead of
| decrease first in case of A-B increaées but "C" and
"D" are kept constant; second in case of "C" increase

but Cc-D, "A" and "B" are kept constant.

L
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G.6 Conclusion

The location of predicted MDNBR can be identified by the
numerical values of rod powér béakihg factors énd channel‘power
peaking factors. The-hot-chanhel is the limiting case for DNBR |
évaluaﬁion WHén the rédipower peaking factors afe not avallable.

If the rod power peaking factors are avaiiable? ané the hot rod

is located 1n‘the_hot channel, the hot rod is thé limitiﬁg case

for DNBR evaluation. Also if a zero’power_rod is present, region
which;faces the zero fowef rod ié thé ioéétiog of MDNBR. Since

the numerical values of the rod power peaking factofs are differehﬁ'
‘from core to core, a simple singie channel quantitativé analysié

like Fig. G.5 might be necessary to confirm the location of MDNBR.
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Enthalpy Change Enthalpy Change
Loca- _ Btu/lb __-EENBE?PﬁﬂtaEQ Form . .
tions (e To ! Due To Due To B/, ' ¢/, |
Heat Flux :Turbulent | Cross Flow A ’ i
A i B | c | (5 (%
. | LT
P 0,0 0 0 2t o . -
6.0 2,693 ! ,1453 . | «000404¢ 5.40 .0150
| 12.1 ¢ 4,989 . .30858 i 065314 6.15 .0106
| 18.1 1 7.119 . [2942 | .005483 4,13 .0770
t 24,1 ;9,101 1,192 ;001391 13.10 .0153
i 30.2 .10.92 1.584 ' .01794 14,51 1643
. 3642 ;12,15 1,959 .2308 - 15.73 1.554
. 42,2 ‘13,69 2.188 i ,2221 15.98 1.622
' 48,3 114,70 2,426 . 3045 16.50 2.071
. 54.3 '16.64 2.701 . .1418 16.23 0.852
© 60,3 16.89 3.178 11,139 18,82 6.744
: T2.4 16,62 2.796 . 5868 16.82 3.531
i T8.4 115,97 3,104 b .5283 19,44 3,308
' .84,5% 15,00 3.184 i 01303 - 21,23 0.0869
: 90.5 13,22 3.299 ! 6676 . 24,95 5.05
i 96.5 :10.96 2,919 11,436 25,72 13,102
1102.6 | 8.441 1.939 L, 2891 122497 ; 3.425
1108.6 | 5.914 1,581 v-.lﬂﬂﬁ . 26473 D -
‘114.6 , 3.141 . 1,042 -.2532 33.17 % -
'120.7 : .5378 5514 -.03477 © = % -
126.7 i 0. L2731 .1232 - g -
: .'. ’ - - mere e ae * e e o e temme o . - cnmmme o co i e et e e - { X
. Total ! 215.9 42,11 ] 6.92 1194 | 3.0 ;
L ; e R i SN W 11 é
| MDNBR ' 173.7 26,15 ! 4,4y 116.2 2.8 5
[ 4 . . ' 1
E ! i ] : 1
: ! ‘ ! i ;
S B | B i

enthalpy change by the different energy transpoft modes.

—— - e

- -t e = - -

Table G.2 Percentage Contribution vo the

For the hot subchiannel (Channel 57)

'i*Location of HMDHBR

1
!
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" JTurbulent interchange term ZE}"" Cross flow - -term (C) ’ *wi
- | o . Btu/lbm.. Btu/lbm |
i _ Boundaries® | Bound§£1es
) . N )
- 'Locations 1 2 3 4 1 2 3 4 _%
: — - !
<. . Lo . ]
0.0 o. | o. I o, 0. 0. 0. 0. 0. |
6.0 - .04&35 .01321 ! ,0434 .04435 0. .0002849 0. 1.00012
i -12.1° 1369 03775 ! .1312 «1340 0. .2N2872 0. .00115%8
24,1 - | 3882 .08965 « 3523 . 3618 0. .005643 0. .008268
30.2 . 5225 «1113 4687 4191 0. .007213 0. .01073
42,2 « 7565 «1245 6513 6560 «1676 05448 0. 0.
48.3 .8525 | .1179 7273 . 7280 2442 .06023 0. © 0.
54,3 9674 «1003 8221 .8113 0. <1418 0. - 0.
60.3 1.157 08468 9280 1.008 1. 073 .06627 0. 0.
®¥%84,.5 1.172 -.04359 1.103 .9524 0. .003494 2. .01653
— e R e— —_—
1 MpuBR . {10.21 .7978 19,101 PB.665 [3.758 . 4028 3114|3172
. Table G. 3M -Amount of Energy Across the Hot
Subchannel (Channel 57) ‘Boundaries »
by Turbulent Interchange and Cross Flow
For Boundary number scheme see Fig. G.1l '
¥% Location of MBNDR
3 2]

Total from inlet to the location of IMDNBR (i.e.

to BH 5 inches)

from 0. inch
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Percentage Change of Hass Flow Rate From Inlet

i
To Location of HDNBR - ' ‘
CHAMJLLS

n9 | se st | s 63
o - o v o sl ™ -0 e cmoms ( ]
. -10.3 -17.2 -‘18.0 . ! -10.u -l.lol
. . ' .

Table G.4 'Percentage changes of liass Fiow Rate in
the example case. (lMinus sign means lass
Flow Rate has been reduced. )

40&-, ’
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zero powe
rod

. -181-

Hot Rod;yith power peaking factor = 2,266

MDNBR might

occur here if

zero powver rod .
is in this channel

Cold channel with
power peaking- factor

I = 2,060

/

hot channel with
power peaking factor
= 2,266

Figure G.2 Example case of the Cold Wall Effect
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P = 2150.0 PSIA
¢ = 2.217 Mib/fthr
= 548.8 BTU/1b

MDNBR

C

1,818

1.544
‘ \
|
| |
1 I , c
| I
| ' ~
| | :
| |
| |
" | 3
. L B~ EA |
1 1.4 1.: 2.2

Rod Power Peaking Yactor

WIGURE G.5 RELATIVE EFFECT OF ROD [OWER A!ID CHANNEL POWER ON 7iDNMBR
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NOMENCLATURE

cnoss-éection area for subchannels 1, (L2)
cross-section area for any subchannel (L2)

cross-section area for homogenized subchannels
k (Le)

thérmal conduction coefficient for subchan-
nels i and j (H/T6L)

‘thermal conduction coefficient for homogen-
ized subchannels L and R (H/TOL)

crossflow friction force for subchannel i (F)

crossflow friction force for homogenized
subchannels (F)

axial elevation increment, (L)

axial change of radially averaged enthalpy in
the multi-subchannel representaticn, (H)

axial change of radially averaged enthalpy in
the homogenized representation, (H).

axial friction force per unit length (F/L)

Flow ratio

average flow rate
gravitational constant, (L/Tz)
mass flux of channel 1
averagead méss flux

enthalpy for subchannel i, (H)
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effective enthalpy carried by diversion
crossflow (H) '

radially averaged multi—subchaﬁnel enthalpy,
(H) : ' -

homogenized enthalpy for reg16h k, (H)
inlet enthalpy ratio
| croséflow resistance coefficient
channel length, (L)
flow rate for subchannel 1 (M/T) '
'floﬁ rate for homogenized region k, (M/T)
Total number of rods

N N coupling coefficients

TF’ 'TU ' '
averaged coupling coefficient

total number of subchannels equal to

N/2 for N even
N/2+1/2 for N odd

pressure for subchannel i (F/L2)
pressure for homogenized region k (F/L2)
power ratio

?e?t)addition per unit length, for subchannel 1
H/L

averaged heat addition per unit length (H/L)

heat addition per unit length for homogeﬁized
region k (H/L)

ratio of ﬁg in the FLOW UPSET CASE
rod spacing (L)
effective velocity carried by diversion

effective averaged velocity for adjacent channels
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effective moﬁentum velocity for subchannel

1, (L/T)

effective momentum velocity for homogenized
region k, (L/T)

effective averaged velocity for homogenized

region L and R

diversion crossflow between adJauent sub-
channels (M/TL)

diversion crossflow between homogenized region
L and R (M/TL)

turbulent interchange between adjacent sub-
channels 1 and j (M/TL)

turbulent interchange between adjacent homo-
genized region L and R (M/TL)

density carried by the diversion crossflow
(M/L3)

. turbulent mixing parameter

Subscripts

subchannel idehtification number

homogenized region identification number

Variables

axial elevation node along the subchannels

i,
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 CHAPTER 1
" INTRODUCTION °

1 1 Background

Thermal hydraulic design studies of Pressurized
Water Reactor (PWR) core performance are carried out
using lumped parameter computational methods typified_
by the COBRAl and THINC2 developments. In enalyses of -
these’cores the smallest homogenized segmenf is a sub-
channel which is cﬁaracterized by properties of inter;
est such as enthalpy, flow rate and preesure.  For
typical PWR open lattice core cdnfigurafioﬁs,;detailed
core aﬁalyses are performed in a cascade fashion. 1In
this approach, crossflows between fuel assemblies are
first determined by treating each fuel assembly.as a
homogenized region and these crossflows are subsequent-
ly imposed as boundary conditioos in the subchannel
ahalysis of the hot assembly. Alternatively, some
analyses are performed by representing4the core by
inereasing coarsely homogenized regions around the hot
subchannel of interest.

'_The common requirement of each of these procedures
is for transport or coupling coefficients to represent‘
exchange of momentum and energy between the homogenized

regions. These coefficients are properly developed



wﬁen thej produce proﬁerties in a homogenized region
which are equivalent to those_§5tained by averaging
local distributions of the same properties over the

same region. The work of France and Ginsbergs and
'Ramm,.Johéhnsen aﬁd Todééasnionlﬁeveldping transpért

' coefficients Tfor adjacent subchahnels from 1Qca1 pro-
perty distributioné.within a subchannel represents

the solutioh to én'analogous problem. In our case

the smallest region is‘the Subchannel so that our homo- -
geniged representatibn of @he individual subchannels

éomprising an assembly becomes analogous to the éarlier

" - France et al. homogenized representation of the subchan-

nel. However, as opposed to this previous work, in
. the case we now addréss, crossflows between subchannels

‘exist and must be considered in the analysis.

1.2 General Problem.Statemént

| ﬁé desired to represent'a PWR assembly comprised
of a square array of'N ty N rods as a single node-in a
corewlde lumped parameter analysis. We seek those trans-
port coefficlients which when used in the lumped analy-
sis will yield node enthalpies for all axial stations
equivalent to those obtained by averaging the subchan-
nel enthalpiés over all subchannels comprising the

single node. It is assumed that the axlal enthalpy dis-
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tribution;of every subchannel in the ¥ by N array‘is
known. In our»example we obtain this known distribu-
tion_from anaiysis of the N by N assembly using arbl-
trary coefficients for interaction between subchannels.
This known axial enthalpy distribution of. course is
ultimately to be derived from experiment, - Interpre-
tation of such experiments to yield coefficients and
this known distribution is.a topic separate from the

task of this<work,.',

1.3 Cases of Interest

Let us identify cases of interest and test the ‘use-
fulness of our hypothesis in solving these cases.
. a) Case 1: The prime case of interest is that
of adjacent heated bundles with different linear power

ratings and diffe ent inlet mass flow rates. Within

_each bundle the linear power and mass flow rate is

taken constant. We identify this case as the POWER/
FLOW UPSET CONDITION. This case has‘been studied for
the condition leading to the maximym crossflow which
occurs when the higher power and lower inlet flow exist
together inithe same bundle. -Other variabies in this

case are the povwer and flow ratios between assemblies.

These ratios were both taken as 1. 2 the maximum anti-

cipated in practice.



. b) dase 2: A dééenerate yersion of Case 1 1is
that of linear power upset but the same inlet mass
flow to each assembly. This case was studied since
crosSf;Qw is reduced versus Case 1 and 1s only due to
radial enthalpy gradients between assemblies. This ‘
case is called the POWER UPSET CONDITION.

The following two non-prototypic reactor cases
were .also examined. These céses.permitted almost com-.
plete separéfioh'of the enthalpy and crossflow effects.
Additionally, they are of interest in themselves
siﬁce experiments based on these caseé'may bé berformed
since they are considerably less comﬁlex and'coStly
than'heated,'muliipin assembly tests. These cases are:

¢) Case 3: Unheéted rods with all subchannels
~ in each of the two adjacent assemblies at a uniform
inlet enthalpy. Each assembly however, has a differ-
ent inlet enthalpy. Both assemblies have the same

inlet mass flux to each subchannel. This case is

- called. the ENTHALPY UPSET CONDITION.

d) Case l4: Same as Case 3 except the upset condi-
tion is in inlet mass flux plus the inlet enthalpy. This
case is called the ENTHALPY/FLOW UPSET CONbITION.

- :For each case of 1nterest; a range of bundle sizes,

N' = f(N) and subchannel mixing rates, 8, were investi-



gated spanning the range of'intgrest to PWR applica-
tion. The . input parameters K and S/L;for the crossflow
resistance and the control volume of the crossflow are

kept constant ‘as 0.5.



'GHAPTER 2
METHODS OF PROBLEM SOLUTION

' é{l“ Detailed Prébiem Definition

| ’?igufe 1 1Ilustrates a fypicai Nrby'N assembly

of interest (N>6ddf surfbhnded ﬁy'neighboring assem-
blies. We-deQeiob a one dimensional solution by
seleéting adjacent strips of N'-subchannels where for -

N'odd, Nt = % + % s the edge subchannel being half the

size of the interior subchannels (for N even; N' g
and the edge subChannel is equal to the interior sub-
chahnelj; The sélected adjacent strips sﬁown in Figure
2 are assumed to be bounded by adiabatic, impervious
boundaries. The homogenized representation of Figure
2 is_shown in Figure 3 which has flow areé, Wefted'peri-
meter, héat éldx and mass flow equivalent to that of
. the strip of N' subchannels. It should be recognized
tﬁat many equivaient pictorfal homogenized representa-
tions satisfying these conditions are possible. ~ How-
ever, since the following prescribed prediction tech-
nique does not utiiize tﬁe distance between subchannel
centroids of Figure 2, any eqﬁivalent plictorial repre-
sentation can be adopted.. |
We fequire that at every axial position of the'homo-_

genized region, thé total flow, the energy content and



thé pressure drop from inlet sﬁduld be the same as
those obtainable by averaging the values of the indivi--
‘dual subchannels. These conditions are met if the
mass, heat and momentum transﬁer a@rqss,the_bouddary
bétwéen.the adjaqeﬁt stripgjat:evng.axiql pqsitioﬂ
are>the same inrboth cases. . In calculating the boun-
dafy transport,-we.use subchannel_values of the pressure
and enthalpy differences 1n'the,mu;ti—subchannel case .
but the difference in the.qvefaged_yalues;in_;he_hoﬁo--
genized representation. - - |

For the homogenized representation calculation,
ve fequiré a method of calculating the lateral trans-
port in terms of what would ﬁave been the local para-
meter difference while'knowing_onl}.ghg average differ-

ences.

2.2 Problem Solution by Analysis of the Differential

Form of the‘Cbnservation Equations

We postulate that this can be accomplished by
applying suitable coefficients to the terms in the con-
servation equations nt the homogenized representatiqﬁ.
The form‘of these 6oefficients ﬁhich transform average
.(homdgenized representation.) pgrameter dif: “-=snces to
local (multi-channel representation) differances are

derived in Appendix A (Volume I) from the differential ex-
pression of the conservation equations. 'L'hese forms are
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Appendix A (Volume
for these coefficients

multi-channel ana%ysis.
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nsity of fluid at the donor channel

crossflow. (Refer to Figures 2 and

> B: C; D: E and F; L and R).

TI) further presents detailed formula
in terms of parameters available fron

In the remailnder of thils volume, we



- a) assess the validity of these formula when

analyses are made using the difference forms

of ‘the cohservation equations,used in.COBRA
11IC, ) |
b)) utilize these formula- to present recommended.
‘values of the coefficients for the U cases of
Chapter 1 for a selected range of B aﬂd N',
c) - assess the errors which still remain in homof 

.genized representation results when these

coefficients are employed.

2.3 Préblem Soluéion By Analysis of the Differgnce»(i.e.

"COBRA IIIC) Form of the Conservation Equations

For reactor analysis which 1s to be dore by lumped
channel methods, i.e., COBRA IIIC, difference approxi-
‘mations to the differential form of the conservation
.equations are employed. Appendix B,(Volume'I) formulated

ﬁith the assistance of Pablo Moreno, presents the conserva-
tion‘equations for both the multi-subchannel case and

the homogenized.representation in difference form. . Un-
fortunately the coﬁplexity‘of these equations precludes
the possibiliity of eﬁﬁlo&ing simple but exact éoupling
'coefficienté in the transverse momentum equations. How-
ever thersimple, albeit approximate, forms of'qoupling

coefficients summarized in the previous section, will
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yield satiéfactory resuits for most practical reactér
éonﬁitions. The most iimiting assumptions imposed in
uéing these simple forms of cdupling coefficients in
the differepce equgﬁions céncern the diveréion cross-
flow terms. Therefore, results utilizing these approxi-
mafe coefficients for analysis of conditions of severe
flow and/or power upset -.conditions can be in signifi-
cant error. ) 7

Specifically from Appendix B these assumptions are:

a) Use of the following e}pression for h: in the

energy equation:

« H o+m, H -FtHp ‘
h = ———-2-—— + ) 2 w >0 (2.3.1)
- L,R

) | - _
b) . Use of the following expression for uc in the

axial momentum equation:

| U, +U

U  +U, U -°L" R
* —_——
e L RL 5 Wy, >0

(2.3.2)
2

This assumption holds for the condition of symmetrie
énthalpy profile with respect to the boundary. If not,
H. + H. ' '

-lLif—ji can not be regarded as the enthalpy at the

boundaryvof two strips, L and R. Appendix B is written
to show this asymmetric enthalpy feature around the boun-

dary where diversion crossflow is large.
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2.4 Proposed- Approach of UtiliZing'Only One Coupling

"Coefficient'

'Study of: these five coupling coefficients indi-

’ cates that NH is the most importanu in calculating the .

changes in enthalpy and axial velocity .of the homogen- -
ized representation over the axial region of interest.
Thus the method of solution can be further simplified |
by employing only one coupling coefficient i. e., NH
However, it is suggested that NU, NTF ‘and NTU be employed
if the diversion crossflow plays an important role in-
the transverse energy transport between channels. For

N less than 23 and flow ratio between assemblies at the
inlet less than 1.2, the utilization of only one coupling
coefficient (Ng) yields satisfactory results for all

cases. Thérefore an analytical evaluation of the coupling

coefficient (Ny) has been carried out in Appendix A.

Current approaches for the lumped-parameter calcu-

“lations either adopt Ny = 1 or Ny ='N (refer to Reference

5, pg. 276). Further, in these apnroaches the coupling
coefficient is used only in the turbulent mixing compo-
nent'term of the energy equation. With the approach

of using NH =1, the energy transport by.the turbulent

'mixing and the diversion crossflow 1n the homogenized

region calculation is highly exaggerated. Therefore,,
optimistic results for the axial enthalpy changes in

the hot channel are to be expected. On the other hand,
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use of NH = N can‘excessively suppress the eneréy trans-
poft by the turbu}ent'mixing. Therefore 1n the case.
of NH = N, results for axial enthalpy chaages of the

hot channels in the homogenized region calculation are
”expecfed tb‘be conservative but the deviation of the
lumped enthaipy changé from the aﬁeraged values in the
multi-subchanﬁel célcﬁlatioh is still rather large with
respect to the approach employing NH = 1. However,

| with‘the linear enthalpy profile throughout the subchan-
nels, Ny becomes N. (Refer to -Appendix D (Volume I) for

the derivation),

2.5 Assessment of Errors with the One Coefficient

Approach
Since only one coupling coefficient (NH) is used

in our approach, deviations of the results in the homo-

,genized region calculation from that in the multi-sub-

channel calculation are expected. The major reasons

for these deviatiohs are summarized below.

| a) due to improper computation of the momentum

and the energy carried by the diversion cross-
flow>through the boundary betweep homogenized
fegiohs, i.e., assumptions of equations (2.3.1)
and (2.3.2);

. b) due to the lack of a corrective method for
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N natching tne-nomogenized fegion axlal and
'transverse momentum to fhefstendard values
of tne multichennel calculaﬁion,-i.e;; Ny -
_ TU’ TF and NTP are not employed. |

~ The general expectation for predictions using only
NH'in the homogenized region calculation is discussed
below under the specific cases of interest since the
importance of NH varies under different conditlons, i. e;,
enthalpy upset, flow upset, power upset and power and
flow upset. For the cases of smell diversion crossflow,

the importance of NH can be studied by assuming there

i1s no diversion crossflow through the boundary. In

Appendix E (Volume I) a relation between the errors of the
homogenized region axial enthalpy changes and tne opera—
‘tional conditions, i.e., Fps Hps Pgo Q' and B under the no.
crossflow condition has been derived. A qualitaéive

study for the role of Ny under different conditions

has been made in the following sections. Also a comparison
between analytical result and computer result is presented
in Appendix A, I; is convenient to study these cases in. the -
order of ENTHALPY UPSET Case, ENTHALPY AND FLOW .Case, POWER
UPSET Cese and POWER AND FLOW UPSET Case. ’ .

2.5.1 Unheated Cases
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2.5.1.1 Enthalpy Upset Cases
.Since thére is no flow upset in this case,
significant diversion crossflbw'does not occur. It
1é'expected that good homogenized region enthalpy
‘rise vesults can be obtained in this case by only .
employing NH'l | | | |
" Prom the‘dérivation in Aépéndier,(Vciume I) the error
for the homogenized region axiai‘énthalpy change using |

NH = 1 of the hotter chénnel can be expressed as:

ERROR = (1 - ﬁﬁ)- - - (B.9)

where NH is the axially averaged NH computed.by our
suggested method. ‘

" Since ﬁh is slightly proportional to the number
of,cﬁannels,.i.e.,-N, and always larger thantl, thé
error is always negative and Ilncreases slightiy as N
increases. The negative error means the predicted hot
éhannel exit enthalpies are always less éhan that in
the multi-subchannel calculation. |

If NH = N 1s employed in the homogenized region

calculation, the error for the homogenized region axial

enthalpy change can be expressed as:

- ERROR = (N - Np) - I (2.5.1.1)

which 1s always positive. Since NH is usually less
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than one third of N, it is expected that the errof in

the case of NH = N is ebout two times larger than that
in the case of Ny = 1. ) |

| The elfect of B and HR do not directly come into'

play. However, the error 1is expected tO—increase as

B'decreaSes; -This is because the. axial rise of the

homogenized enthalpy_decreases as B decreases.

2 5 1. 2 Enthalpy and Flow Upset Case

The role of the diversion crossflow in
this case 1s between that in the enthalpy upset case
and that in the power and flow upset case. Therefore
the error in the'axiai enthalpy changesris expected to

lie between that in the enthalpy upset case and in the

power and flow upset case.

Furthermere, the error for the axial enthalpy chan-
ges 1p the hot chennel by employing NH = 1 can be expressed
in the same way as that in the enthalpy upset case.

Therefore, NH has the same importance as that in the

enthalpy urset case.

2.5.2 Heated Cases .

'2.5.2.1 Power Upset Case

. Axial enthalpy,changes are due to three mech-

anisms: heat added from the rods, energy transport by
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the turbulént interchange between channels and energy
pransport by the divérsion crossflow between channels.'

From equation E.1ll4 in Appendix E, (Volume 1) the

error for the enthalpy change in hot channel by using NH=1'
can be éxpressed as the following: »
L)
NH ,
ERROR = ; : (E.20)
PRASN 1 -
;PR-l)BSL , ﬁ;.

Since the axial enthalpy change due to the heat.added
from the fuel rods is generally.larger than that due %o
the diversion crossflow, the errors in the defermination
-of the lumped energy transport by the diversion cross-
flow have less effect on the total axial enthalpy change
- than in the unheated cases. Thus, favorable reéults in
the homogenized reglon predictions are expected to be
obtained for even'crude estimates qf NH;

It 1is interesting to note that the error is not a
function of thé heat generation rate (a'). In the mean-
while, the error deéreases as N increases and as PR‘approach-
es unity. Thus, the larger the Pp and the smaller the N,

the more important the NH'.'

2.5.2.2 Power and Flow Upset Condition

For the same reason as stated in 2.2.1, good

e
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results afé-expected tbpbé obta?néd e&eﬁithoﬁgh the-
divef;ion crossflow in thié caée is 1érgef tﬁan:that
in the power~upset ;asé. The imﬁqrtaéég of.Nﬁ is aiso:
the same as‘thét iﬁ the pgwerupset‘césé. quéVer,,the

error increases as Fg increases.
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CHAPTER 3

RECOMMENDED COUPLING CbEFFICIENTS FOR UNHEATED BUNDLES

Two casés are diséussed-in %hisléhapéef, i.e;, the -
enthalpy upset,césé and the enthalpy.and»flow'upset case.
Numerical valﬁes of NH‘of>thes;fﬁbiééééémére obtained
for thfee values of N;and tbreglva;ues qf g, i.e., N =5,
11 and 23; 8 = 0.005, 0.02, and 0.04. Other input data.
in COBRA IIIC,‘% and K, are kept constant znd equal to

0.5.

3.1 Enthalpy Upset Case

The numerical values of Ny are evaluafed from the
results of multi-channel computation utilizing a step
shaped inlet enthalpy upset. It is suggested that two
half-sized'subChannels C and D always be utilized to

obtain the subchannel parameters hC and hD‘ The reason‘

'is that the required difference, hc - hD, in the defi-

nition of NH is'generally poorly approximated by the
enthalpies of the subchannel B and E (refer to Figure 2
for subseripts B, C, D and E). For instance, if we
compute NH by the following relation
N1~ "R - (3.1)
B hg - by
——



s At a8 Lt

19

the error of the’ enthalpy rise involved in the homo- .
genized region case will be 45% higher than that using
NH evaluated bj the parameters of the half-sized sub- o
channels C and D. -

It is wqrthwhile neting that the numeric solution of
COBRA IIIC imposes a 1imitation on B due to enthalpy flue-

tuation when the energy transport is assumed to occur only

- by the turbulept interChange which is more restrictive in

the half-size channel computation than in the_full-sized
computation. The maximum allowable value for this case is
0.048 (refer to Appendix C for the derivation). Therefore

R=0.04 - is picked as the upper bound of g in our appﬁoach.

3.1.1 Comparison Between Various Forms of Ny

‘In this section the results of hot zone enthalpy in
the homogenized case using the following expressions for

NH are examined

H(Z)i

= .=

. = 1.0, all z

=
i

. = N, all z
where

AH, - - | o ,
- s # h (3:1.1)

I i,T.I.

3
i
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i = subscript of elevation node

MHp 1 = enthalpy rise of the "homogenized repre-

 sentation" due to turbulent interchange.

The results are illustrated in Figufe 4, As we
have seen in this'figure, thé'énthalpy changes of the
homogenized case bj'using Ny(z) and ﬁ; coincide with
that of the multi-subchannel case. On the other hand,
Nﬁis 1 and Ny = N have errbfs of enfhélpy rise equal
to -203% and.57.H% respectively;compared with the results
of the muiti—subchannel representatioﬁ. This example
demonstrates the need for utilizing a value 6f NH ofher
than 1 for application in ENTHALPY and ENTHALPY AND FLOW

UPSET CASES.

3.1.2 Ny Values for ENTHALPY UPSET CASE

In this section NH values for the enthalpy upset con-
dition with different values of B and N are presented.
The method used to compute Ny from the multi-subchannel

computation is i1llustrated in AppendixD, The values of

NH(z) versus axial elevation is shown in Figures 5, 6 and

7. Tha analytical result is shown in Appendix A. The
dips and humps of NH at low elevation positions for 8=0.04
are due to enthalpy fluctuation by turbulent interchange .

as mentioned previously. Note that the fluctuation amplitude

of N;; 1s not going to be damped out 1f values of B8 larger
than 0.048 are used. |
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The validity of these recommended NH values is
determined by comparing the hot zone enthalpy of the
homogenized case with that of the multi subchannel case

at each axial node. The results for B = 0 005, 0 02

~and 0.0%4; N = 5, 11 and 23_of:the:homogeniﬁedicases -

coincide with that calculated in the muiti-subchannel
case Just as we expect | This equivalence is demonstrated
in Figures 8, 9 and 10.

The inlet enthalpy shape for this case is a step

function, abruptly changing at the center of the strip

of the subchannels. For example, the inlet enthalpiles

of channel A, B and C are taken as a constant value and
the inlet enthalpies of subchannel C, D and E are taken
as another constant value. In the case of gradual enthal-

py change at the center of the strip of subchennels; e.g.,

the inlet enthalpy at the center subchannel for N odd

is taken as the averaged value of the inlet enthalpy
of the hot zone and that of the cold zone, the NH will

have a completely different shape versus channel length

.from that of step inlet enthalpy oase, N.. in this case
3

H
will be infinite at the inlet of the channel and abruptly

dips and then gradually increase. The.NH(z) for N = 23

in this case is shown in Figure 11. It is good to see
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that even-though NH is-changed abruptly versus channel
length, the results for homogenized case still coincide

with the multi-subchannel results (Figure 11a).

3.1.3- Recommended Values of NH for Design Use

In this section, two methods are investigated to illus-
trate the behavior of Ny versus B, N and the axial position
of‘the subchannel. One is curve fitting of our predic-
ted NH(z) results, the other 1s the averaging of the
Ny(z) over the axial enthalpy increment of the hot zone
to give an ﬁg. Each of thém provides a convenient way

to incorporate the NH concept in design practice.

3.1.3.1 Curve Fits
The NH(z) predictions can be represented

using a continuous function f(z) versus channel position. z.

22 (3.1.3.1)

£f(z) = 1.0 +

The values of "a" and "b" can be evaluated by fit-
ting two values of NH with smallest deviation from the‘
“true value at every elevation node. The values of'"a"
and "b" for the nine cases we have analyzed are tabulated

in Table 1. .
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3.1.3.2 Averaged Value of Ny(z), i.e. ﬁg

From the definition of ﬁg (refer to equation

3.1.1), it is expected that the enthalpy of the hot zone

. at any axial position z in the homogenized representa-

tion predicted usiﬁg Ny will coincide with that in the

multi—subchadnel case. The‘NH fof"8“=‘0, 0.005, 0.02

and 0.04,; N = 2, 5, 11 and 23, and L = 144 inches are
tabulated in Table 2. For B = 0.02, Ny for a range of
channel lengths énd‘N =2, 5, l%, 17 and 23 are plotted

in Figure 12. It is interesting to notice that ﬁ;

Increases with channel length due to the development

of the enthalpy profile along the channel (refer to Figure

—

13). Further, the NH curve becomes asymptotic as N

increases for certain B and N. The phenomenon is due
to the'averége parameters HL and Hﬁ which becomes less
dependent on the subchannel parameters of the center

half-sized subchannels, i.e., hC and hD when N is large.

3.2 Enthalpy and Flow Upset Case;
For the step inlet flow upset w;th the higher flow

rate in the hot zone, together with the inlet enthalpy

upset,'NH will increaée as the flow ratip increases.

It is convenient to define the ratio between these cases

in terms of a multiplier, R where
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ﬁh (ENTHALPY AND FLOW UPSET)

R i N & - | .2
H N, (ENTHALPY UPSET) (3.2)

Figure 1h.demonstraﬁesrthaﬁ this multiplication factor
for HR.= 1:22 1S~rough1y directly proportional to FR,

where FR isrdefined as:’

o - Fhor
FR " Frnt
i COLD
FHOT = inlet flow of the hot 2one in the homogenized
representation i - ..
'FCOLD = inlet flow of the cold zone in the homogenized

representation

The comparison between the results of the homogenized
cases using NH(z) and Ny = 1 and the results of the multi-
subchannel case is iilustraﬁed in Figure 15. It shouid
be noticed that the result of the homogenized repreeenta—
tion, using only one coupling coefficient NH’ is not as

good as that in the enthalpy upset case, Figure 4.

The 13% error for the enthalpy rise of the homogenized
region case can be explained as follows: :
1) Assumption (A.1. 12a) (Volume I) made to derive the

NH' in terms of N, and known parameters becomes invalid

H



2)

3)
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when flow ﬁpset goés up,'i.e.,rdiversion cross-

flow becomes significant.

 Under the large diversion croésflow condition

in this case'thg neglect of NU’ NTF’ NTP and

NTU gffects the results.

Error exists due to the difference approximation
made in COBRA IIIC computation as assessed in.
Appendix B. (Volume I) -
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- CHAPTER 4

RECOMMENDED COUPLING COEFFICIENTS FOR HEATED BUNDLES

Two cases are discussed iIn this chapter, i;e., the

POWER UPSET CASE and the POWER AND FLOW UPSET CASE. The

-analytical result is shown in Appendix A.

4.1 POWER UPSET CASE

The numericairvéiues of-NH are evaluated for three
vaiues of N and three values of B, i.e., N =5, 11 and 23;
8 = 0.005, 0.02 and 0.04. The maximum § in this case is
limited to 0.048 when half-sized subchannels are used to

obtainr the subchannel parameters required in the evalua-

tion of NH. Because the exit enthalpy difference between

. the homogenized representation and the multi-subchannel

representation in this case is less sensitive to N;, then

H
that for ENTHALPY UPSET CASE (as mentioned in section .

2.5.2.1), Ny can be evaluated by equation (3.1) without
the half-sized'subchannels in the center region and yields

good results of the homogenized representation.

'H.l.l Comparison Between Various Forms of NH

In this sectlon the results of the hot zone enthélpy
in the homogenlzed representation using the following

expressions for NH are examined:
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) , e Ny(=z)- o - -  ;-..f_ o -
o ' N, =1.0, all z = -

oo
o

N

=

N, all z
where N 1s §§:ihed.by.équétgén (3.1.1).

.nThe resultsarévillustraged in Figure 16 for a typ;;
cél N, B.éombinatiqn;> Thé~pred1cﬁed hot zone'ehthalpieé
for the-hoﬁogenized-representation using NH(z) coincide
with that of the multi-subchannel repréééntation.' However,.
result for NH = 1 and NH = N havé eérbrs of'enthalpy.rise
; . | ' | equai to -3.2% and 2.1% respectively. Note ﬁhat for the |

: POWER UPSET CASE the error in hot side enthalpy for the
homogenized representétion is not as sensitive to the form
of NH as in tﬁe unheated bundle casés; 'This.example
demonstrates that the need for computing NH in the heated

bundle is not as crucial as .that in the unheated bundle

case .

4.1.2 Ny Values for POWER UPSET CASE

In this section NH values for the power upset condi-
tion with different values of B and N are presented. The
. ’ _methdd used to compute the NH'from the multi-subchannel

o computation is illustrated in Appendix D. -The values of

N, (z) versus axial elevation are shown in Figs. 17, 18
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and 19. The dips and humps of Ny at low elevation posi-
Qioﬁs which were present in the analogous'pletg of the
ENTHALPY UPSET CASE are not shown in these figures. The :
reason 1is that the heat added ffom the rods overcomes the
small axial enthalpy fluctuation due to the turbulent
interchange. However, the computational impossibility for
the enthalpy fluctuation due . to the turbulent interchange
still imposes an upper-limit on B, i.e. 0.048, in the -
homoéenized calculatien_with'half-sized subchannels 1in
the center region, _ | |

The validity of these recommended N,; values is deter- .
mined by comparing\the hot zone enthelpy of the homogenized _
representation giﬁh that of fhe multi-subchannel representa-r
. tion at each axial eievation. The results are shown in Figs.
20,21, and 22. Asidemonetrated dn Figure 16; the enthalpies
of'the homogenized represen?ation employing_NH(z) and N, |

H
‘coincide with that of the multi-subchannel representation.

4.1.3 Recommended Values of NH for Design Use

In this section, the same methods are employed to
illustrate the NH versus B, N and the axial position of
the subchannel as those discussed in 3.1.3. The details .

for each method are discussed in the following section.
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© 4.1.3.1 Curve Fits
The”NH can be présented by usingva continuous
function f(z) versus channel pdsition z for B = 0.005, 0.02
and 0.04; N = 5, 11, 23. o
-The values of a, b and‘é can be evaiuated by fitting
three values of‘NH with the smallest error deviating from
the true value at every elevation node. The values of a,
b and ¢ for the nine cases (three B and three N) are tabu- -

lated in Table 3.

4,1.3.2 Average Value of Ny

The Ny for 8 = 0, 0.005, 0.02, and b.oh; N = 2.5,
11 and 23 are tabulated in Table 4. For 8 = 0.02, N for a
range of channel lengths and N = 2, 5, 11 and 23 are plotted
in Figure 23. As we can observe, NH saturates faster when N
increases than it does in the unheated bundle case. This is

because the transverse power profile contributes much to

the transverse enthalpy profile which determines the ﬁﬁ.

b.1.4 Effectiveness of Coupling Coefficients (NH, NU’

N N and NTU) in POWER UPSET CASE

TP?> TF

The total enthalpy transport across the boundary between

homogenized regions can be broken into three components.
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These components listed below are consistent with the COBRA
representation of;the overall transport process as due‘to
turbulent interchange and diversion crossflow where the-
enthalpy transport due to crossflow is itself broken into
two components. .
a) turbulent interchange
b) enthalpy of the diversion crossflow

c) mass flowrate of the diversion cerossflow.

In this section three parameters of the homogenized represen-

tations are exanined to compare with those of-the multi-sub~-

channel representation in order to evaluate the effectiveness
of using several coupling coefficients simnltaneously.

The first component, the enthalpy change in the hot zone
due to turbulent interchange only, gives us an idea of the
effectiveness of each coupling coefficient for the homogen—
ized representation on the energy transport due to turbulent
nixing.' The second parameter is the enthalpy increment in
the hot zone due to the diversion crossflow transport. This
will illustrate the effectiveness of each coupling coeffi-
cient on the energy transport by tne diversion crossflow.
The.third parameter is the total diversion crossflow across
‘the boundary in the homogenized representation. In the case
we examine here, the diversion crossflows at the boundary
always move toward the cold zone for_any cnannel akial posi-
Ition; and therefore it 1s considered convenient to utilize

the total diversion crossflow through the boundary as a para-
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meter to 1liustrate the éffééfivénésg of the coupling coef-
ficients on the transverse momentum transport.”

The results afeAshown in Tables 5, 6 and 7. Table S
tabulates the paraméters which are the enthalpy,éhange with
respect to the inlet enthalpy of the hot zone due to the
turbulent interéhange'only. As can be-obSefved in this
table, the NH(z) used in the homogenized computation is _
most effective in matching the homogenized results to that
of the multi-subchannel computaﬁibn; All the other coup-
ling coefficients showAnegligiﬁié effects on this parameter.
Table 6vtabulates the second pafaméteré for the multi-sub-
channel representation and homogenized representation, i.e.,
EED.C. and AHD.C. respectively. It is worth noting that
the results of the homdgenized representation using all the
coupling coefficients have the best agreement with that of
the multi-subchannel representation. However, NH(z) and
NU(Z) are most effective compared to the other three coup-

ling coefficients. Table 7 tabulates the integral value of

~diversion crossflow across the central boundary for both

the multi-subchannel representation and the homogenized

representation. The conclusion we can draw from this table
is similar to that from Table 6. However, if accurate diver-

sion crossflow is desired, 1t is recommended that N N

TP> "TF?

and N__.

and‘ﬁTU_be used together with Ny U
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4.2 POWER and FLOW UPSET Case ' )

For the step inlet.flow upset, together with the step
linear heat generation rate, NH for the homogenized repre-
sentation will increase as the flow ratio increases. This
phenbmenon can be expected from the results of the ENTHALPY

and FLOW UPSET Case (Section 3.2). The multiplication factor

for this case is defined as

Ny (POWER and FLOW UPSET)
R = :
p Ny (POWER UPSET)

and is plotted versus F_ in Figure 24,

R
The validity of N (z) and ﬁ;

= 1.0 and NH = N, the hot zone

is i1llustrated in Figure o
25. In this figure, using NH
enthalpy results of the homogenized representation are also
plotted in comparison to the results using NH = NH(Z). From -
our calculation, we are aware that there is a slight difference
of 0.1% between the hot zone enthalpy results of the homogenized
represéntation using Ny = NH(z) and that of the multi-sub-
channel representation. This small difference is believed to

be due to the error caused by the difference computation

scheme as we mentioned in Section 2.3 and Appendix B. (Volume I).



33

CHAPTER 5

SUMMARY OF RESULTS FOR ALL CASES -

5.1 Numerical Values of NH(Z) and ﬁ;

S

The numerical Qalues for NH(z) and NH,for_the>two di-
mensional subchannel layout under different opératicnal
conditions considered in thisstudy, are summarized in

the following summary tables.

N, (z) ' » :
ENTHALPY UPSET POWER UPSET
‘Figure 5 (N=5) | Figure 17 (N=5)
Figure 6 (N=11) | Figure 18 (N=11)
No Flow v o
Upset Figure 7 (N=23) Figure 19 (N=23)
Table 1 (best Table 3 (best
fit curves) fit curves)
Ny
ENTHALPY UPSET POWER UPSET
: - " = "
No Flow Table 2 (z 1;“ ) | Table 4 (z=144")
Upset Figure 12(B=0.02)| Figure 23(8=0.02
_ Figure 14 (multi- Figure 24 (multi-
Flow Upset plication plication
factor ' factor

Figures 5, 6 and 7 plot the NH(z) versus the channel
length for 8 = 0.005, 0.02 and 0.04, N = 5, 11 and N, under
the enthalpy upset condition. Figures 17, 18 and‘19 plot

the NH(z) versus the channel length for B = 0.005, 0.02 and
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'0.0H, N=5, 11 and 23, under the power upset condition.

Tables 1 and 3 tabulate the parameter values to obtain NH(z)
from the best fitting correlation for B=0.005, 0.02 and 0.0k,
N=5, 11 and 23, for the ENTHALPY UPSET CASE and the POWER

UPSET CASE, respectively. Tables 2 and 4 tabulate the ﬁg

values for B =0.005, 0.02 and 0.04, N=5, 11 and 23 with the
channel length equal to 12 ft., for the ENTHALPY UPSET CASE

and the POWER UPSET CASE, respectively. Figures 12 and 23

—

plot the NH values versus N and L for B =0.02 for channel
length less than 12 ft. Figures 14 and 23 give the multipli-

cation factors which are a function of Fp and are needed to

P

evaluate Ny from equations (3.2) and (4.2) for the ENTHALPY UP- -
SET CASE and the POWER UPSET CASE, respectively.

For subchannels with axial length less than 12 ft., NHQQ

gives detailed values at each axial position up to the exit,

whereas NH has been calculated for only certain specific

axial locations (Figs. 12 and 23). However, it is easy to

indorporate NH into the computer code. ‘Two_empirical corre-

lations for for the cases we discussed in this volume are

fa ]

represented as follows by equations (5.1.1) and (5.1.2 ) which
can be used directly without resortihg to the tables and

figﬁres listed in the summary tables.

- 141008 '
Ny = {1+1n[1+u200(§ﬁ2) g1-43 L )1.

14T

Equation (5.1.1) determines the value of ﬁ; for the POWER

5
1} Ry} #15% (5.12°
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UPSET CASE and the POWER and FLOW UPSET CASE.
' 3.58

' opo 1.5 |
N‘ = {1+ln[1+353( ) ' s;'l(I%E) ] }Rp +15%(5.1.1)

.Equatipn(5;1;2)detéfmines the value of N, for the ENTHALPY

H
{UPSET CASE and the ENTHALPY and FLOW UPSET CASE.
These correlations are valid for N<23, B<D.04 and

L<14 inches, where

L= channel length 1n inches
RH and Rp = multiplication factors for Enthalpy
_Upset anvaower Upset respectively,
. which can be obtained from Figs. 14
‘and 24 réspectively."Uhder no flow

. upset condition, Ry = 1.0 and R, = 1.0.

.5.2 Suggestions on the NH Values ﬁnderEmceptionalConditions

, Aé we mentioned in Section 5.1, the characteristics of
ﬁg, together with some understanding of the basics of the

couplihg coefficient NH’ suggest some reasonable values for -

ﬁ; under exceptional conditions. They are as follows:

1) Since ﬁ; appro#ches a saturated value as N increases,
e , ﬁg-for N>23 has the same value as N = 23.

7?? . o 2) For the ﬁomogenized representation with two homogenized
RS stribs of subchannels with_uneven subchanne} numbers,

ﬁ; can be obtained by the follow%ng formqla:
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under the criteria_

min(NL,NR) | ,

where
NHL S NH value for N = ?NL
NHR = Ny va;ue for N = 2Np

(refer to.AppendixE for the derivation).

Since Ny is not a function of power level and Py, ﬁg

can be taken as a constant value through the period of

power transient (power excursion or shut down transient) <,

when Ny is used in the transient computation.
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CHAPTER 6,

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

6.1 Chéracteristics of Coupling Coefficients

"~ Listed below arg‘seyéralycqnclusions_relating to the

'characteristics-of the‘coupling coefficients.

6.1.1 Overall Characteristics

6.1.1.1 Use of a singlé coupling coefficienf
NH(z) can 1ead~to favorable results'ih the hombgenized repre-
: sentation‘és long as the diversiqn crossflow does not play a
major role in the energy transport between channels.
| 6.1.1.2 Ny(z) and NU(z) are most effective in
getting'good results for caées with diversion crossflow in

the homogenrized representation.

6.1.2 Thermal Entry Development Characteristics

6.1.2.1 NH(z) is strongly dependent on the trans-

verse enthalpy profile among subchannels at channel elevation z.

6.1.2.2 Ny approaches a saturated value as the

number of subchannels, N, increases.

6.1.3 Basic Characteristics

—

6.1.3.1 N OR P,.

R R

y is not a function of g', H '
(Refer to Figs. 26, 27, and 28). This was demonstrated analy-

tically in Appendix A and confirmed here for the case of numer-

ical determination of coupling coefficients.
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6.1.3.2 The effectiveness of NH(z) is not a
function of heat generation rate (q'). This characteristic

can be illustrated by equation (E.20) (Volume I) and Figure 26

which show that the error of hot channel enthalpy rise between

multi-subchannel case and homogenized case’ is independent of

qQ'.

6.2 Effectiveness of NH(z) Under Different N and B8

Combinations

"In this section, the effectiveness of NH(z)‘is.explored '
under POWER UPSET CASE which is encountered in the practical
application with different N and B combinations. The effec-
ti&eness of NH on the homogenized case can be numerically
indicated by the error of exit enthalpy rise between the
multi-subchannel case and the homogenized case. A conserva-

tive scheme to estimate this error has been derived in Appen-

dix E (Eq. E.20) (Volume I) and quoted in Section 2.5.2.1. With

the aid of the corfelation 5.1.1, we can evaluate the errors
with different N and B8 combinations. The results are tabu-

lated in Table 8. As can be observed, the maximum error of

14.4% happens at larée 8 and intermediate N, i.e. B = 0.06,

N = 4, 1In other words; NH(Z) is relatively important at

this specific combination of N and B.

6.3 Racommendations for Future Work

In response to the problems presented in this Volume,

several recommendations for future work are listed below.
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2)

3)
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The characteristics of'doupling coefficients NU’

TP? NTP and Ny need further investigation in

- order to deal with the homogenized representation__

with very large diversion crossflows.
Two.dimensional (planar) linkage of the homogeﬁ-
ized nepresentation'(with the aid of coupling
coefficients ) of the 3D problem should be studied
in ofder to analyze fhe corewide thermal behaviér
in‘a more detalled Qay than that done by the cas-
cade method® for the PWR.

Corewide study (with the'aid of coupling éoeffi-
cients) on MDNBR under power excurslion transient
case 1s recommended. Under this condition, large
amount of diversion crossflow ié expe;led from
the hot zone which can cause misleading'MﬁNBR
results provided there are no coupling coeffi- |

cients incorporated.
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Figure 9. Validity of Ny(z) for ENTHALPY UPSET CASE, N=11
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Bﬁndle Geohétry

= Variable

N
L = 1hy»
Flow Conditions G = 2.66 Mlbm/hr-ft
L Fp = 1.0
Energy Conditions H = 600 Btu/lbm
, a‘ll =0 .
HR = 1,22
A Pp = 1.0
Inpht Coefficlents B = Variable
' K =0.5
S/L = 0.5
N
2 5 11 23
0.005 a=1.0 | a=3.66|a=6.11 | a-=6.75
b = 183 b = 275 b = 269
0.02 a=1.0 a =2.04 | a=1.36 a = 5.96
‘b =9.22 | b = 3L.0 b = 52.4
0.04 a=1.0 a = 1.93 a= 4,79 a = 8.09
b = 0.31 b = 22.7 b = 54,8

TABLE 1

Coefficients for NH(z) = 1.0 + 2Z2_

b+z
Under Enthalpy Upset Condition
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Bundle Geometry N = Variable
L L = 144" ‘
Flow Conditions G = 2.66 Mlbm/hr-ft°
Fp = 1.0
_Energy Conditions H = 600 Btu/lbm
' an, = 0
HR‘a 1.22
Pp = 1.0
Input Coefficients B = Variable
' K =0.5
S/L = 0.5
N
2 5 11 23
0 1.00 n1.00 | ~1.00 A1.00
0.005 | 1.00 1.77 1.93 2.03
0.02 1.00 2.40 3.03 3.32
0.04 1.00 2.57 © 3.65 4,23
TABLE 2

ﬁh for Different B and Different N over Z =0 .to 144"
' Under Enthalpy Upset Condition




Bundle Geometry N = Variable
- L = 144"
Flow Canditions @ = 2.66 Mlbm/hr-ft°
| Fp= 1.0
Energy Conditions H = 600 Btu/lbm
g" = 0.04 MBtu/hr-ft°
g = 1.0
. PR = 1.5
Input Coefficients B8 f}Vériable
' K = 0.5
S/L = 0.5
N
8 5 11 23
a 1.0 0.96 0.95 0.94
0.005 b 1.0 314 - 383 384
c 0.0 2.60 3.6 3.9
a 1.0 0.82 0.75 0.73
0.02 b 48.5 70.6 81.1
e 0.0 1.94 3.4 4.0
a 1.0 "0.096 0.47 1.2
0.04 b 1.0 10.8 38.8 124
e 0.0 2.60 4.00 5.00
TABLE 3

cz

Coefficients for NH(z) = a + oy Under Power
Upset Condition, Where z is the Channel Location '
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Bundle Geometry N =.Variable
o L = 144m
Flow Conditions § = 2.66 Mlbm/hr-rt2
) “ _ FR = 1.0 S
. Energy Conditions H = 600 Btu/lbm
| | 3" = 0.04 MBtu/hr-ft2
HR = 1.0
| Pp = 1.5
Input Coefficients B = Variable
K= 0.5
' S/L = 0.5
. N
B 2 5 11 23 .
0 1 % BN B | nl
\
0.005 1 1.51 1.61 1.66
0.02 1 2.0 2.l9 2.67
0.04 1 2.33 3.05 3.20
TABLE 4
ﬁh For Different N and B Under The Power Upset Condition

z

144w
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Bundle Geometry N = X1l
L = 144"
| Flow Conditions § = 2.66 Mlbm/hr-ft2
' FR =:1.0 7'
Energy Conditions H = 600 Btu/lbm
" = 0.2 MBtu/hr-ft°
HR = 1.0
PR = 1.5
Input Coefficients B8 = 0.02
K = 0.5
S/L = 0.5
| 'AhT.I.(Btu/lbm)
Multi-Subchannel
Representation -3.096
Homogenized Representation AHg ¢ (Btu/lbm) | ERROR %
mH(z), NU(z), NTU(z), Nop and Npp -3.012 -2.7%
NH(z), NU(z) ~-3.012 -2.7%
Ny (z) -3.012 -2.7%
NH = 1.0 -7.07 +128.4%
AH - ah
" ERROR = T.I&h T.I.
T.IQ
- " TABLE 5

Comparison of the hot zone enthalpy increments

due to turbulent interchange only between the multi-

subchannel representation and the homogenized

representations with different combination of
coupling coefficients for Power Upset Case
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Bundle Geometry N =11
T L = 144"
Flow Conditions = G = 2.66 Mlbm/hr-ft?
R f o= 1.0 -
Energy Conditions = 600 Btu/lbm
S . q f = 0.2 MBtu/hr-ft°
HR 1 0
PR = 1.5
Input Coefficients B = 0.02
' = 0.5 .
s/ = 0.5

B (Btu/1bm)

Multi-Subchannel - o
Representation " 0.24%4

Homogenized Representation | AHD.C.(Btu/lbm) ERROR %
%H(z), Ny(2), Npy(z), Npp and Nyg | ;6;251 o '»- 3.0%
Ng(z), Ny(z) 0.253 3.8%
Ny(z) | R 10.261‘ | 7.18
Ny = 1.0 o .' 0.001 1 -99.6%
ERROR = Ehp.c.ﬁg AHp ¢.
TABLE 6

Compdrison of the hot zone enthalpy increments

due to diversion crossflow only between the multi-

subchannel representation and the homogenized

representations with different combination of
coupling coefficients for Power Upset Case
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11

Bundle Geometfy N =
' ' L = 144"
Flow Conditions G = 2.66 Mlbm/hr-ft2
| . Fp = 1.0 |
Energy Conditions H = 600 Btu/lbm
| a" = 0.2 MBtu/hr-ft2
HR = 1.0
PR = 1.5
Input Coefficients B8 = 0.02
K = 0.5
S/L = 0.5
W D(z)dz (Btu/hr)
: 3 .
Multi-Subchannel :
Representation 0.1758
Homogenized Representation IWL R(z)dz(Btu/hr) ERROR %
3
f .
Ny (2), NU(Z), Npy{z)s Npp and Negp 0.1776 | 2.2%
NH(Z), NU(Z) 0.1798 2.3%
NH(Z) 0.1825 3.8%
NH = 1.0 0.1120 ~36.3%
W, dz - |w dz
ERROR = J LR ¢,D
: J¥e,pdz.

TABLE 7

Comparison of the total diversion crossflow only across

~ the boundary between the multi-subchannel repre-
sentation and the homogenized representations with
different combination of coupling coefficients

for Power Upset Case

¥
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APPENDIX A

ANALYTIC DERIVATION OF TWO DIMENSIONAL TRANSPORT COEFFICIENTS
FOR THE ENERGY CONSERVATION EQUATION

This Appendix will present, for a two dimensional problem,
an analytical deduction of two of such coefficients (NH, NH)
that are required in thg energy conservation equation. It may
be divided into two parts,‘first an analyt;cal calculation is
performed in order to find phe éhthalpy along fhe core aﬁd
across the section chosén. l

In the second part thosg transport coefficients are

calculated for two_particular cases and they are compared

against values obtained by using the computer'code COBRA IIIC/ .

MIT and already presented ih Chapter U4 of this Volume.
The two most severe simplifications introduced in this
analysis are ta assume that there is no diversion crossflow,

and to solve the problem in only two dimensiohs.
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TN,

A.l Problem Statement
‘The energy conservation equation used in COBRA IIIC/
MIT is

B
L Bx £ wo(A B).(h* -h(A)) [
W B J\ J 3 } _ (A.l)

wmﬂe'

hJ+1(A) is the enthalpy of Channel A at axial station J+1
hJ(A) is the enthalpy of Channel A at axial station J

' . . .
qJ+%(A) is the linear heat generation rate of Channel.A
at station J+%
Ax is the length of the axial step

MJ(A) is the massflow rate of Channel A at axizl station J

' : v _
wJ(A,B) is' the ‘interchange of mass between Channel A and
~one of its adjacent Channels 3, due to turbulence

at axial station J.

wJ(A,B) is.fhe massflow that leaves Channel A toward

Channel B at axial station J |

hJ is the enthalpy at éxial station J cf the donor
channel (either A or B depedding cn the sign of
WJ(A,B) )
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WOrking with 1umped channels, the c§de will take for
hJ(A} - hJ(B) and h; the values obtained for the
lumped regions (channeié A and B) while in fact those
enthalpies should be those of the closest subchannel
té the lumped region boundaries.

" The idea ié'then to obtain the relationship between

these énfhalpy values or algebraically to obtain:

(h.(a) - h (b))
1 J J
= : (4. 2)
NH(J) (hJ(A) - h;(B) ) _

where a énd b will be either the two'complete.subchénnels
closest to the boundary when that boundary separétes two
full subchannels or the two half subchannels closest to the
boundary when the b¢undary splits an actual subchanhel into

two halfs. For the case of Figure(A.la and b will be then

taken as two half subchannels

‘ h.(a) h.(b) '
1 _:Jd or 3 ‘ (a.3)
Nﬁ(JT' hJ(A) h;(B) | .
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i
depending on which is the donor channel.
In order to f?nd these coefficients the enthélpies
should be found first. | -

[
3

A.2 Solution Procedure

The enthalbies will be found for a two dimensional
problem utilizing an analytical procedure. Several
assumptions will bé introduced in the development and
they will be pointed out when they appear.

~ The differential energy- conservation equation is:

Cpe_ BT = div (KVT) + w

DP |
p Dt + Tg bE +p 0 . (A.L)

i

Neglecting viscous and compressibility effects (which in
fact are not going to affect the present problem) and for

two dimensions (x,2):

d

3T . 3 3 oD 9T, 3, 2T
pcp [55'+ 52'(VZT) + 3x (vxT) 1=1 39X (k Bx) + az (k Bz) 1+ Wy
(A.5)
For turbulent flows:
v=v+v' and T =7T+T (A.6)

whére overbars indicate time average.
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Inserting equation A.6 into A.5 and time averageing, we

obtain the following results:

.. =

Pp Cag* Voo * Veaxd = lax (kax- PCo YXT )+
-3 a7 ‘ . Tt ' o '
3z (k37 ) -pey, VT ] 4wy - (A.7)
Taking now _ |
-1 - 22 ‘ : .
vy T =-¢y 3% o (A'§?4
L 3T . T
Vz T = -EZH -é—z- ‘ : (A-g)

" Assuming that the flow is fully developed, which in fact

it is not, because it is well known that some diversion . -

crossflow exists: .
Ve = 0 ( p-10)

(R ‘
Assuming also that k 1s independent of the temperature

we can transform A .7 into the following equation:

2

-3

ZP

I T
+
+ (k Dcp€ H)a"z:l"'wl

i

|

)3

+ v %—-] =[k + pc_¢
X

z p H

S

(A.11)
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Now we negiect axial conduction relative to radial
conduction because in fact the first is much

smaller than the second:

2 20 ., e R
3° 3°T : E (2.12)
h;? 7 322 | | '

If we consider only the steady state problem Equation

A.ll reduces further to

pc\'r?—:=(1r+p~s)3—2—'£+w (A.13)
p 2z 9z . “p H ax2 i : ;
4 ‘ *
Now we define the variable z :
* , , o
A =~i ) (A.IU)
v, :
where ;z is not a function of x.
pc 3h =[ k + Pc_e.] EEE +c Q ' V (a.15)
P az* pHT 5,2 pi A

This equation can be transformed to obtain:

( A..16)
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It 1s also known that the interchange of energy due to
molecular interactions is much smaller than that due to
turbulence, therefore:

*
2 E T L
pCp .8

and equation (A.16) yields:

1 3h 3°h Wy o -
. —5F = — + — _ ' . . (A-l8)
- at 9z 9Xx: -PEy .

The'analogous equation for transient one dimensional

_heat conduction is;

. 2 T am

1 3T = 3 T + Q

s — - (aa9)
"t ot 9X : st

Hence analogous parameters are:

T <« § (a .20)
*

a, <+ a ) (a.21)
: .

t 2z ' : , (a.22)

k < pey (1.23)

We need to solve this equation (A .19) for the geometry

and boundary conditions given in figure &.2.
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Solution to the Problem

A.3.1  Equation to be solved: -

1
2y

p-o 3.2

2 "

m .
b

AT = + g
ot 52 K
_ 9x
Boundary Conditions

 For the x-axis:.

AT(x,t)

- 39X

The initial condiiion is:

T(x,0) is given by:

(A.24)

'_'(A.25)

A4

where T. and T2 can be any value.

1

v 3
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' The heat generation rate will be given by the

following equations:

| 8, = Xm, for -a<x< O
q"" (x) =

51 + (a—x)ml for o<x<a

S fqm (x) (A, 26)

2
.
my !
; sy

a . o)

or gréphically:

!
+
H
i

R

a

"where m, m, s, and s can take any finite wvalue.
1, M2, 1 2

v

A.3.3 Changes of Variables

The following changes of variables will be made:

T(x,t) p(x,t) + ¢(x) + 6(t) (A.27)

) qm (x)

where
q? will be the average value of q" (x) along the

aj *+az (x) ' (.29)

~ the x—axis.'
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R B
iy Jadx ===t () =k
| ‘- : R L (a.29)

These changes ofrvariables will'produce the following

equation:

L i - m
1oge v 1w = 2y gl B, Yo
a, dat oy at 3x§ dx2' ‘ k | k

_ (A-3d) :

From the separation of variables assumed by equation

A.27, we can split this equation into three equalities:

.l_ g.g. = 5.1. . N ) g
&, dat k- o . (a.31)

1 aw(x,t) L %w(x,t) (a
&, 9t ‘5“;2*"“' A.32)
\ .

2 oM (x) ‘
3% (x) _ 22 :

—_— = - S (A.33)
e K | |

The boundary conditions can be also divided as fblléws:

_ . (a,38)
aT(x,t) ' - .
'——a—x-a—— = 0 — ( 31g§(x,t) +d¢§§) =0

x=+a
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which implies:

lx.t) =0 (a.35)

x=+a

=0 | , (A.36)

and the initial boundary condition:

T(x,0) = ¥(x,0) + ¢(x) + 3(0) | (8.37)

A.3.3.1 Solution of Equation A.31

This equation is:

k
®_, 8
dt. t k

which has the solution:

k

8(t) = a, -2 t + ¢

and ¢, will be found from the initial temperature

condition, equation A.37.
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A.3.3.2 Solution of Equation (A .32)
Assuming it is possible to make the following .

separation of variables;
v(x ) = X(x) F(t) L (39

. Equation A.32 becomes:

. - 2
1 dF(s) .
B F(E) @ - "% (4.40)
x(x) , 2. R |
S + a"X(x) =0 .- (A1)

Solving now equation (A.40)

T -azag , '
F(t) = cye , (a.42)

Solving Equation (A. 41)
X, (x) = ¢y sin a x + ¢ cos a x (a.43)

Using boundary condition Equation A.35:

-~ .

30(x,t) 3 1X (x)
Tox = Fe) 9

x=+a - . x=+a (a.44)
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From the previous equation'we can conclude:

2 X(x) . ' I
x| =0 o --‘A’uS)
x=+a |
This implies:
BLERLS c?s @ a-c¢y o sin @ a = 0 (A.46) -
?3 @, 6 cos a2 + ey sin aa = 0  (A.n7)

In order to have a solution other than trivial case.of

c3 = ¢y = 0, we must have

cos a_a B sin a_a
n n
0= é =-sin:2§%g_

COs a_a ‘ sin a_a
n n

(1 .48)

From Equation p .48 we can conclude:
o - '
-~ e =57 with n = 0,1,2,3. .. S . (a.49)

From Equation A.U46 we can relate cgy and cy:
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Afc3 f c) tan aa o | L (A.so)
.Plﬁgging this equation into Equation A.l3 we'cén obtaln:
' 1 . ‘ : S . . )
X (x) = cy cos a (x-a) L (A.51)
c3 sin anx + Cy €Os a X f

sin a a sin a_x + cos dna cos @ X
= Cu [ o - J

Oos o_a
cos n

Cy
= EEE_E;é [ coOSs an(x—a) ]

These results lead finally to:

-2
-0 att

Y(x,t) = (a.52)

T K

¢, cos an(x—a)e
n=1

so far we have obtained 6(t) z2nd Y(x,t) and we stiil

have to find ¢(x).

A.3.3.3  Solution of Equation A.3.3
This eQuaxion is:

) th
dx2 k
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It is possible to express q;’(x)'plus alf (x) as a

Fourier series:

. T & : .
f S R O] - L " lven
q"(x) = b, + ! b cos & (x-a) (a.53)
% n=1
her a
where I Q™ (x)dx |
p = hSE S e o |
by g = qy = ky (a.54)
[ o
-a
and

=a

a .
J q' (x) cos dn(an)dx
b, = F (a.55)

I cbs2 an(x~a)dx

..a
It is clear from equations A.53 and A.54 and 5 .28 that:

ay (=) =

b, cos an(xéa) (£.56)
n=1 : '

W oo 8

where b is calculated from A.55, its value being:

-1 o ™ M
b = 55;'[ [ (sy-s)) + mlaJ sin @ a - == (1-cos o 2) = =

n n

(cos @ a - cos 2aha) ] ' (A-57)



Now integrating equation A.33:

o

aslx) _

$(x) % I @ sin a_ (x-a) + cs _.(A.58)‘,
. - n=1l T :

applying the bouhdary conditon of equation A.36

(x| - . — - 59} -

x=+a '
and integrating again we finally have
=1 .
o(x) = ” z 5 COS an(x-a) + 96

(A.60)
n=1 o o

~A.3.4 Final Result

Combihing equations (A.60), (A.52), and (A.38):

atklt o -azatt'
T(x,t) = cy + + I c_cos a (x-a)e T +
k = n - n :
n=0
) . + % X -n-2 cos a,(x-a) (A.61)
n=l oy '

where we have combined the old ¢y and e in only one

constant, Cq-



96

In this expression, cq and ch are still unknown and
they have to be found from the initial boundary

condition.

'Exbressing T(x,0) as the following Fourier series:

o

4 ' ‘ .

T(x,0) = b + £ b cos a (x-2a) (A.62)

? _ © = B n
where: a
I T(x,0)dx
T, + T '
v'_ ] -a -1 2 ¢ -
b = T3 —— ,. (a.63)
J ax-
-a

L
and bn can be found by setting m, =m, = 0,

Sy =_T2vand's2 = T, in equation 457:

N | m '
bn = ga; (12 Tl) sin ana | (A.6h)

Plugging equations (A.63) and (A .64) into (A.62):

o T ~ T

2 1l
+ nﬁ T sin @ a ces an(x—a)

(A.65)

Tl + T2

T(x,0) = 5

bR

Comparing this équation with equation (A.61) when

t = 0 we obtain:



s e S st

o . Y

: o . . .
e . ) 1l n .
ca+ ¥ ¢ cosa (x-a) +=2 -2 cos a (x-a)= .
1 = P n' N 2 Son :
n
T, + T o T, -T, S
= 5 2 43 e "1 5in a a' cos an(x-a)'
) n=1 ?“n - - _
| | (a.66)
of: o
e b Ty =T,
¢y tc, + E (cn +4 2~ - a3 sin”ana) cos an(x-a)
=] : ka n -
n .
ot -
”(A-67)

2

Equation A .67 leads to the following conclusions:

o 46 =1tT2
1 o} 2 )
E' | T - b o
. 2 1 _ n :
¢y = —aa sin aa ka2 (5f68)

By substituting these two values into equation (A.61)

ve obtain finally:

N

| T. +T. ak.t o | T, b
o o _h 2 £X1 2 71y _ ’n
T(x,t) ) + n + nil { SEy-a— sin an, EEET}
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2 :
t ... n
e + cos a_(x-a) x .6
_ Kan2 n ' (A°.69)
. : ’ '. . ) -
which expressed in terms of h, €q> fL and PEY leads to
. the final expression:
h. +h, & kiz = h., - h
h(x,2) = = 2 2 'g v1 + 2 [ -2 sin a_a -
o p H z n=1l | aan n .
b ~alez /v b
n . n H z . C
- T 7 Je : + 5 (COS Otn(x-a)-
pej o, | Pyl _
e e ——— e e | ) . . : . - . . (A L] 70)
All the terms of these equations, i.e. A.69 ‘and A.T0

.;are known except € thé thermal eddy diffusivity. In order to

bbtain 1déntica1 results for NH(Z) using the analytical method

'to those given by the numerical method, we have to match the

energy interchange due to turbulence for every boundary of the
probiem. This implies that €y should bevdependent of x and z.
However in our analytical derivation €y had to be assumed constant
to pérmit solution_of the differential equation. So an approxima-

tion should be made in order to find an average value of €y-

This value is calculated using the following-equatién:

—_—



- —et———

W' (I J)(h(I) h(3)) _ SHSiy an . )
M(T St 2| =) (A 1)
w_ | Num. ' | Analytie gap T.I.
. where Ah(I) = enthalpy ‘rise of channel I due to turbulent
o S . T.I. interchange ) § _ :
o ‘Taking w'(I,J) as COBRZ does: S e T e T "'f‘""‘““'
L WD - Bog® . m
we obtain o o : i-'fm"7m,'i'””"
- o T nry) D I
" = AT (h(I -h(J analyt. S (A
o : . @ §?P | numer, | o
The massflow ratio is required due to ‘the different area of
the subchannels in the analytic and the numerical method[(Appendix
C;7Volume I). The analytic method assumes each sdbehannel of area:
. » ' . _ N .—~ o .' - 2 *
"gm_ . Aanalytic ?Sij .666(.1333) 707R in” A174
while the numerical method takes:
Ao l= 1705 in®
numerical :
'The ratio:
h(I)-h(J) _ | o " A.
oh .ziJ | 75
%l gap
i is dependent upon axial position, radial position and power shape
a across the boundary. With these parameters, equation A.73
reduces to

ﬁé i3 - o A.76
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An average value of the product, 113 = .4342;3, equal to 0.0035 has
been selected as the one that yields best results for all cases of -
Figures A.3, A.4 and A.5. This value was obtained by comparing ana-
lytical and numerical values of NH(z):for a different set of values

of lij'

It is anticipated that because the solutions exhibit a developing
length which decreases with small N and large P, the product will
be a function of N, B, and z. The significance of these factors on

-

the numerical value of the product and consequently NH need further

exploration.

Therefore equation A.76 becomes to:
. ) ' €y = 0.0035 BVZ v - ALTT)

and the final expression for h(x)z).will be:

" h, +h, k.z ® h. - h
1 2
h(x,z) = 5 + é + I [ ~g§a——l sin a_a
: n = odd n n
b —o 2 .
n n 280.0035 b
O-ZBGGn 0-235(1“2

_cos an(x—a)

(A.78)
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with:A

‘s, + s ' ‘ ~ S g
E | 2 ,a , - - o
) kl = '—"—"—-‘A 2 | + H‘ (ml + m2) A : (A'zg)
-1 - _ ! 'ml . ’ ‘ :
b, = a—; { [(sy - s,) + ma] sin o a - &—n—_- (1 - cos una). -
- m, : . U
E; (cos @@ - cos Zana) ] | (A.57) x
o - B ‘ o .
@ ="53 B . L (a.19)

|
and N

A4 Calculation of N .

H
Once the Spatial distribution of h iq knowﬁ the

- v
calculation of the_NH and NH is very simple:

1 (h(a,z) - h(b,z) ) |
WE C WA RGBT .2

where if the subchannels are defined as in figure A.1l:

o] P/2
: 1 [ I h(x,z)dx - J - h(x,z)dx ]
l _ p/2 -P/2 - ) (a-79)
NH(Z) % { jo h{x,z)dx - Ja.h(x,z)dx ]
-a ‘o ' i
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For a different definition of subchannels a and b,
the formula will be identical except for the limits

of the iﬁtegrals”

- The process for finding Né(z) will be analogous.
A.5 Comparison of Ny(z) obtained as previously .
idicated with the values obtained ty using COBRA IIIC/MIT.

~ A.5.1 __ Introduction

Parallel to the development of this method to find

NH‘ the same parameters using the computer code COBRA IIIC/

- MIT were determined.

In order to establish how the assumptions‘intrcduced
in thé present method effect the results and then how good
" they are, NH(Z) was compared with that obtained by numerically.
| The cémparison was made for two of the cases analyzed
numerically; enthalpy upset at the inlet without heat generation

and heat generation upset with constant inlet enthalpy.

e et . B — - _—-
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A.5.2 Enthalpy Upset with Heat Generation Rate .
Equal to Zero. |

~For th;s case b = k;
Equation (A.78) becomes:
. L L \ 2 '
L h, + h o h, - h -a ©zB0.,0035
h(x,z) = "-'1—2——2 + I —géu—l sin anae n
‘ n=044 " n
cos ap(x-a) | | (A1)

where: , . -

sin a_(x-a) = sin a_a{cos a X cos a a + sin o a ¥ -
n n‘ , ) 1 apal 0’ n in oz sin o-x)

(A.82)
but.:..

'sin a.a cos aa = 0 for n 1, 2, 3. . . : (A.83)

n

0 forn=2, U4, 6. .

1, 3, 5 . . .

si'n2 a_a

l forn

Applying these conclusions to equation (A.82)

sin a a cos dn (x-a) = sin a_x withn =1, 3, 5

(A.85)



104
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In figures A.3, A.l and A.5 the values of NH obtained with
both method are compared _ :

Slight differences can be noticed betweenlresults. Whenb
" the number of subchannels is small the. difference between the
' analytical results and computer results are largest. When
the number of subchannels is large, the curves match well.,

The reason for thils poor match for small number of
“:subchannels is not completely established It_is known that €y
'is probably a function of rod pitch to diameter ratio, Reynolds
number, Prandtl number, axial location, ete. and not a constant.
However it was not possible to establish a match for the figure
A.5 cases for ang value of EH’ because all the curves qbtained
from the numerical method have smaller asymptotic values than those
from the analytical method. The other possible reason for some.
difference is the assumption of zero diversion crossflow in the ana
lytic approach.' However very 1itt1e crossflow was calculated

in .the numerical cases.

A.5.3 Heat Generation Upset with Constant
Inlet Enthalpy.

In this case:

hy=Ry T T T T (,89)
Somp=my =0 - o O (A.90)
Then S
kh _ 5, + Eg _ :
1 5 | " . _(A-91)
b o= i (s, - s,) st . '
n aa, 1 2 n o2 (a.92)

Introducing these values into equation (1..78) and the véiﬁe’

of 0, o4 for better match to the computer results we obtain:
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s, + s- © (s, - s.)
h(x,z) = 2524+ 2,4 § 17 720
o PV, n. odd a@San 0.2
)
:ﬂ-ahzszOpO‘* ~
(1 - e - ) sin o X (p-93)

which yields the following value of NH(z):

z -—~13 o -anzBZ0.0M
p Dd7odd n (1=-e" ) ( cosa a-1)
NH(Z) = 2a © :
| z = -Q 2820 o4 . anP |
n=odd 3 (1; e n%. ) (cos—— -1) -

~ (a.94)

In figures p .6, A7 and 4.8, the results obtained
are compared against those obtained by Chong Chiu:

| An analogoué problem to that of the previous case
occurs here. The following volumetric energy generation
rate profile is taken for the analytical caliculation:

For'this power upset case, the analytical results and computer-
results match well in general. But still due to the assumption
- made in the'analytical approaches, slight difference between the

two results is expected. ' : _ .
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APPENDIX B

VALIDITY OF EQUATION (2.3.1)

. Equation (2.3.1) is written under the assumption that .
_ B ' o
the enthalpy_prqfilg is symmetrical with respect to the
central boundary. Under this assumption>ahd from the defi-

nition of NH;(Vblume I)

N s Ay
"H hC - hD
we get
H - H
- L R
hy - hy = W 3.1)

2. " T oN | - 6.2)

hy + hy H + Hp (under the assumption
of the symmetrical B.3)
enthalpy profile) .

Adding equations (B.3) and (B.2) we obtain

- hy - ‘ha +- - + H
h* = b, = 0121&)1.h022hD==Hia%fR _ EL;BhB

’&,'i-—zi AL+ By
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(B.U) is stated in Appendix A (Volume I) without any comments
on it. However, the aséumption of symmetrical enthalpy
profile used in the derivation of (3.4) is not valid when

the diversion crossflow and flow upset exist. This point

‘4s verified in detail in the fcllcwing section (3.1).

B.1 Verification of validity of (B.l4) only under the condi-

tion of no diversion crossflow and no flow upset

'If there are no diversion crossflows and no flow upset
between subchannels, equation (B.3) is valid. This can be
proven by using equations (A.1.7a) and (A.1.7b) in Appéndix A,

Volume I with WL,R'= Wg L= 0

AH, M H - H\
i o A L~ "R\ .
ax L~ ( N ) YL,R - 6.7

H

9H M H, - H. \ : -
RR _ ' R L !
2%~ R (—ITH—_) YR,L (3.8)

Since there are no diverslion crossflows

<
"

[ = constant (g.9a)

=
]

R = constant - | (B.9b)

and from (A.1.8¢c), (A.1.8d) and (A.1.9b)(Appendix ‘A, Volume I).
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' " . ) ) . .
Q £ L q . - : (A.1.8¢)
B e
Q, = L g . A.1.84
R = ,5pM o B
H.L - H : '
- L R .
Ny = e (A.1.9b)
Equations(3.7) and (B.8)'bec9me
e
Any, = @ (hy hD)LR 1 (B.10a)
QR . ,
AHR FIRTAX - Z (hD hc) RL 3 (B.10b)
Therefore
AHL + M H (2) +H(2) H, (0) +Hp(0)
2 = 2 - 2
? t
i:g%lmi'+ilggtmi
=1 = G .11)
and
q %
Z-——Ax + L — Ax
(z) + (o) + ) i i
H HR(Z) _ Hple) +Hg(o +1“L 1 MR 5 .12)
. 2 2 2 -
This evaluates the RHS of Eg. (C.3). Next we evaluate
hot+hy : ¢

5> the LHS of Eq. (C.3). to show the equality of RHS and LHS.
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, N 7 ng(z) + np(z)
' To obtain the gxpression for 5 - , We use a
. : different derivation philosophy which is stated below.

.From equations (A.l.3c¢c) and (A.1.3d),(in Volume I), we get

» ) |
_‘"c__f’_c___ qc - (hc hD) Q‘c‘ BVe,B (A.1.3c)

3"th
- (hy- hc) D,C - (- h)  (A.1.3d)

)

In order to proceed with the derivation, we have to-reéog-

P .nize the following statement as true:

” "If the enthalpy profile ét axial node j is transversely
symmetrical, we can pro&e the enthalpy profile at axial node
J+1 1is aiso transversely symmetricai as long as the transverse

linear heat generation profile 1is symmetric."

v e

This statement needs an involved proof and we can
heuristically prove this by observing equations (A.1l.3c)

and (A.L.3d) (Volume I) in the difference scheme:

. hc(J+l) - hc(J) ] . 1 ) 1
. o X = qg = (3 =hp(I)wg = (8,(3) = h(I))wg 5

. - o | O (a3)

hy(J+1) - hy(J) ' ' '
my — = = qp - (hD(J)-hC(J))wC,D - (hD(J)--lnE(J))wD’E

B

(3 .14)
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Because of symmetry at the axial node J, we have

(hg(7) = hg(I)) = (hp() - Bg(D) (315
and )

o Ty o '

WD,C.= WC,D | - (3'.16)

e = Yer (3.17)

‘Thus we know is qé = qé = 0, the enthalpy_inbfement in
subchannel C equals the enthalpy decrease in subchannel D.
Also because the transverse linear heat generation rate 1s‘
symmetrical then h, (J+1) and h (J+1) must be symmetrlcal.

with respect to

(@) ag (@ .
-t ho(d) + hy(3)
5 + | 2 .

hc(z) + hD(zj

Now we can obtain ) _ from equations (A.13¢) and

(A.13d) (Volume I) by recognizing that (hg = hg)* (hy - hp).
The result is
) Z
A qD
ho(z) + hy(z) _im Mty h.(0) + h(0)
2 e 5 mD +_ ¢ 2hD G .18)
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qF and mp =
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mE = mF.

hc(o) = HL(O)
hD(o_)-HR(O)
c
| 5 z q
m M c
C C I mi
i=A
F o,

I 1 Z q
S %1 ™
m M F

D R % mi
i=D
‘l— |7_
gondition qy = qB =

QC’ mA

- Mg T M 9p

' (B.19a)

. (B.190)

(B.19¢)

(B.19d)

1} t

Therefore, from equations (B.l8)\and (E.12) we get

ho(z) + hp(z)  H (2) + Hy(z)

2

2

(B.20)

However, under large inter-subchannel diversion crossflow or

flow upset conditions, equations (B.15), (3.17), (3:..19¢c) and

(B.19d) will not hold and hence equations (3.20) and (3..4)

become inequalities.

B.Z. Suggestions on h* in terms of known parameters

ﬁ suggestion is made below regarding h¥ (stated in
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equation (A.1.11a) and (A.1.11b) (Volume. I) under the assump-
tions of no diversion crossflow and no'flbw upset) in order to-

cope with the conditions of large dlversion crossflow and flow

upset,
H (M + M (0)) + Ho(My,  + M_(0))
nt = L Lgxpp L R Rgyrr R
2 (M, + Mg)
+ Ay 5 .
i " 1f W p >0 (B.21)
H
H. (M + M (o)) + Ho(M + M_(0))
*
he = L Lgxyp D R Rgxrp R
o (M, + MR)
. H, + Hp
+ B 2 1f W. o <0  (B.22)
Ny L,R - (B.

These two equations also hold under the conditions of
low diversion crossflow and no flow ﬁpset, hence it can be

used under any conditions we require in this study.
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" APPENDIXC -
- LIMITATIONS ON THE NUMERICAL VALUE OF 8 USED IN

CALCULATIONS WITH COBRA IIIC

~ The mixing coefficient B is an lnput 1n'COBRA IIIC.
It is used to calculate the turbulent interchange per
unit length between channels in the lumped subchannel
approach. Since it is physically impossible to have the
axial enthalpy rise in the flow channel fluctuate for
each axial step just due to the energy transport by the
turbulent interchange between the channels, a.limitation
is imposed on the input value of 8. Derivation of the

limiting values for B under different operating conditions

are presented in the following sections.

" C.l1 Derivation of General Expressions

c.l.1 Unheatedeundles

The limiting condition on B'is that the enthalpy rise

 for each axial step k in any channel i by the energy trans-

port with the adjacent channel j should be less than one
half of the transverse enthalpy difference between channels
1 and j. This statement can be formulated by the follow-

ing expression:
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w. .(h,-h)Ax|  |P17Py |
1,317 > l lk o (c.1.1)

h, h, are evaluated for any axial node k.

where wim, 1, By

Since

TR

my = 8444

equation (C.1.1) also can be expressed in a general way:

- gyte h,-h : '
Therefore
giAi'
B < §(81+8J)Ax ] (C'1°3)

C.1.2 Heated Bundles

Because the limitation set on B has ncthing to do
with the heat added from heated rods, the expression

(c;1,3) is also true for heated bundles.
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- C.2 Evaluation of-Numerical»Values'for Bmax

C.2.1 Enthalpy Upset Case

In'phis_case, the diversion crossflow is very small.

Therefore, &y is closed to one half throughout the

entire length of the channels. For typical PWR geometry,

equation (c.1.3) thus can be evaluated by letting:

0.122 inch T

s‘ =
. A, = 0.0098 rt? .
. : Ax = 5.76 inch °
then
" _ 0.5 x 0.00094 _ Lo i ‘
Bmax = 0.122 X 5.76_ - 00096 (C .2.1.1)
12 12 : :

In particular, it should be néted that Bmax in the
half-sized channel talculation becomes one half of its
nominal value 1n the full sized chénnel calculation.
Therefore, as lbng as a half sized channel is uéed,
Bmax.for half;sized channels becomes a limiting value for
8 provided a constant é is used for every channe} in the

calculation. The Bmax in the half-sized channel éalcula—

tion can be established as follows:
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By Ay
28(gi+gj)Ax

ﬁmax(half—sized chénnel) =

= 0.5Bp.x

0.048  (c.2.1.2)

'¢.2.2 Enthalpy and Flow Upset Case

'In this case, the limiting value of B occurs in the

i has the smallest value pro-
gi gj .

vided a constant B8 is used throughout the channels.

'région where the ratio

There are three important features of the maximum B

under the flow upset condition; i.e.,

(1) Bmax under the flow upset condition is always

less than that under the enthalpy upset of the
Ry : 2 :
i

gyt8

 power upset condition (since
- ' 3 J

1
<.5 ).

(2) -The 1limiting B occurs at the inlet under the
flow upset condition. This 1s because the momen-
tum transport between channels tends toc increase

the value on

gi+gj along the channel.
By

Si+gJ
flow ratio at the inlet. Generally, the higher

(3) The minimum value of depends on the upset

“the flow upset ratio, the smaller the value of
gy ' ‘
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- In our'application,‘a step floW'upset'inlet condition‘
is used where the higher flow rate N21 -channels at the
inlet is 1.1 times larger _than that for the center channel
and the lower flow rate at the inlet for the rest of the |
channels is 0. 9 times lower than that for the center
channel. Therefcre, Bmax in this-case*can be Calcglated
. by the following‘formula:_

. gihy
max s(gi+gJ)Ax

0.9A1
s(1.140.9)Ax

0.9 x 0.00094
0.122

P) 5.76 .
x (1. 8)7-15—

12

0.097 | (c.2.2.1)

‘ If the half-sized channels are qsed for the center
channel to calculate the coupliné coefficients, the
limiting B occurs in the half sized channel adjacent to
the high flowrate channels. Hence the Bmax can be calcu-
lated as follows:
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B
max 23(gi+5J)Ax

1.0 x 0.00094
0:.122 (1.0+1.1) x

5.76
12

2-x

\

12

0.0k46 o (C.2.2.2)

¢ .2.3 Power Upset Case

In this case, the Bax 1S the same as that in the

enthalpy upset case.

o .
c.2:4 Power and Flow Upset Case

In this case, the B __ 1is the same as that in the
! . . ¢

flow upset case.
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APPENDIX D |
METHODS TO ANALYZE HOMOGENIZED REPR”SENTATIONS,

MULTI—SUBCHANNEL REPRESENTA”IONS AND

TO COMPUTE NH(z)

‘-Thepurbésg'of ﬁbis gppenaix—isféé 111ustfa£é'the
method to computé.the.muiéi-égbchaﬁnel.resulfs, the
hoﬁogénizéd resuifé and:ﬁhe céubiing coefficients;.>
The précedure.to obtailn the multi-subchannel and homo-
genized results is discussed in section D.1. The input

data for the homogenized representations which can be |

determined from the inbut data fof the multi-subchannel

représentatipns\ape digcu$§3d in Seetioﬁ-D.Z. Fihally,
the’code changes are briefly discuSsed in section p.3
on the modifications made to fulfill the cémpﬁtéﬁiohs
required in this study. | |

D.l.'Procedures

" COBRA IIIC/MIT version is used in this study to
analyze the coupling coefficient NH.in the energy conser-

vation equation. The steps to accomplish this purpose

are listed below:

1) Run a multi-subchannel case to obtain

a) Multi-subchannel resﬁlts - the average para-

meters for_the multi-subchannel steps L and R
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\
(refer to Figure 3 for subscripts L and R). -

b) Coupling Coefficients - The following approxi-

mations are made so that coéupling coefficients

edn be Obtained from the multi-subchannel

¢omputation:
’fuL(z‘) = B (z) ' (p.1)
~ T’aﬁ(z) = Hp(z) (p.2)
For ifstance, NH is defined in Appendix -A(Volume I) :
& @ .
N R
N,; & ———— (A.1.9¢)
H™ hy - b
insert (0.1) and (D.2) into (A.1.9c)
Lo t‘L B JY‘R
Niyy & m———— 0 .3)
H ™ hg - hy

8o Ny is expressible in the multi-subchannel
paramefers and can be evaluated in the multi-
subchannel éomputation.
2) Run a homogenized case which lumps N subchannels
into two homogenized channels L and R. The con-

éervatioh equations in this case are modified
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according to equations (A.1.7), (A.2.5) and (A.3.5)
(Volume I) so as to compute the homogenized results withn

the coupling coefficients evaluated in step 1.

D .2 1Input Data for Homogdenized Representations

~ The relationships between the input data for the
homogenized fepresentation and for the multi-subchannel

representation are summarized as follows:

a g ) - : (D.2.1b)
* = q . 02.
RV 4=p 1
C )
AL = I A (b.2.1e)
L y=p 1 .
F - _
A, = T A _ , (D.2.14)
R 4op 1
c ///c : '
H = £ mh I m at inlet (D.2.1e)
Lo ogop 11/ 4-4 02
F. ///F ‘
H, = I m.h I m at inlet (D.2.1f)
R 4=p 11/4p 1 |
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. c ." .
G = I giAi///Z;‘ at inlet

(0.2;1g)

F o
Gp = I giAiz//ZR at inlet (D.2.1h)

.From the above relationships, the input data for the

homogenized repreéentation can be determined from the

input data for the multi-subchannel representation.

b.3 Code Changes

Part of the code has beén modified to fulfill the

-purpose of this study. The code changes in the required

- subroutines are listed as follows:

1) Subroutine EXPRIN - Calculate the parameters in.
the homogenized representation and the coﬁpling
~ coefficients, i.e., Ny, N

> Npps Npy and NeF.

. 2) Subroutine SCHEME - Read in the coupling coeffi-

cient either in a single value form or in a

"discrete value form. Calculate NH'

3) Subroutines DIFFER and DIVERT - Incorporate the

coupling coefficients in the conservation equa-

- _ tions. 
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APPENDTX &

Ny FOR THE HOMOGENIZED CASE COUPLING TWO

STRIPS OF UNEVEN NUMBERS OF SUBCHANNELS

Fof the multi—subbhannel strip with uneven subchannel
numbers, i.e.; coupling two multi-subchannel strips L and .

R with differentlnumber of subchanriels,—NL and NR respectively,

the NH can be derived as follows:

Assume the enthalpy at the center is zéro as the reference

point and
N. = EL for the multi-subchannel : (£.1)
H,  hy= strip L o * ‘
N. = EE} for the multi-subchannel ‘ -(E 2)
Hp  hy strip R _ |
where
hM- = enthalpy of the half-sized subchannel in the
strip L and adjacent to the strip R
hy+ = enthalpy of the half-sized subchannel in the

strip R and adjacent to the strip L.

From the definition of N

H
Ny 2 P ' | : .3)
H™ h _ - h_ + .
m m :

Insert equations £.1 and E.2 into E.3

N, h . - H, h 4 _ ' .
Ny = Hy'm Hp'm - (z.4)

h .

m- = Bpt
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" Also assume

Then equation (E.§) becomes

:‘ ¥!
e HL_._ . .<l_¢A
N, = L= "R
H -2

(£.5)

_(E-S)

Thié féléfiéﬁéhip is ékpécféd té be Qéiid as iong aé

NL and NR are léggé~gﬂbugh to inake the éséﬁhption (£.5)

hold and thé difféfédcé bétWeén NL and NR is small.

An

heuristlc criteria 1s sugvested to limit the validity of

equation (E 0)

_ .._' ‘l
|NE:‘ NRI
min(NL,N

< 0.3
R

where min(N;,N.) 15 the smaller number between N and

Ng.

L
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3.0 Introduction

In the present volume the.methods to calculate transport
coefficients for 3D problems (in particular N (z)) will be given.
An example case will be presented and the results of the

numerioal method'will oe compared agaiust'the'results of the

analytical method.

3.1' Numerical Nethod to Determine NH(z),for a Multiregion‘Analysis

3.1.1 Introduction

In order to find NH(z) for a particularfboundary, tﬁe following_
steps should be followed: .' . ' |
1) - Define the;geometr&'tovbe adopted.
2) .Using COBRA IIIC/MlT analyze the adopted geometry on au
' actual subchannel basis, i.e.;'each radial node being a
subchannell | | '
3) Define Ny (z). _ .
i) Using the results from step 2 and the definition of step 3,
. find the numerical values of Ny(z).

73.l.2 Solution Strategy

The following strategy is recommended:

3.1.2.1 Define the geometry to be adopted.

If the value of Ny(z) for a boundary has to be calculated
it is recommended that the geometry of Figure 13 (Chapter §Vo1ume 1l)be

adonted where the boundary of ihterest is boundary A, and where now
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the homogenized.regions will be those of our specific problem.
By imbedding the boundary of interest 1n this mesh of 12 channels
we will significantly reduce the effect of N (z) of the actual

channels which are not considered

3.1.2.2 Analysis Needs of the Problem

Using COBRA ITIC/MIT the geometry adopted has to be
analyzed in order to find the enthalpies of each subchannel that
make-up the homogenized regions at each axial elevation. The
analysis needs to be done on an actual subchannel basis and then
the homogenized regions have to be split into subchannels as

indicated in Figure 13, Chapter 3, Volume I..

3.1.2.3 Definition of N,(z).

In order thaﬁ the homogenized region analysis yield
enthalpy results for these regions identical to those g;ven by
an actual subchannel analysis, the following definition of NH(z)

should be used: (See Figure 13, Chapter 3, Volume I).

w! (h (L) - h, - (R))
Nu(2) = TOE I3y, (T, (u3))+w'(5u 55) (b, (511Y—h (55)7+w'(66 67) (0, (66)-h_(67))

(I1II.1)
~Where .
wy = wl(h2,43) + w! (54,55) + w!(66,67) (I11.2)
h;(L) = Average enthalpy of the homogenized region to the
left of the boundary (subchannels UO 41,42,52,53
54,64,65 and 66) -
hZ(R) = Average enthalpy of the homogenized region to the

right of the boundary (subchannels 43,44,45,55, 56
67,68 and 69)



However since this definition 1is veryvcomplicated because it also
invblves>the effective‘massfléw for the turbulent interchange, the .

following approximation is suggested:

3(B (L) R (R))
Ny(2) = 1R (2)-F, <u3)>+<n (510 R (55))+(n, (667h L(6TD)

(II1.3)
which can be further transformed to:
h (L) - h (R)

Ny(z) = (h (h2)+h, (570+h (66)) & (13)+h,(55)+h,, (67>)
3 3

(Iil.u)

3.1.2.4 Calculation of Ny(z).
{ Using the previous definition and the enthalpy resplts

found in Step 2, the numerical calculation of NH(z) is‘stfaight—

forward,
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3.2 3D Analytic Transport Coefficients

\

3.2.1 Solution of the General Equation

The general equation to be solved is:

Q

1
a

T a T a T + "

c-r
@
(=%
-]
>
<

where the following analogy has been buiit into the equation in
order to transform the'3-D thermal/hydraulic problem into a 2D,

transient, thermal conduction problem:

T h | | . (III.6)
t 3 z/o, | (III.7)
a, 3 ey (III.8)
k 3 pey (III.9)

The boundary conditions are:

3T aT a

55l 0 ; i =0 (III.10)
x=0 x—xu

a -0 %%[ -0 (III.11)
y=0 y=y3

T(x,y,0) = Ty (x,¥) | } (III.iz)



Equation (III.5) can be divided as follows:

T o°T o°T ‘
%_ 1. 21 + 21 S . (I11.13)
t ot X Ay - - : ‘ '
aT ' ‘ o o
- 5_52 =4 | : (III.14)
t ’ - ' :
2 2 : '
2 + 5 + — = 0 (I11.15)
9X 3y - : )
© : .
where: ’
‘T(lelt) = Tl(xlylt) + Tz(t) +_T3(X,y) (III-IG)
and where:
Q" = g+ .q':'l_' o | (ITI.17)

The general solution for T(xlylt) will be a Fourier series of

sines and cosines, but because our boundary conditioné are adiabatié
the terms with sines will disappear and the solution Qill oﬂly have
cosine terms. |

Expression the heat generation as a Fourier series in

cosines:

(-] (-]

cC _+ I r C cos™X gy (II1.18)
°0 m=0 n=0 ™ Xy R A

qﬂl

'except m=n=0



where :
Yy Xy |
j g'" dxdy
‘0 [o) .
C = = q"'
o0~ y3 X
: dxdy
‘0 ‘o
and )
Xy Y3
| g 'cosm§£ 0035%1 dxdy
¢ =10 ‘o ! 3
mn ’xu .y3 . E
cosTX oY dxdy
Xy V3

Jo ‘o
Solving Equation (III.15)

o] -]

T, (x,y) = I $ C' cosBTX ,osBTY
3'7? m=0 n=0 ™ Xy

except m=n=0

where C' :
mn

c
+ (RTy2 oy - _Mn

2
(2 c!
Xy, mn Y3
Ta solve equation (III.13):

Tl(x,y,t) = 0(x,y) F(t)

© (III.19)

14

(II1.20)

(II1.21)

(I11.22)

(I1T.23)



1 dR(t) _ 1 3%
atF(t) dt B(x,y) 9x

Then:

2
-a, o0t
F(t) =Ce °© M0

6 =B cOSa_X CcOoSo
mn n ny

Then

2 ~2¢%mn
T,.(x,y,t) = I I A_ e cosqo_X coso Yy
1°7° m=0 n=0 ™ m n

except m=n=0

Solving finally Equation (III.14)

- =11}
Tz(t) } %;—-at t +C

:(III.24)

- (I11.25)

(III.26)

(IT1.27)

(II1.28)

(III.29)

(I11.30)
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The final ‘'solution is then:

o I 2.

T(x,y,t) = e att_ c mio n=0( me Cmn)co§amx_cosany
except m=n=0 - (III.31)
- Using now the initial boundary condition:
't =03 T(x,y,0) = T(x,y) =0 - (III1.32)
c=0 | S 0 (II1.33)
' = (! - ..
A = -Cl | _ . (III.3Y)
( ) E"'att ’ —atuit
T(x,y,t) = ——— + L IC' (1l-e Jeosa_X cosa ¥y
. k m=0 n=0 ™ mon
except m=n=0 o (III.35)

where

C&n 1s given by Equation (III.22) and

Cmn is a function of the heat source distribution and is
calculated from Equation (III.20).



3.2.2 Derivation of Ny

For boundary 9 (Figure III.1) between channels F and G,

N

H is defined as:

X Y2 v ;x3

Then once

forward.

I j' h(x,y,z)dxdy (h(x,y,z)dxdy
) . . o J . -
19 XN
F2 Y2 X3 3>
J [ dxdy |} .dxdy
J J
x2 y2 : x2+P Yo
{ J h(x,y,z)dxdy J I h(x,y,z) dxdy
X2—P yl ) X yl
) ,Yg -x2+P y2
J : J dxdy J J . dxdy
Xo7FYy S XN

h(x,y,z) is known, the derivation of N

H

is .straight



10

3.2.3 Calculation of Ny of a Specific Problem:

The case of Figure III.1 was solved using constant power input
for each of the channels that make up the core.

The powers qré specified as follows:

Channel Power
I P11
J P21
X P31
L - P41

E P12
F P22
G P32
H P42
A P13

B | P23
C . P33
D P43

The constant Cmn takes the following values:

- 4 .
— xuy3“man [P11 sinamxl + P21(51namx2—sinamxl)+

+AP31(sinamx3-sinamx2) - PhlsinamXBJ sinuny1 +

. . _
[P12 sinamxl P22(sinamx2 sinamxl) +



and

when ' n

mo

0:

11

+ P32(sinamx3—sipamx2)-Pﬂ2 sinamx3]+
+ [sinanyz-sinahyi], [P13_sinamx

+ P23(sinamx2-sinamxl)i:R33(51nqu

P43 sinamx3] sina y,¢

l -

P13(y,-y,)+P12(y ¥y )+P11(y.)
2 [ 3°2 e °1 1 sinamxl +

+

3—sinamx2)

(ITI.37)

(II1.38) |

x“am y3
[P23(y4-y,)+P22(y,-y. )+P21(y )] [ 1
+ 3°2 2 °1 1 sina x.-sina x +
Y3 m- 2 m1
L Jd i N
P33(y-¥,)+P32(y -y, )+P31(y )| 1
+ 3°2 2 "1 1 sino_x,-sina x -
PU3(y,-y,)+PL2(h -y )+PL1(y,)]
- 3°2 2 1 1| sina x (1III.39)
Y3 . m-3
o = mo (III.40)
mo 2 )
'kam . '
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. - ' 5 Pll(xl)+P21(x2-x1)+P3l(x3—x2)+Pﬂl(xu#x3) in s
on any3 Xy - n"1l
- : s
P12(x, )+P22(x,-%x, )+P32(x-x,)+PU2(x,-x.)
o+ 1 2 1 32 4 73 [§ina YA-sina y }
i Xy j n2 n 1
(P13 (x;)+P23 (X=X )+P33(x5=%, ) +PU3(x)~%,)]
_ 1 27%1 37%2 I3 inay
x“‘ : n’?2
(IIT.41)
and: | ' - _ ‘5 |
Con
cr = — (III.42)
on kan

The final expression necessary is the series representation

of the power, which is:

00 [+ ]
Q™ =q" + I I C cosa_x cosa y +
m=1 n=1 n
+ E Cmo cosa X + 'i C cosa _y (IITI.43)



This series was tested to find the number of terms required to’

converge to the actual vaipe of_tﬁe power. Results are tabulated

below.
Point Aétual "“waer With .| Power with _
X y Power ~ n =m =30 n=m= 100
.8| 1.3 6 .598 .601
.8 5.0 .9 T .891 . .907.
.8110.0 .8 790 .798
3.0{ 1.3 1.0 - .996 | 1.002
3.0| 5.0 1.3 1.277 ~1.304
3.01{10.0 .7 - .706 ‘ . .705
6.0| 1.3 1.2 1.204 - 1.202
6.0 5.0 .8 - .871 - .804
6.0{10.0] 1.7 1.695 | . 1.696
9:.0| 1.3; 1.4 | ° 1.ho8 - 1.395
9.0} 5.0 1.7 1.707 - 1.694
'9.0[10.0} 2.0  2.006 1.998 .

It can be noticed that a large number of terms'have to be considered
to find the correct value of the powef diétribution. This point
.is very important since it has allarge influence on the'limiﬁations
of the analytical method for calculation of_'-NH values.

Once the constants C C o’ and Co

mn® “m

, are known, the calculation.

of NH is duite simple.
Using Equation (III.36)

_ NUMERATOR -
N (2) = SENOMINATOR (III.h4)

‘ .
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where:
' © .00 C;n —at§$6t Sinamxé-sina xl
NUMERATOR = I I {-T0— (l-e ) ( n= -
m=1 n=1 | *m"n Xo=Xq
sino x_-sina x.
_ m 3 m, 2 e :
X317, )(sinany2 sinanyl) +
o Ao —ata;t sina x2—sina xl
+ 12 (1-e Py (— B —F= -
m=1 %*m X%
sina_x.,-sina_x .
- 2 zx m 2y (III.145)
3 72 .
and
z z Cén ;atdint
DENOMINATOR = 2 I T 3 (1l-e Y(sina X2)(1-cosa P)
: ‘ "m=1 n=1 m%n m m
(sinanyz-sinanyl) +
. 2
® c! -a,o0_t
+2 I amg(l—e tm )(sinamx2)(1-cosa P)}
m=1 n m
(IIT.46)
and where:
at = €H (III.47).
VA
t = ;; (III1.48)
02 = a° +
mn _ %m ~ @ (III.49)



All the.terms of these equafions, i.e. (III.}45) and (iII.MG)-
are known exéept'sH} the thermal eddy diffusivity. In order to
" obtain idéntida;'results for NH(z) using the anéiytical method
| to those given by_the numeficallmethod, we-have'fo match ﬁhe
eﬁergy interchangé dué to turbulence for every boundary of the
proﬁiem.' This implies that-eH’should‘bé-dependent on X, y and z.
- However in our analytical derivétion €q had to_be assumed constant
to permif'solutibn of the differential equation. So an approxima-

tioh should be made in order to find an average value of ¢

H..
This value is calculated using the foliowing equation:
w'(I,3)(h(I) -h(3)) _ “HP%1j an o
“H(T) - TS %] T AR(D)  (IIL.A9)

Num. Analytic gap T.I1.

where Ah(I) = enthalpy rise of channel I due to turbulent
T.I. interchange -

Taking w'(I,J) as COBRA does:

W (L,3) = s, T . - ~ (III.50)
we obtain: ‘
(h(I).h(J)) M(Ii %Tw
= pT - " lanalyt.
EH sz 3h M(I) J (I1I.51)
ox gap numer.
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2

The massflow ratio is required due.to the diffeérent area of

the subchannels in the ahalytic and the'numerical method (Appendix C @
Volume I). The analytic method assumes each subchannel of area:-

A = Ps;, = .666(.1333) = 074 1n®  (III.52)

analytic

ﬁhile'the numerical method takes:

. 2
Anumerical =, 1705 1in ..(111-53)>
The ratio: o : o ) . L
h(gg—h(J) - Eij - | (III.54)
‘a_x- I‘ . . l

is dependent upon axial position, radial position'and power shape
across the boundary. With these parameters, equation (III.51)
reduces to

ey = 4348 V7, | | | (III.55)

An average value of the product:

1,4 = .1431121J : - » (III.56}

has been correlated as a function of B8 (Figure III.2).. This value

was obtained by comparing analytical and numerical values of NH(z)
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L for a.different set of valuesrofrlij.' Howe?ers'Figure‘III,2 is
not a general one and in order to apply the analytical nethod
to different problems (different channel dimensions or power shepes)
‘a new correlation should be obtained.
- Using now Equations (III 56), (III 55), (III.46), (III HS),

and (III.4l) we obtain the following expression for N (z)



HOLVHINAN

, w 2w . w | T=w
(66 III) . (d ©s00=T)(“X PUTS) (yy pr  2Dggp I 2+
- NUN Hml. : ' O o
| , . . u w_|T=u T=Ww :
v {(Ta%upe-2 puts) (aos0o-1) (Pxputs) (4 pp  9=U—pgof & 1 2 = HOLVNINONEQ
o . . NdN 18- 1O o © . .
— .
X=~CX x=Cx : S
(86°III) ( - ) ( o~=Tlggt I +
Nan:Hmlmedcﬂw Tx¥oups-Cx outs :Mamﬁﬁauu Uyl
. 2yt Ty 2 | u w | T=u T=u
+ AﬁhcacﬁmnmhsacHWVAm W X w - T .xN w Yyw, pr.. D msa T I = HOLVHIWAN
-¥X PUTS~-"X PUTS X PUTS~"X DUTS maN T9=- O o
(LS III) : HOLYNTWONEQ _ (5)Hy
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3.3 Comparison Between the Numerical and the Analytical Methods

The Case of No. -29 (Sectioo 3.3) (B = 0.2) was run numeri-
cally and analyvically uéing two different values for the parametér
liJ.‘>The”resﬁ1ts are presented invFigure III.3. . It can be
obsefved thot the resuits do not. match exactly even for the

recommended value of 115 (1.e., lij = .11). As indicated in

'the previous section it is due to the fact that in order to match

‘the numerical results exactly 1ij shoﬁld be a variable with'x, y

and z.

3.4 Conclusion

The development of transport coefficiehts should be based'oo
fhree dimensionalvmodel considéring arbitrary bundle power generétion
rates. Io our investigation we did develop the gehéfal methodology
andvapplied it to a soecific case. The result indicated that

a) enthalpy errors in the 3D case without opplioation
of coupling coefficients were gréater than anvanalogous
2D problem | .

b) Ny values from 2D probiem exhibited the same trends but

| different numerical values from those from the 3D problem.

¢c) the NH values from 3D problemé are sensitive to power |
blevels in regions adjacent to tho boundary of interest.

From these results we conclude that practical 3D recommendations
for Ny willrrequire development o6f a means to consolidate the large
number of boundaries having unique neighboring region power profiles

that would be encountered in analysis of any one core.
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