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THERMAL/HYDRAULIC ANALYSIS METHODS FOR PWR'S
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Submitted td the Department of Nuclear Engineering,
May 1976, in partial fulfillment of the requirements
for the Degree of Nuclear Engineer.

ABSTRACT

In order to perform a hot subchannel analysis in a
PWR and include the effects of crossflows, the "standard"
procedure being used is the so called cascade or chain
method. It requires excessive effort as well as compu-
tation time.

An alternative procedure called the simplified method,
has been examined here. It combines a fine mesh of
actual subchannels around the hot subchannel with a _
courser one as we move further away from the hot region.

Our simplified method has been checked against the
cascade method. From the study of the characteristics
of each method, it is concluded that our simplified method
ylelds better results than the cascade method. Additionally
it requires considerably less effort and it costs less than
the cascade method.

Analysis was initiated on the effect on the simpli-
fied method of reduction in the number of channels in
which the core is divided. It is concluded that when the
hot subchannel is surrounded by a fine mesh of actual sub-
channels, the effect of this reduction upon the properties
of the hot subchannel and neighbors is small. But if the
mesh of actual subchannels around the hot one becomes
small, the properties in the hot region change noticeably.

To further improve our simplified method to such an
extent that it will yield identical results to those of
an actual subchannel analysis, proper transport coeffi-
clents have to be used. The effect of an approximation
to one of these transport coefficients (i.e. N..) is
investigated. It 1s concluded that their effegt 1s impor-
tant enough to recommend their development and use in our
simplified method. For this reason, the terms that affect
the properties of the channels have been isolated and
indications are given about where such transport coeffi-
cients must be introduced.



Additionally the analytical deduction of one of these
transport coefficients (N,) for a two-dimensional problem
and the modifications int¥oduced in COBRA IIIC in order
to be able to execute our simplified method are given.

.Thesis Supervisor: Neil E. Todreas

Title: Professor of Nuclear Engineering
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Chapter 1

DESCRIPTION OF THE PROBLEM

1.0 Introduction

The goal of this thesis i1s to develop a method f&r
steady state analysis of the core of a Pressurized Water
Reactor using publically available éomputer codes. The
Connecticut Yankee PWR core was selected and its phySical
characteristics are presented in Appendix 1. The computer
code chosen is COBRA IIIC(l) in its MIT version, COBRA IIIC/
mrr (2,

It is clear that the best way td'analyze a react&r
core is by taking each radial hode in the analysis at least
as an actual subchannel. This implies that for the Conn-
ecticut Yankee PWR core 35,325 radial nodes should be con-
sidered (because of symmetry reasons this number may be
reduced to 4,416). These numbers are so large that there
is no available computer which could handle this problem,
and even if such a computer were available the cost would.
be prohibitive. Therefore this possibility has historically
been ruled out and other approaches have been developed
based on the following characteristic of the parameters

which 1imit PWR core operation.




-18~

The most limiting parameter of a PWR in steady state
is the Minimum Departure from Nucleate Boiling Ratio
(MDNBR). A second potential limit is void fraction. How-
ever in almost all practical cases the MDNBR is the govern-
ing limit»not channel void fraction. For a typical PWR
the MDNBR is dependent on enthalpy and on heat generation
raté. The enthalpy of the channel is dependent upon the
heat generation rate and the characteristics of its neighbor
channels which effect interchannel energy exchange. The
dominant parameter is the heat generation rate, which
implies that the most restrictive conditions will take
place in the subchannel where the heat generation rate is

large and not necessarily in the subchannel with largest

~enthalpy. This will allow identification, by inspection

of the core radial power distribution, of that area of the
core where the most restrictive conditions 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,

This simplification leads to two general approaches.
One is the so-called cascade or chain method, and the other
will be named as the simplified method.

The cascade method consists basically of a two stage

analysis of the core. In the first stage the whole core
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is analyzed on assembly to assembly basis (each radial node
represents an actual assembly). From this analysis the hot
assembly, i.e. the one with the largest enthalpy, and its
boundary conditions can be identified. In the second stage
the hot assembly is analyzed on a subchannel basis, (each
radial node is an actual subchannel or is created by lump-
ing of a few subchannels) taking advantage of the boundary
conditions found in the previous stage.

The simplified method is simpler than»the cascade
method. Here the core 1s 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 one outside
this zone.

The methods will be compared in Chapter 2 and one of
these (the simplified method) will be selected as the one
that yields better results. |

Then in Chapter 3, the selected method will be analyzed
in full detall, the terms that need to be improved will
be isolated and recommendations will be made to achieve
these improvements. |

To be able to execute the simplified method some
modifications wére made in the first version of COBRA IIIC/
MIT. These are given in Chapter 4.

In Chapter 5 an analytical derivation of one of the
transport parameters required to improve the simplified

method is given.
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Chapter 2

CASCADE METHOD VERSUS THE SIMPLIFIED METHOD

Introduction

Cascade Method

2.1.0 Introduction

2.1.1 Assembly to Assembly Analysis
2.1.2 Hot Assembly Analysis
Simplified Method

Comparison Between Results

Conclusion
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2.0 Introduction

The initial goal of this thesis was to develop a
simplified method to analyze'the thermo-hydraulic core
performance of a PWR. Because no experimental information
was available on the behavior of the core and because the
analysis of the core on a subchannel basis (i.e., each
radial node being an actual subchannel) is absolutely pro-
hibitive, the results obtained with our simplified analysis
were to be compared against those obtained by using a
standard method. The standard method selected was the so-
called cascade (or chain) method.

In this chapter more specific details will be given
about the cascade and simplified methods. The results
obtained with both methods for the core of the CONN. YANKEE
Reactor will be presented. And finally, the conclusions

drawn from these results will be indicated.

2.1 Cascade Method

2.1.0 TIntroduction

The second stage of the cascade method normally requires
a computer analysis code which allows input of the transverse
flows on the hot assembly boundary. Neither COBRA ITIC/MIT
of any other publically available code includes this capa-

bility. Therefore our approach was to perform the hot
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assembly analysis on a series of axlial slices of the assem-
bly. The slices are analyzed consecutively starting from
the bottom of the reactor until‘the top is reached. The
conditions at the inlet of a slice are those at the outlet
of the previous slice but corrected in a manner to take
into account the transverse boundary condition applicable

to that slice.

2.1.1 First Stage: Assembly to Assembly Analysis

The assembly to assembly analysis of the CONN. YANKEE
PWR core was carried out with the pattern of assemblies
given in Figure 2.1. The results are thoée of Figure 2.2.
From these results, as expected, assembly 21 is the hot

assembly and it will be analyzed in full detail.

2.1.2 Second Stage: Hot Assembly Analysis
2.1.2.0 Introduction
For this analysis the hot assembly was divided into 11
axial slices as indicated in Figure 2.3. All the slices
are 12.066 inches high except the last one which is only
6.033 inches high.
To analyze each of these slices we need to fix both a

pattern of channels applicable to all and the initial condi-
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Numbering scheme and radial power factors

Figure 2.1
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Enthalpy at the exit of each assembly

Figure 2.2
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tions at the inlet of each particular slicé. The initial
conditions required are the massflow rate and the enthalpy
for each individual channel.

The pattern of channels used 1s that of Figure 2.4.

The enthalpy at the inlet of every slice for each
channel is given by the enthalpy at the outlet of the
previous slice for the same channel.

The mass flow rate has to be reduced to account for
the diversion crossflow leaving the assembly. Ideally the
diversion crossflow should be represented as a boundéry
condition of transverse flow leaving the assemﬁly. However,
because COBRA ITIC/MIT does not allow such boundary condi-
tions, the only way to account for that flow leaving the
assembly is by decreasing the inlet mass flow rate of each
slice with respect to the outlet of the previous slice.

Finally, notice that each of these slices represents
two axial éteps (except the last which is only one) of the
hot assembly in the assembly to assembly calculations. This
system was selected in order to have small axial steps in
the Assembly tTo Assembly analysis which leads to small trun-
cation errors, and at the same time to avold analysis of
too many slices thereby keeping the length and cost of the

analysis bounded.
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.917 1.973 | 1.799 | 1.974 | 1.799 973 | 1.017
1 2 3 4 5 6 7
\556 1.859 2.011 1.859 .556 1.973
\\Qi 9 10 11 12 13
\\ii553 2.039 | 1.553 .859 1.799
Tl 15 16 17 18
+1.512 2.039 011 1.974
\9 20 21 22
\\%:553 859 | 1.799
.23 24 25
556 | 1.973
27

Numbering scheme of the hot assembly

Figure 2.4
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2.1.2.1 Inlet Conditions for Each Slice
2.1.2.1.1 Total Inlet Mass Flow Rate of
A Slice

As noted above, to account for the diversion cross
flow that leaves the assembly along each slice, we have
fo reduce the inlet mass flow rate of such a slice with
respect to the outlet mass flow rate of the previous slice.
Let us take slice number 1 (Figure 2.3) and compare how
the enthalpy at the outlet of the slice is calculated.
The procedure which is developed makes the average enthal-
py of the hot assembly at the exit of each slice equal to
the enthalpy of the’same assembly as calculated by the
first stage of the cascade calculation at the same axial
position.

The energy conservation equation used in COBRA IIIC/
MIT when applied to the first axial step of assembly 21

in the assembly to assembly calculations is:
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b (21) = n(21) + qi+%(21) _ wy(21,22) (n¥(21,22) - b (21) )
1 n (21) m, (21)

(2.1)

_ w1(21,1h) (hi(21,1h) - h1(2l) ) .
(21)

oy

where
h2(21) = enthalpy of assembly 21 at axial station 2
h1(21) = enthalpy of assembly 21 at axial station 1
]
aq 41, = avarage linear heat generation rate of assembly 21
2
in the interval corresponding with the first
axial step.
ml(21) = mass flow rate of assembly 21 at axial station 1
wl(21,22) or w1(21,14) = diversive crossflow leaving assembly

21 toward assembly 22 or 14 at axial station 1

h§(21,22) or h§(2l,14) = enthalpy of the donor assembly for

flow betweenassembly 21 and assémbly 22 or 14

AX = length of the axial step.

Recall that no turbulent interchange term is introduced. i.e.
B is taken equal to zero. This is necessitated in the
application of COBRA IIIC/MIT to the hot assembly stage of the
chain method since the boundary conditions allowed by this

code at the assembly boundary are zero energy and mass exchange.
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For the first axial step:

w)(21,22) = w,(21,14) = 0 | (2.2)

Because in this case, and in most of the others, the hot
assembly experiences transverse outflow all along the length

of the core, we can in general take:

*
h1(21,22) hl(21) (2.3)

*
hl(El,lH) h, (21) (2.14)

And then equation (2.1) becomes:

h,(21) = h1(21) + _EITETT__ AX (2.5)

Analogously for the second axial step:

qé+%(21)
h3(21) = h2(21) + —EETETT— AX (2.6)

Combining these two last equations we obtain:

a. . (21) as L (21)
1t 2t J AX (2.7)

h3(21) = h1(21) + _EIT§TT_ + _EETETY_

which gives us the average enthalpy of assembly 21 at the

outlet of the second axial step.
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Now for the hot assembly analysis the total mass flow rate
of the assembly axially within the slice has to be kept
constant because no flow can leave through the periphery of
the assembly. Then the average enthalpy at the exit of the
slice (which corresponds with axial station 3) has to be

calculated as follows: (See Appendix 2).

hé(2l) = hi(21) + [:%i%%%%i] AX! (2.8)

where the primes are introduced to identify parameters of

1
the hot assembly analysis and where hl(2l) = hl(21) (2.9)
-, _ | 1
q'(21) AX' = [:ql+%(21) + q2+%(21):] AX | (2.10)
AX'" = 2AX

Then in order to have:
(21 '(21
h3 ) = h3 ) (211)

we need:

(2.12)

qi+;(21) q;+;(21) h , Fq'(21)
2 RS — =

1
and from this equation we could find ml(21) since all other

parameters are known.
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It was decided to take'mi(2l) as equal to m2(21) even
though we know that this simplification is going to produce
slightly different values of the enthalpy. But bécause the
differences between the mass flow rates are not too large
(figure 2.5), the errors introduced are negligible.

Then at the inlet of each slice the total mass is:

|
mJ(21) = m2J+l(21) (2.13)
where:

]
mJ(2l) = total inlet mass flow rate of slice J in the hot

" assembly.analysis.

m2J+1(21) = total inlet mass flow rate at axial station (2J+1)

in the assembly to assembly analysis.

] 1
Then to relate mJ(2l) with mJ_1(2l) we have to use the

following expressions:

mo_,(21) = My (3o1y41(21) = myy 1 (21) (2.11)

Subtracting equations (2.13) and (2.14):

my(21) = my 1 (21) = my 0 (21) - my;_, (21) (2.15)



-33-

Grg °an3Tg

ATquesse 20y oyl JUOTE S99BI MOTJ SSE[

OtT 0OcL OTT. . 00T . 06 08 0. 09- 0S5  Of . 0f 0¢ 0t
TT T T T T T 7 [T [T %7

("ut) z

— 0g°T

1T
0T
T desgg

—— & — 68T

—06°T

— 56T

—100%¢

—160°¢

—0T"¢

—4T°¢

— | — 02z
Ow [Yur T Cuy
_3J/AT (12)%




-34-

But because the right hand side 1is equal to the summation
of all the crossflows leaving the hot assembly in axial

stations (2J) and (2J-1) we can express finally:

o
H™~H

ny(21) - my_ (21) =

. w2J_1(2l,i) +

. w2J(21,i) (2.16)
1 i

1

where I represents the assemblies adjacent to assembly 21
in the assembly to assembly calculations.

| It can be noticed that the manipulations of equations
2.13 through 2.16 would be avoided by taking each slice of
the hot assembly analysis as an axial step of the assembly
to assembly analysis since this would permit selecting
exactly the same mass flow rate in both cases. The problem
is then that the number of slices doubles making application

of the method very expensive and time consuming.

2.1.2.1.2 1Inlet Massflow Rate for each Particular
Channel of the Slice.

So far we have indicated how to obtain the total
inlet massflow rate to any slice and why we chose that wvalue.
The question remains as to how that total massflow should
be redistributed among the channels. TFor this purpose it
was assumed that the diversion crossflow leaves the assembly
homogeneously only from the outer row of channels of the

corresponding boundary.
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This implies that after one slice is analyzed and the
mass flow rates at the outlet of the siice are known, in
order to find the massflow rates at the inlet of the next
slice, we need to.modify the mass flow rates of the outer
row of channels while the channels in the interior of the
assembly remain unchanged. The procedures by which these
calculations are carried out is given in Appendix 3.

2.1.2.1.3 1Inlet Enthalpy of Each of the
Channels that Make-up a Slice

The inlet enthalpies to any slice are taken equal to
those at the outlet of the previous slice. Notice that no
correction in the enthalpies is made to take into account
the effect of the energy carried by the crossflow when it

is entering the hot assembly.

2.1.2.2 Reéults

In Figure 2.6 the enthalpies to the outlet of the
last slice (which is the top of the core) are given. One
very important conclusion that can be derived from these
results is that the hot channel (i.e. channel with the
largest radial peaking factor) is not that of the largest
enthalpy. This shifting is due to the effect of the
diversion crossflow. This conclusion will be very impor-
tant for the selection of a fine mesh around the hot sub-

channel in the simplified method.
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Analysis of the hot assembly: Exit enthalpy of each channel

Figure 2.6
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2.2 Simplified Method

2.2.0 Introduction

It is clear that the best lumped method of analysis,
should be one that assigns a radial node to each actual sub-
channel. Then the closer this goal is approached in our
simplified method the better the results should be. For
that reason, it was decided to use a case with as many
channels as possible limited only by the cost of the

analysis.

2.2.1 Case Analyzed

In order to compare the simplified method with the cas-
cade'method, the 89 channel case of Fig. 2.7 was analyzéd. It
can be observed that the pattern of channels of the hot
assembly is that of the cascade analysis while outside of

the hot assembly a finer mesh of channels was selected.

2.2.2 Results

In both Figure 2.8 and Figure 2.9 the exit

enthalples obtained with the simplified method are given.

2.3 Comparison of Results
2.3.1 Differences Observed Between Both Methods.
The exit enthalpies obtained with the cascade and the

simplified method were compared and the differences are given
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in Figures 2.10 and 2.11. These differences are calculated

, for each channel using the following expression:

.(exi%% 4 -nh (exit)
Difference = SI?giit)e - .ciscade - x 100 (2.17)
' cascade (inlet)

2.3.2 Analjsis of These Differences

From Figure 2.10 we can observe that the assembly
differences are quite small, nearly all are below 1%,
and then we can conclude that both methods are comparable
with respect to assembly results.

From Figure 2.11, it can be obsefved that all the hot
channel differences are inside a 6% range, which is not a
large value but significant enough to require further analysis
in order to determine the causes of such differences.

As was said before, it is clear that the analysis
of the whole core should be done on a subchannel basis in
order to obtain the best results. When a lumped channel
analysis 1s made, as in the simplified method, specificv
attention must be given to developing transport parameters_
between the lumped channels to obtain the same enthalpy
results, for the lumped regions, that a subchannel analysis
would yield. Then our simplified method will require use of

such transport parameters to generate better results.
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On the other hand, the cascade method would also

requifebsuch transport parameters to deal with the lumped

regions.

In addition to that, the hot assembly analysis

stage of the chain method has some very important problems

due to the lack of good boundary conditions. Specifically

these problems are:

a)

Flow distribution inside the hot assembly.

The only information that is obtained from the first
stage of the cascade method is the total crossflow
that is leaving or entering each boundary of the
assembly. No information is obtained regarding

the distribution of axial and transverse flow be-

- tween subchannels of the hot assembly. Some assump-

tion must be made for the flow distribution but the
present lack of a means to verify the assumption
leads to questionable results. These problems will
be more noticeable at the outer rows (where the
boundary conditions established for the whole assem-
bly will have a.larger effect) of subchannels while
in the interior of the assembly this effect will be
smaller. Notice that because in the present analy-
sis the channels»are not'actuél subchannels but
lumped channels, the effect described above is not

too noticeéble.
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Additionally this treatment of diversion crdss—
flow will introduce a further approximation due to
averaging 1n the estimation of lateral energy and
momentum transport. Specifically, for example, the
energy transport will need to be based on the average
assembly enthalpy and this average crossflow whereas
in fact the acfual number of subchannels on a face
through which crossflow and energy exchange is occur-
ing may be localized. Further the enthalpy of the
coolant undergoing crossflow may be significantly
different than the bundle average. In those steps
where diversion crossflow 1s entering the hot assembly
the problem becomes important.

One final uncertainty relates to the adequacy of
the crossflow boundary condition applied to the hot
assembly analysis. It is clear that local conditions
inside the hot assembly affect the crossflow distribu-
tion. These local conditions are not taken into
account in the assembly to assembly analysis where
the bdundary conditions for the hot assembly analysis
are established.

Mixing between the hot assembly and its adjacent chan-
nels in the hot assembly analysis.
Recall that for this case no turbulent interchange is

taken into account (B = 0.0) because in the analysis
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of the hot assembly no interconnection exists with

the actual adjacent assemblies. This can lead to
significant overestimation of the enthalpy in the
outer row of hot assembly subchannels. We can visual—
ize some method to take into account this effect but
the fact is that a new set of assumptions have to be
made and there is not a data base to support those

assumptions.

A1l these problems do not exist in the simplified

method.

2.4 Conclusions

Based on the factors discussed in Section 2.3.2 it is
clear that the simplified method is better than the cascade,
even without transport parameters for the lumped regions.
Additionally as shown in Table 2.1 the cost of the cascade
method as performed here is much more expensive than the
simplified method. These factors led us to drop the cascade
method as a standard and to develop adequate transport para-
meters to be used in the simplified method in order to
obtain results as close as possible to those that would be

given in a subchannel analysis.
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Cost Reading($) Calculations($) Printing($)
Ass. to
Ass. Analysis 0.11 14.17 b.13
First slice .12 .74 1.20
Second .12 .70 1.23
Third .12 .72 1.23
Fourth .12 LT7 1.23
é Fifth 12 1.29 1.23
S Sixth .12 - 1.23 1.23
: Seventh .12 1.03 1.23
% Eighth .12 .95 1.23
g Ninth .12 .69 1.23
Tenth .12 .78 1.23
Eleventh .12 .69 1.23
TOTAL 1.43 23.76 17.63
SIMPLIFIED METHOD .18 18.65 5.99

Costs of the cascade and the simplified methods

TABLE 2.1
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Chapter 3

SIMPLIFIED METHOD

Introduction

Simplified Method with No Coupling Parameters

3.1.1 - 101 channel case
3.1.2 - 61 channel case
3.1.2 - 30 channel case
3.1.4 = 10 channel case

Simplified Method Using Transport Parameter NH,
(NH = N case)

3.2.0 - Introduction

3.2.1 - 101 channel'case
3.2 - 61 channel case
3.2.3 = 30 channel case
3.2.4 - 10 channel case

Analysis of the Results

3.3.1 Analysis of the NH = N case

3.3.1.1 Analysis of the MDNBR Results

3.3.1.2 Analysis of the Enthalpy Results
Simplified Analysis Using Exact Transport Parameters.
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3.0 Introduction

In this chapter the simplified method wili be studied
in some detail.

Two parameters selected to carry out that job are
the number of channels used to describe the problem and
the transport coefficients (see Chong Chiu's S.M. Thesis,
1976)5. Then for a selected transport coefficient, the
core will be analyzed using different patterns of
channels to describe it. From the results, we will
observe the effect of nodal representation upon the MDNBR.
In order to isolate the effect of the transport coeffi-
cients, cases with the same pattern of channels but
different coefficients also need to be analyzed.

It was concluded then, that the different cases of
Table 3.1 should be analyzed. The first column corresponds
to the case in which no transport parameters are used,
as in COBRA ITIIC. The second column represents the case

in which the only transport parameter used is N, and 1t is

H

- assumed that NH is independent of z and equal to the number

of subchannels existing between the center lines of the
channel that make-up the boundary considered. This
assumption is equivalent td an assumption of a linear
enthalpy variation along the channels.(B) This parameter
is that suggested in reference (4) as reported in ref-

erence (3).
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Transport Parameter

101
Channels

61

30

10

Cases that should be analyzed

TABLE 3.1

R
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The third column has not yet been analyzed because
of lack of time to carry out the work. In this column it
is intended to introduce not only Nﬁ (required in the
diversion crossflow term of the energy conservation
equation), and also some other parameters (NH, NTP,...)
that are required in the axial and transverse momentum
equations. These coefficients have been developed in
Chong Chiu's S.M. thesis(S) for two dimensional problems.
However, for all the cases considered in the present
thesis, the problems are three dimensional. Two options
are available at this point. One is to show that the two-
dimensional coefficients outlined above also yield good
results for three dimensional problems. The other is to
develop some new transport coefficients for three dimen-
sional problems. Exploration of these options is required
in the future.

In this chapter, the results obtained for the first

and second columns of Table 3.1 will be given. Also the

conclusions derived from these results are presented.

3.1 Simplified Method with No Coupling Parameters U&fl)
3.1.1 101 channel case
The radial power factor of the lumped regions are
obtalned by averaging the values given in Appendix 1

over the region.
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The core was analyzed using the pattern of channels
given in Figures 3.1 and 3.2. The results are

summarized in Figures 3.3 and 3.4.

3.1.2 61 channel case
The core was divided as indicated in Figures 3.5

and 3.6 The results are given in Tables 3.7 and 3.8.

3.1.3 30 channel case
The division of the core is given in Figures 3.9 and
3.10, while the results are those of

Figures 3.11 and 3.12.

3.14 10 channel case
The core was divided as in Figures 3.13 and 3.14. The

results for this case are presented in Figures 3.15 and 3.16.

3.2 Simplified Method Using Transport Parameter NH

3.2.0 introduction

In this section, the four cases described in the
previous section will be analyzed, but here a transport
coefficient is introduced in the energy equation. This

equation becomes:
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101 Channel case: Numbering scheme
- _ Figure 3.1
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Figure 3.2
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101 Channel case: Exit enthalpies

Figure 3.3
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61 Chammel case:

Exit enthalpies outside the hot assembly

Figure 3.7
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: AJ4,(A) W (A,B) (h¥ - hy(A) ) _
hJ+1(a) = hJ(A) + —EJ—(IY— A x - é MH(A)

s Wj(A,B) (hJ(A) - hJ(B) )
a MJ(A) NH(A,BT

(3.1)

where comparing it with equation (5.1) we can notice the
introduction of the NH(A,B) parameter.

The parameter NH(A,B) is assumed to be only a function
of the number of subchannéls that separaté the center lines
of channels A and B and it 1is takén as belng exactly that

value.

3.2.1 101 Channel Case
The exit enthalpiés for each assembly and for each

channel of the hot assembly are'givén in Figures 3.17 and

3.18.

3.2.2 61 ChannelCase
The results are those of Figures 3.19, 3.20 and 3.21.
Also in these figures the differences in enthalpy with

respect to the 101 channel case are given.

3.2.3 30 Channel Case

The results are presented in Figures 3.22, 3.23 and

3.24,
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3.2.4 10 channel case

The results are given in Figures 3.25, 3;26fand”§i27.

3.3 Analysis of the Results

The most limiting variable in the steady state
analysis of PWR's i1s the MDNBR. The values obtained from
this variable are compared in Table 3.2. From this
table it can be seen that for both cases the MDNBR value
is only different when we go to a very low number of
channels. Because the NH = 1.0 case 1s less precise

than the case of considering N, = N, no evaluation  was

H
done of that case and all further conclusions are drawn

from the NH = N case.
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Transport Parameter

Ny
Vg = 1 Vg = N ﬁﬁ
Chségéls 1.040 1.047
61 1.040 1.042
30 1.041 1.043
10 1.016 1.013

MDNBR for the different cases analyzed

TABLE 3.2
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3.3.1 Analysis of the NH = N Case

3.3.1.1 Analysis of the MDNBR Results

In Table 3.3 the DNBR and MDNBR results are summarized.
The MDNBR is a function of the equilibrium quality of
the coolant and of the heat flux. The equilibrium quality
of the coolant i1s dependent upon the enthalpy of the
coolant.

This implies that the variations observed in the MDNBR
are a function of differences in enthalpy because the heat
flux in the subchannel where MDNBR occurs 1s the same
for all the cases. This leads us to analyze the variations

in enthalpy.

3.3.1.2 Analysis of the Enthalpy Results
An important conclusion can be derived from inspec-
tion of the exit enthalpy results given in section 3.2.1.
It can be seen that the channel with the largest enthalpy‘
is not that of the largest radial power factor. It is due
to the effect of the diversion cross flow and turbulent
interchange terms in the calculation of the enthalpy. This

may lead to wrong conclusions in some problems where a few
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number of channels are used to describe the core beéause
the subchannel with the MDNBR may not be represented.
It will also be important when the void fraction is a
limiting variable because the maximum void fraction
corresponds usually with the channel with the largest
enthalpy.

Fbr these reasons it was decided to analyze the
effects that cause the differences in enthalpy.

The enthalpy increase in steady state problems is
calculated using equation (3.1). From this equation it
can be seen that four terms affect the enthalpy increase.
They are: the energy added to the channel from the rods,
the energy added to the channel because of diversion cross-
flow, the energy added to the channel because of turbu-
lent interchanges, and the mass flow of the subchannel.
A1l these terms plus the existence of truncation errors
and the errors associated with the marching technique
used are responsible for the existence of those differences.
Notice that since the hot subchannel is surrounded by a
sef of actual subchannels, the effects of all these terms
that are described below are only indirect, in the sense
that they are due to lack of gobd transport coefficients
in the lumped channels far outside the hot subchannel.
Notice also that since the hot subchannel is in the center
of a large mesh of actual subchannels, exact transport para-

meters are used in the calculations of the properties of
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this hot subchannel and then no direct effect of this term
exists.

Let us analyze then the influence of each of these
five factors on the enthalpy of the subchannel with the
MDNBR.

1) Energy added to the channel from the rods.

This term does not introduce any difference in
the enthalpy results because the heat flux is exactly
the same in all the four cases. Thus, no further study
of this term is needed.

2) Diversion crossflow term.

As will be described below, this is the term that
causes most of the differences. We divided the analysis
of the effect of this term in the two following factors:

a) Flows crossing the boundaries of the hot subchannel

In figures 3.28, 3.29, 3.30 and 3.31, the values of
the flows crossing each one of the four boundaries of the
hot subchannel are given. From these figures it can be
noticed that the crossflows are very different. This leads
to véry different energy interchange between the hot sub-
channel and its neighbors at every axial step. It is clear
then that some transport coefficients have to be developed
in order to obtain equivalent crossflows. This is a very
difficult task because of the large number of terms involved

in the calculation of such crossflows.
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b) Energy carried out by the diversion crossflow

In COBRA IIIC/MIT, this energy is taken as the
diversion crossflow times the enthalpy of the donor channel.
We have seen that the donor channels for the diversion
crossflow are the outer channels of the hot assembly and
its neighbors. Therefore the enthalpy of the donor channel
only has an indirect and small effect on the properties of
the hot subchannel. This indirect effect is due to the
fact that in the lumped channels no fransport coefrficient
was used. This causes differences in the properties of the
lumped channels. These differences pPropagate and will
affect the properties of the hot subchannels. But as indi-
cated above, the effect is quite small unless a coarse mesh
of channels is around the hot Subchannel.

In Chong Chiu's thesis(5), the transport coefficient
(N) that should be used in this term, is analyzed for a

two dimensional problem.

3) Turbulent interchange term.

This term, when the hot subchannel is surrounded by a
set of actual subchannels, has only an indirect and small
effect on the properties of the hot subchannel. This

indirect effect is again due to the lumped channels and the
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lack of good transport coefficients for those channels.
In the present work NH = N (being N the number of rods
between the centerline of the channels) is taken, as
suggested in reference 4. This is, of course, not exact
but is a lot better than doing nothing (NH = 1.0). Chiu,

in his thesis, developed these transport coefficients for

two-dimensional problems.

4) Mass flow of the hot subchannel

This is a very important factor in the calculation
of the enthalpy increase because it affects all the terms
of the energy conservation equation. Changes in the mass
flow affect in the same proportion the enthalpy of the
channel. However, as can be seen in figure 3.32, where
the total crossflow leaving the hot subchannel is given,
differences among mass flows are small and only noticeable
in a few axial stations. This causes small perturbations
in the enthalpy. In order to eliminate them, transport
coefficients in the axial and transverse momentum equation
are required. Notice that these transport coefficients
will produce identical diversion crossflows which will

lead to identical mass flow rates.
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5) Truncation and marching technique associated

errors.

From the energy values obtained it is clear that
different truncation errors exist for every individual
case. The errors for the whole core were calculated
and the results are given in Table 3.1, It is found
that these errors are comparable in all cases and always
lower than .1% of the energy added.
| Truncation errors for the hot subchannel in all
four cases also are important and were evaluated. In
Appendix 5 an expression is deduced in order to calculate
them and they are calculated for the four cases. Fron
the results given in Table 3.5, it can be seen that
there is a large difference in errors between cases and
that the error itself 1s quite large and needs to be

reduced in order to obtain good results.

The addition of all these individual problems leads
to very important differences in the energy added to the
hot channel. The energy added to the hot subchannel was
calculated for all cases and from the results presented

in Table 3.6 , we can notice the large differences existing

among the cases.
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~ 101 CHANNEL CASE

FLOW ENERGY IN = 548.8 x 3220.0012 = 1,767,136.659
ENERGY ADDED = 2.786814 x 10°

FLOW ENERGY OUT = 635.29 x 3219.9661 = 2,0U5,652.244
ENERGY ERROR (% OF ENERGY ADDED) = 165.816 (.059 %)

61 CHANNEL CASE

FLOW ENERGY IN = 648.8 x 3220.2197 = 1,767,256.571
ENERGY ADDED = 2.786814 x 10°

FLOW ENERGY OUT = 635.33 x 3220.1785 = 2,045,876.006
ENERGY ERROR (% OF ENERGY ADDED) = 61.96 (0.022 %)

30 CHANNEL CASE

FLOW ENERGY IN = 548.8 x 3220.3469 = 1,767,326.379
ENERGY ADDED = 278,681.4

FLOW ENERGY OUT = 635.41 x 3220.3154
ENERGY ERROR = -212.829 (-.076 %)

2,0U46,220.608

10 CHANNEL CASE

FLOW ENERGY IN = 548.8 x 3220.3245 = 1,767,314.086
ENERGY ADDED = 278,681.14

FLOW ENERGY OUT = 635.42 x 3220.2864
ENERGY ERROR = 0238.9 (-0.085 %)

2,046,234.382

Energy errors of the whole core

TABLE 3.4
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CASE 101 61 30 10
-10.56 -12.87 | -17.37 -9.96
ERROR
(-19.7%)% £22.68%)] 28.11%)} (-18.076%)

¥percent of energy added to the channel

Errors dﬁe to truncation and marching technique used
(By Appendix 5)

TABLE 3.5
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# CHANNEL CASE

101 61 30 10
Inlet Energy
(Btu/sec ) 400.18 | 400.18 400.18 400.18
Outlet Energy 4n3,30 | 44bL.05 hiah,61 435,51
Outlet Energy - 43.12 43,87 hn. 43 35.33
Inlet Energy ,
Energy Errors
(from -10.56 § -12.87 -17.37 -9.96
Table 3.5)
¥Actual Energy
added to the 53.68 56.74 61.79 45.29
subchannel
J I I
¥ACTUAL ENERGY ADDED = % [q' - I w'(Ah) - I wh¥*]Ax
J=1 I=1 I=1

evaluated as Energy out - Energy In - Error =

Row 3 - Row U

Comparison of energy added to the

hot subchannel

TABLE 3.6
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3.4 Simplified Analysis Using Exact Trahsport Coefficients

This case was not solved because no exact transport
parameters were availlable and no time was left in order
to carry the method that far.

Most of these coefficients are very hard to find from
analytical analysis because of the large amount of terms
involved. It is suggested then that the parameters
developed by Chong Chiu be tested to validate them for a
three dimensional case. If they do not lead to good
results, some other coefficients should be obtained in a
similar fashion.

Also, from what was said above, it is clear that the
fruncation and marching technique associated errors are
important and should be eliminated.

The errors can be reduced by decreasing the length
of the axial step but in order to obtain errors smaller
than one percent of the energy added, the length of the
axial step has to be reduced significantly. This will lead
to very expensive runs. It is concluded then that a
better solution may be the reduction of that error by intro-
ducing a few statements into the code. It is suggested that

the technique described in Appendix 6 be adopted.
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One final point should be noted. If we simply look
to Table 3.2 it can be incorrectly concluded that since
all the MDNBR results are so close, there is no need for
further improvements. In order to obtain that final con-
clusion we need another column in the table that gives us
fhe measured value of the MDNBR. This value is not
available and the only possible way to justify our results
is by doing our analysis as correctly as possible. That
is why 1t is considered necessary to develop such para-

mefers and to carry the method as far as possible.
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Chapter U4

MODIFICATIONS TO THE FIRST VERSION
OF COBRA IIIC/MIT

Cobra IIIC/MIT(z) was developed in two phases. The
first phase was carried out by Dr. Robert Bowring and in
this phase the bulk of the modifications incorporated to
the code were introduced. But the code at that stage was
not able to execute the simplified analysis because it was
developed to handle assembly to assembly calculations.
Therefore, some new improvements were required in order to
analyze cases where no square channels and more than four
channels surrounding any single one are needed. Also during
the course of these analyses, some small problems with the
code were found and remedied.

All these modifications have been incorporated in the
COBRA IIIC/MIT Manua1(2) but because these changes were not
made also in MEKIN(6) and they were considered of interest
for future improvements of this code, it Was suggested
by Professor Lothar Wolf that the specifics of how these
modifications were executed by included in this thesis.
Therefore, modifications are listed below and described

in detaill in Appendix 9.
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Modifications to allow for more than four channels
surrounding any single one.

Modifications to allow for no square channels.
Modifications to allow for having actual subchannels
together with lumped channels.

Modifications required to obtain the MDNBR.
Modifications required in order to obtain fuel temp-
eratures.

Modifications required when wire wraps are used.
Modifications required in order to analyze more than
one case in the same run.

Modifications required to print out more than 14
channels, rods or nodes.

Modifications required to use a transport parameter
in the turbulent interchange term of the energy

equation.
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Chapter 5

Transport Coefficients

5.0 Introduction

5.1 Two Dimensional Transport Coefficients for thé

Energy Conservation Equation.
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5.0 Introduction

In previous chapters the necessity of developing
good transport coefficients in order to deal with
lumped channels was emphasized. Very little work has
been published in this area. In parallel with the present
thesis, Chong Chiu(S) has been developing such coeffi-
cients for two dimensional problems as a preliminary
step to development of three dimensional coefficients
required by the simplified method. The two dimensional
coefficients were‘developéd with COBRA IIIC/MIT and
they give a good idea of where the actual values for
three dimensions will lay.

This chapter will present, for a two dimensional
problem, an analytical deduction of two of such coeffi-
cients (NH, Né) that are required in the energy conser-

vation equation.

5.1 Two Dimensional Transport Coefficients for the
Energy Conservation Equation
5.1.0 Introduction
In this first section of the chapter an analytical
deduction of two important transport parameters is given.
The section may be divided into two parts, first
an aﬁalytical calculation is performed in order to find

the enthalpy along the core and across the section chosen.
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The two most severe simplifications introduced in this

analysis are to assume that there is not diversion cross—

flow, and to solve the problem in only two dimensions.

In the second part those transport coefficients

are calculated for two particular cases and they are

compared against values obtained by Chong Chiu(S) using

the computer code COBRA IIIC/MIT.

5.1.1

Problem Statement

The energy conservation equation used in COBRA IT1IC/

MIT is (Appendix 6).

By (A)

where
J+1(A)
h1(A)

\

Ax
MJ(A)

w&(A,B)

1
*
qJ+%(A) Ax

- ho(h) + - T W (A,B) (ho(A)=n(B) )
7 M TA) LA LY 7 (A)=hy

Ax #
- W%— g w3(A,B) (h; - hJ(A) ) (5.1)

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

is the linear heat generation rate of Channel A
at station J+%
is the length of the axial step

is the massflow rate of Channel A at axial station J

is the interchange of mass between Channel A and
one of its adjacent Channels B, due to turbulence

at axial station J.
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wJ(A,B) is the massflow that leaves Channel A toward
Channel B at axial station J

hJ is the enthalpy at axial station J of the donor
channel (either A or B depending on the sign of

w;(A,B) )

Working with lumped channels, the code will take for
hJ(A) - hJ(B) and h; the values obtained for the
lumped regions (channels A and B) while in fact those
enthalpies should be those of the closest subchannel
to the lumped region boundaries.

The idea is then to obtain the relationship between

these enthalpy values or algebraically to obtain:

L (hy(a) - hy(b) )

NH(J) = (h;(B) = b (B) ) (5.2)

where a and b will be either the two complete subchannels
closest to the boundary when that boundary separates two
full subchannels or the two half subchannels closest to the
boundary when the boundary splits an actual subchannel into
two halfs. Fof the caseof Figure 5.1 a and b will be then

taken as two half subchannels

h_(a) h_(b)
1 _ J J
. = or (5.3)
NH(J7' hJ(A7' hJ(B)




S,

Two Channel Case

Pem o R mE o wEe e e on

7 /’-\\
[ '
\ J \\ /
~ -
I_ -
’ N
}"'--C ‘
\ '
Jd.’
77 ~\
| i N
\ /
- -
LD
«
- Y
Vd
Y-+
\ -,
~ ~
r’) ~ N\
i’ -——— }
\
\i- /,
-7 Vel b
AR
\ ! ' )
~ 7 e

-106-

P

/ \\ ] /’-
{ /}' Q\
\‘

p

Figure 5.1

~

)
7’

-

Der
N dy

o )

e ™

kY /’
\_'1 -
r" N

1

!\ < P
Y

Y (ﬁ N

\ / A
- -

and Multichannel

Case



-107~

depending on which is the donor channel.
In order to find these coefficients the enthalpies

should be found first.

5.1.2 Solution Procedure

The enthalpies will be found for a two dimensional
problem utilizing an analytical procedure. Several
assumptions will be introduced in the development and
they will be pointed out when they appear.

The differential energy conservation equation is:

DT _ .. bp
ey Bt = div (kVT) + w, * TR gp +u 0 (5.4)

Neglecting viscous and compressibility effects (which in
fact are not going to affect the present problem) and for

two dimensions (x,z):

ot D 2 m T2 i+ 2wl gy
(5.5)

For turbulent flows:
v =v + v and T =T + T‘ (5.6)

where overbars indicate time average.
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Inserting equation 5.6 into 5.5 and time averageing, we

obtain the following results:

. 3T . = T - 3T  _ . 00 oT T
o Lag PV ar f Vxax 37 Dax (kgx meep T )+
) 8T vt
5 (k 3z - pcp VZT ]+ Wy (5.7)
Taking now
1 1 8
. T ey oX (5.8)
, _
v, T = -e, oF (5.9)

Assuming that the flow is fully developed, which in fact
it is not, because it is well known that some diversion

crossflow exists:

v. =0 (5.10)

Assuming also that k 1is independent of the temperature

we can transform 5.7 into the following equation:

32

ax

2
9T
+ ol
+ (k pcpeH)372}r

@
=]
Hi

] =Lk + ocpeH)

§o)
Q
—
Q)IQJ
|3
+
<l

Wy

N
Qo
N
no

(5.11)
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Now we neglect axial conduction relative to radial

conduction because in fact the first is much

smaller than the second:

2°T | 3°F (5.12)
2 2
Ix 9%

If we consider only the steady state problem Equation

5.11 reduces further to

- 2
- 3T _ ~ 3°T
pcp V, 55 = ( k¥ + pupeH) —3X2 + W, (5.13)
Now we define the variable =z
¥
z = 2 (5.14)
Ve
where GZ is not a function of x.
pc—aﬁ=[k+pce]a2—ﬁ+cw (5.15)
b Bz* pH 3x2 pi .
This equation can be transformed to obtain:
1 oF _ 3B, _ “p"i (5.16)
* -
(k + Pc EH) Vg BX2 k + pcp €H

6]
*Cp
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It is also known that the interchange of energy due to
molecular interactions is much smaller than that due to

furbulence, therefore:

k + pé €,
% H ,
= p ~
at = -EE;————— €y (5.17)

and equation (5.16) yields:

o = ne

T R (5.18)
%t
The analogous equation for transient one dimensional

‘heat conduction is:

R A (5.19)
a 2 k )
t 29t 9%
Hence analogous parameters are:
T <> h (5.20)
a, < a, (5.21)
¥
t <>z (5.22)
k <> ng

(5.23)

' We need to solve this equation (5.19) for the géometry

and boundary conditions given in figure 5.2.
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5.1.3 Solution to the Problem

5.1.3.1 Equation to be solved:

L 9T = T + g
ay ot ax2 k
5.1.3.2 Boundary Conditions
For the x-axis:
aTgx,t)
—_— =O
ax x=+a
The initial condition is:
T(x,0) is given by:
/N
Ty
—
-a +a 4

where T1 and T2 can be any value.

(5.24)

(5.25)
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The heat generation rate will be given by the

following equations:

2 —_
q"' (x) =
s; * (a—x)ml for o < x < a
m Yo (x) o (5.26)
2
®2

~or graphically: _f_ﬂ,fl—~—~151
a o a

where m m‘ s. and s. can take any finite wvalue.
1, 2, "1 2

5;1.3.3 Changes of Variables
The following changes of variables will be made:

T(x,t) = W(x,t) + 6(x) + 0(t) | (5.27)

A" (x) =+ af (0 (5. 5
where
@™ will be the average value of g™ (x) along the

the x-axis.
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fa
a™ (x)dx S, + s
" —_ -a —_ l 2 a m m —-
a7 = J a o 5 tp Oyt =K
-a (5.29)

These changes of variables will produce the following

equation:

1 d8 + 1 3
t ot X ax
(5.30)

From the separation of variables assumed by equation

5.27, we can split this equation into three equalities:

14 _ K& :
a, at Tk (5.31)
1 9v(x,t) 32w(x t)

a3, 9 ¢t = 5 o (5.32)
t X
2 Olll (X)

370 (x) =2

5 = - S (5.33)

9x

The boundary conditions can be also divided as follows:

(5.34)

dT(x,t) _
S =0 s Bg;x,t) + ¢é§)
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implies:

2 (x,t) l -

90X
x=+a
99 -
% =0
x=+a

e initial boundary condition:

o)
T(x,0) = ¥(x,0) + ¢(x) + 6(0)

5.1.3.3.1 Solution of Equation 5.31

This equation is:

ae _ ‘1
a - % &

has the solution:

B(t) = a, — t + c

will be found from the initial temperature

ion, equation 5.37.

(5.35)

(5.36)

(5.37)

(5.38)
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5.1.3.3.2 Solution of Equation (5.32)
Assuming it is possible to make the following

separation of variables:

Y(xqt) = x(x) F(t) (5.39)

Equation 5.32 becomes:

2
1 dr(t) _
a F(t) a - "¢ (5.40)
aCx(x) , 2
_2—' + o X(X) =0 (5.”1)
dx .
Solving now equation (5.40)
—a2atT
F(t) = cye (5.42)
Solving Equation (4.51)
Xn(x) = c3 sin a X + ¢, cos a X (5.43)

Using boundary condition Equation 5.35:

op(x,t) - ox (x) -
X = F(6) S 0

x=+a x=+a (5.44)
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From the previous equation we can conclude:
P 8 X(x) -
S =0 (5.45)
x=+a
This implies:
-~
cq a cos a a-cy a sinaa = 0 (5.46)
™ c3 @, cos aa + cye, sin o a = 0 (5.47)

In order to have a solution other than trivial case of

03 =cy = 0, we must have
cCos 0_a - s8in a_a
n n
M
0= = sn12(%@
' COsS o _a sin o_a
| n n
L~
; (5.48)
From Equation 5.48 we can conclude:
”~
o = %% with n = 0,1,2,3. . . . . (5.49)
-~

From Equation 5.46 we can relate 03 and Cpt
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c; = cy tan o a (5.50)
Plugging this equation into Equation 5.43 we can obtain:
1
X (x) = c), cos a (x-a) (5.51)
n n

¢, 8in o _x + CM cos O0_X =
n

n

3

sin ana sin unx + cos ana cos anx
= Cu[ ]

cos o_a
n

»
~ Gos oa [0S eqlx-a) ]

These results lead finally to:

2
-a.. a,t
W(X,’C) = not

n

(5.52)

™8

c_ cos a_(x-a)e
n n

1
so far we have obtained 6(t) and Y(x,t) and we still

have to find ¢(x).

5.1.3.3.3 Solution of Equation 5.3.3

This equation 1is:

d2¢(x) _ QE' (x)

dx2 k
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It is possible to express qi‘(x) plus qS‘(X) as a

Fourier series:

q"™ (x) = b_ + E b, cos a (x-a) (5.53)
n=1
wh§re f q" (X)dx
b, = T = ' =k (5.54)
j dx
-a
and

a

¥J q" (x) cos an(x-a)dx
-a

b, = 5 (5.55)

J 0052 o (x-a)dx
n

~a
It is clear from equations 5.53 and 5.54 and 5.28 that:

qg’(X) =

b, cos an(z—a) (5.56)
n

1

N8

where bn is calculated from 5.55, its value being:

_ 1 X ™ m,
bn = 5&;'[ L (sl—sl) + mla] sin o a - a;—(l—cos ana) - &;

(cos o8 - cos 2ana) ] (5.57)



-120-

Now integrating equation 5.33:

do(x) _ 1 5 B osina (x-a) + cs (5.58)
k

applying the boundary conditon of equation 5.36

do(x) _ _ -
5 =0 - g = 0 (5.59)
x=+a

and integrating again we finally have

© b

o(x) = = E —E% cos un(x—a) + cg (5.60)
n=1l an

~ |+

5.1.3.4 Final Result

Combining equations (5.60), (5.52), and (5.38):

atklt S -a2att
T(x,t) =7c¢. + + I c¢_cos a (x-a)e D
1 k _ n n
n=0
(o] b .
+% I B cos (o a) (5.61)
n=1 s

where we have combined the old cq and 6C in only one

constant, Cq-

+
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In this expression, ¢y and c, are still unknown and
they have to be found from the initial boundary
condition.

Expressing T(x,0) as the following Fourier series:

1 o 1
T(x,0) = b + I P cos a (x-a) (5.62)
o} _ n n
n=1
where: a
J T(x,0)dx
T + T
''_ ] -a - 1 2
by = a ) (5.63)
J dx
= a
. \
and bn can be found by setting m =m, = 0,

8, = T2 and 85, = Tl in equation 5.57:

v 1 .
bn = Ea; (T2—Tl) sin o a (5.64)

Plugging equations (5.63) and (5.64) into (5.62):

Tl +'T2

o T -7
T(X,O) = ——2— + )

sin o_a cos a_ (x-a)
n n

(5.65)

Comparing this equation with equation (5.61) when

t = 0 we obtain:
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% 10 bﬁ
c, + 2 ¢ cos o (x-a) + = I — cos a_(x-a) =
1 n=0 n Kn=1 « 2 n
n
T. + T g T, =T
= 1 2 43 2 sin o _a cos a_(x-a)
n=1 at, n n
(5.66)
or:
o bn T2 - Tl
c. +c_+ I (c_ + - sin a_a) cos o_(x-a)
1 o) n=1 n ku2 ao, n n
_ Lt
(5.67)
Equation 5.67 leads to the following conclusions:
T T, + T,
1 0 2
T, = T b
_ 2 1 . n ,
¢, = —ag — sinoaa - 5 (5.68)
n kan

By substituting these two values into equation (5.61)
we obtain finally:

T, - T b

_ e 1l . n
j(x,t) = + + i r ——ao— sinon - Ea;?]
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e + n2 cos un(x—a) (5.69)

which expressed in terms of h, eH, éi and peH leads to

the final expression:

h1 + h2 ; EH klz

h(x,z) =
? 2 PEHV,

[oe)
+ I [ = 1 sin aa -

-——— Je + ___Q_E' cos ah(x-a)
S Pep%

(5.70)

All the parameters in this expression are known except

EH.

In order to calculate the average value of e, at the

H
gap we use equation A.13 of reference 8 which yields

Wy (hJ(a) - hJ(b) )

H 3h
<=0 P15 ox

(5.71)

x=0
under translation of nomenclature and the following

applicable conditions
a) Pr =1

b) Turbulent flow i.e. —2%
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1
Taking now Wij as COBRA does:

1

11
™
0
ol

W (5.72)

iJ ij
This value of EE is the average value at the gap
x=0

but we are interested in the average value along the x-
axlis. Let us relate both values by using the following

equation:

(ull}
1}

[Ll]

Hy

5= By . (5.73)

Then finally, by plugging into equation 5.73, equations
5.71 and 5.72 and using the following definition of

effective mixing distance Zij’ we obtain:

hy(a) - hJ(b)

30 = Zij (5.74)
90X
x=0
EH = sz L Zij ¥ f8 ] (5.75)
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Two unknowns appear in this equation, they are Zij and

fe. The product of these values which should be used is
that product which will yield NH values matching the
numerically generated values by Chong for each standard
case, 1.e. for given geometry, N, over a range of B's.

This is 1in accordance with the objective of Chapter 5 of
producing an analytic approach consistent with the

Chong numerical method, both of which match standard

cases 1.e. multisubchannel COBRA runs utilizing assumed
B's. Note that we are presently unsure which B corresponds
to reality. Therefore we have not utilized available 1it-
erature (8,9,11,12) to estimate the best values for zij
and fe since the analysis and experimental literature

is in disagreement.The product Zij.x fe was therefore fit
in such a way that the value taken will produce identical
enthalpy profiles for a variety of cases to those obtained

with multisubchannel COBRA IIIC runs.

From this fitting technique a value of:

¥ = '
z35 ¥ Tg = 0.200 (5.76)
The value was determined by checking cases q"' upset
for B = 0.02, N = 3 and 4 (cases of 3 and 15 channels,

4 and 2 channels on either side of the gap were examined)
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for the full range of z were examined. Considerably
improved fits utilizing Zij X fe = 0.200 versus 0.250
were found as illustrated in figures 5.3 through 5.8 for
several typical cases. However as shown in the same
figures , since this variation in product Zij X f€ has a
measurable effect on the predicted NH' It 1s 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 con-

sequently NH need further exploration.

Substituting equation 5.76 into 5.75:
ey = 0.2 Bv, - (5.77)

and the final expression for h(x,z) will be:

h, + h k.z o h, - h
h(x,z) 1 5 2 + é + b} L zaa 1 sin aa
n = odd n
bn -an zB0.2 b
- 7 e + 5
0.2RGua 0.28Ga
n n

cos an(x—a) (5.78)



-127-
with:
s. + s
_ 1 2, a
kl = # + I (ml + m2) (5-29)
1 M
b = o [ [(sy - s,) +mal sin a a - a;—-(l - cos a a) -
My
E; (cos a a - cos 2a a) ] (5.57)
_ nr
o, = 5 (5.49)

1
5.1.4 Calculation of NH and NH

Once the spatial distribution of h is known the

A\
calculation of the N, and N, is very simple:

H H
1 - (h(a,z) - h(b,z) ) (5.2)
NHCZ5 - (h(A,Z) - H(B,Z) ) )

where 1f the subchannels are defined as in figure 5.1:

o] p/2
1 [ J h(x,z)dx - J h(x,z)dx ]
1 P/2 7/ -p/2 o (5.79)
NH(Z) % K JO h(x,z)dx - Ja h(x,z)dx ]
-a 0
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For a different definition of subchannels a and b,
the formula will be identical except for the limits
of the integrals.

The process for finding Né(z) will be analogous.

5.1.5 Comparison of NH(Z) obtained as previously

idicated with the values obtained bu using COBRA IIIC/MIT.

5.1.5.0 Introduction

As noted in section 5.0, parallel to the development
of this method to find NH’ Chong Chiu(5) determined the
same parameters using the computer code COBRA IIIC/MIT.
Notice that while the parameter developed by Chiu only
covers a limited range of cases, the use of the expressions
developed here will cover a much larger number of problems.

In order to establish how the assumptions introduced
in the present method effect the results and then how good
they are, NH(z) was compared with that obtained by Chiu.

The comparison was made for two of the cases analyzed
by Chiu; enthalpy upset at the inlet without heat generation

and heat generation upset with constant inlet enthalpy.
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5.1.5.1 Enthalpy Upset with Heat Generation Rate
Equal to Zero.
For this case b = k; = 0 (5.8.0)
Equation (5.78) becomes:

h) +h, h, - h ~0.° 780.2
h(x,z) = ———— + I =5 sin a ae n
n = odd n
cos an(x-a) (5.8.1)
where:
. - = . . * .
sin an(x a) = sin ana(cos a x cos a_a + sin o2 suqanx)
(5.8.2)
but:
sin o a cos aa=0 forn=1, 2,3 (5.8.3)
5 0 forn-=2, U4, 6
sin” a a =
1 forn=1, 3, 5

Applying these conclusions to equation (5.8.2)

sin o a cos a (x-a) = sin a,x withn =1, 3,5

(5.8.5)
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It gives us finally for h(x,z)

2 ‘

h, - h -a_"zR0.2

+ T —2aoc 1l m (5.86)
n odd n

h(x,z) =

Using now the same definition for N,; that the Chiu method

H
does, equation 5.79 becomes
_F 3P
2 2
h(x,z)dx = h(x,z)dx
L3k P
1 2P 2 2
NHTZT - 0 a (5.87)
1 [ h(x,z)dz - J h(c,z)dz
: a
-a o}
© ] —an226*0.2 o Pl
X —é-e cos IE
N.(z) = 2 g nodd n
H (&) o 1 _andzBO 5 a_ P 3a_P
P by =5 e " (cos—5— - cos 51)
n = odd n
(5.88)

where P isvthe centroid to centroid distance between
subchannels.

Using this expression a small computer program was
as a function of z.

H
This computer program is given in Appendix 7. In figures
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5.3, 5.4 and 5.5 the values of NH obtained with both
method are compared.

Slight differences can be noticed between results.
They come from both uncertainties in the product Z4 s i

J €
and the different profiles specified for the inlet enthalpy.

,m_}m_._ ‘._4

With the analytical method the following profile was

taken:

4\h

+a

for Chiu's method early in his work the subchannel

spanning the gap was utilized in full

splifting it into two half channels.

A

rather than

roro
(S Tie

+a
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Notice that the effect of the difference of profi

les

will be important at the inlet of the core, but after

a few steps the mixing will make this effect decr
Notice also that when the number of subchannels i

small the effect will be transmitted quite soon t

ease.

S

o}

all the subchannels and agaiﬁ the mixing will decrease

the effect. These differences can be observed on

figures 5.3, 5.4 and 5.5.

5.1.5.2 Heat Generation Upset with Constant

Inlet Enthalpy.

In this case:

hl = h2
mo=m =0
Then
L Sl + 52
1
b o= (s, - 5,) sin o _a
n ao 1 2 n

(5.89)

(5.90)

(5.91)

(5.92)

Introducing these values into equation (5.78) we obtain:
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Y ) h1 + h2 S + S5 © (sl - s2)
I 2SS et I
Z n odd aGBan 0.2
-an2620.2
(1 - e ) sin o X (5.93)

which yields the following value of NH(Z):

2
jﬁ —an Bz0.2 anP
r - (1 - e Jcos ——
5 n odd n 2
Ny(2) = (2 w 1 -0_2Bz¥0.2 o P
NP ) ;E (1L -e - )(cos-l%-—
n = odd
3an
cos —5— ) (5.94)

The computer program used to find the numerical values of
NH(z) is given in Appendix 8.

In figures 5.6, 5.7 and 5.8, the results obtained
are compared against those obtained by Chong Chiu.

An analogous problem to that of the previous case
occurs here. The following volumetric energy generation

rate profile is taken for the analytical calculation:
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‘ q"l
9
4
—-a + a
Chiu's results are obtained for:
1me
a
+
a, a, a
§ 2
42
-a -P/2 P/2 +a

Notice then, that the effect of this difference will be
more important for small number of channels where the
continuously added perturbation to the central subchannel

will be more important.
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Chapter 6

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

6.1 Conclusions.
From the comparison between the cascade and the
simplified method, when a similar division of the hot

assembly in channels is taken for both methods, i1t can

- be concluded that the simplified method yields better

results than the cascade. Additionally it costs less
and requires considerable less effort in order to execute
the analysis.

From the analysis of the simplified method two
conclusions can be achileved. First that the reduction
in the number of channels in which the core is divided
do not have a large effect on the properties of the hot
subchannel when the hot assembly and its neighbors are
divided in a fine mesh of channels. But when this mesh
get coarser (10 channel case) the effect on the properties
of hot subchannels of this reduction (because of the lack
of good transport coefficients) becomes larger and the
results, worse.

The second conclusion is that from the analysis of
the effect of NH in the results, it can be concluded that

its influence is significant and that the development of
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good transport coefficients is required. This effect
however, may be manifest through crossflows versus

turbulent energy transport.

6.2 Recommendations for Future Work

Three main recommendations for future work can be
derived from the present thesis: First, the development
of appropriate transport coefficients for three
dimensional problems either for the enery equation and
for the axial and momentum equations. Second, the re-
duction of the truncation and marching technique associ-
ated errors in COBRA IIIC/MIT and third, the study of the
cross flows calculated by COBRA IIIC/MIT because from the
analysis of the results presented in Chapter 3 and the
conclusions being obtained by R. Masterson (10) in his
thesis, serious doubts exist about the exactness of the

cross flows.
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Appendix 1

Introduction

Operating Conditions

Dimensions of the assemblies

Dimensions of the subchannels

Dimensions of the rods

Axial heat flux distribution

Radial power factors

A.1.6.1 Assemblies

A.1.6.2

Subchannels

Spacer Data

Thermal-Hydraulic Model

A.1.8.1 Mixing

A.

e -

1.

8.

.1.8

o oo o o

2

.3

co =3 O U

Single-phase friction
Two-phase friction
Void fraction

Flow division at inlet
Constants

Iteration

Coupling parameters
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Introduction

In this appendix the data used in the present

fhesis will be given. The reactor analyzed is CONN_

ECTICUT YANKEE.

A.1.1 Operating Conditions

are:

System Pressure 2150

Uniform Inlet Enthalpy 548.8 BTU/1b
6 2

»Uniform Inlet Mass Velocity 2.217 x 10 1b/hr ft

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

Dimensions of the Assemblies

The geometrical characteristics of the assemblies
Area 38.37 in2

Wetter Perimeter 322.8 in
Heated Perimeter 270.5 in
Boundary Gap 2.0 in
Hydraulic Diameter 0.4755 in
Channel Length 126.7 in

Channel Orientation 0.0 degrees
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A.1.3 Dimension of the Subchannels.

The geometrical characteristics of the subchannels

are:
.2
Area 0.1705 in
Wetted Perimeter 1.435 in

Boundary gap 0.133 in

Hydraulic diameter 0.4755 in

A.1.4 Discussions of the Rods

All the rods are taken as having the same

diameter of 0.U422 inches.

A.1.5 Axial Heat Flux Distribution

The following heat flux distribution was used:

Position
(X/L)
0.0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4

Relative Flux

0.039

0.531
0.759
0.968
1.151
1.303
1.421

1.502
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Pgéigion Rel??%ﬁi Flux
0.465 1.548
0.475 1.55
0.5 1.545
0.55 1.505
0.6 1.426
0.65 1.391
0.7 1.58
0.75 0.977
0.8 0.770
0.85 0.542
0.9 0.30
0.95 0.051
1.0 0.0

A.1.6 Radial Power Factors

A.1.6.1 Assemblies.

vThe radial power factors of each assembly are given
in Figure 2.1. 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.

A.1.6.2 Hot Assembly
In Figure A.1.1 the radial power factors for the
subchannels of the hot assembly are given. These values

were assumed by Dr. E. Khan.
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A.1.7 Spacer Data
In the following table the relative location and

the type of spacer situated at that location are given.

Location
(X/L) 0.005 0.159 0.324 0.k92 0.658 0.824  0.995
Spacer
Type No. 1 2 3 3 3 3 3

The drag coefficients assumed for each spacer type are:

Spacer
Type No. 1 5 3
Drag

Coefficient h.o11 0.978 1.565

A.1.8 Thermal-Hydraulic Model.

A.1.8.1 Mixing

In calculations of Chapter 2, the mixing coefficient
B was taken as equal to zero, while in chapter 3 it was
assumed to be 0.02.

The two-phase mixing coefficient is taken as equal
to that of single phase in both cases.

Thermal conduction is neglected.
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A.1.8.2 Single-Phase Friction

It is calculated by:

where R, = n Reynolds Number

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

friction.

A.1.8.4 Void Fraction
It was calculated using the Levy model and a slip

ratio equal to one.

A.1.8.5 Flow Division at Inlet
The inlet mass velocity was taken as uniform,

equal to 2.217 x 106 1b/hr ft2 for all channels.

A.1.8.6 Constants

The constants used are:

Cross-flow resistance (KIJ) = 0.5
Momentum Turbulent Factor (FTM) = 0.0

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

A.1.8.7 Iteration

The flow convergence factor used was 0.01.

The number of axial steps in which the core was
divided was 21. Then the length of each axial step was
6.003 inches.

A1l the calculations were done for steady state.

A.1.8.8 Coupling Parameter

In Chapter 2 no coupling parameter was used. In
Chapter 3, Section 3.1, no coupling parameter was used
either. While in Section 3.2 the following coupling

paramefer was used:

where
N = number of rods between the center lines

of the channels making up the boundary conditions.
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Appendix 2

ACTUAL CALCULATION OF THE AVERAGE ENTHALPY OF THE
HOT ASSEMBLY IN THE HOT ASSEMBLY ANALYSTS

1
The average enthalpy of the assembly (h3) is cal-
culated as the average of the enthalpies of each indivi-
dual channel weighted with the mass flow of each sub-

channel:

N
, o 2 hg(d) ma (1)

h3 = where N = # of channels (A.2.1)
m3(i)

nh~M3s

i=1

If there was not truncation errors in the equations used in

COBRA TI=-C/MIT), equation A.2.1 will yield exactly:

i 1 av
h3 = hy + |3 |ax (A.2.2)
My

but because of the truncation errors the equation is

different:

t 1 a 1 mJ )
hy = hy + ,:-,—J A 4+ £lwgw] 1 - =) (A.3.3)

where the function depends upon diversion crossflows,
turbulent interchange terms and mass flows, but all these
terms are very small when the axial step has a short length,

and they are negligible for cases like this. TFor some cases,
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however, 1t may be necessary to keep track of this factor

in order to understand what is happening.
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Appendix 3

MASS FLOW RATES OF EACH CHANNEL AT THE INLET OF A
SLICE AS A FUNCTION OF THE VALUES AT THE
OUTLET OF THE PREVIOUS SLICE

3.0 General Expressions

Let us take the case represented in Figure A.3.1. 1If

i 1is one of the channels facing assembly I:

1 . _ ! . GAP(:I:I)
my(1) = my ;1) - EQJQI’I) t Wy (21,1) |AX GAP(21,I)

— (A.3.1)
where:
1 .
Hb(i) = mass flow rate of channel i at the inlet of slice J
1]
mJ_l(i) = mass flow rate of channel i at the outlet of slice J-1
WéJ(Zl,I) = diversion crossflow between assemblies 21 and I at
axial station 2J of the assembly to assembly analysis.
w?J_l(21,I) = diversion crossflow between assemblies 21 and I at
axial station 2J-1 of the assenbly to assembly
analysis.

Analogously the mass flow rate can be found for the rest
of the outer channels. Recall that the corner channels
have two boundaries from which is assumed that flow is

leaving or entering. For this channel we have:



i
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(X = m (0 - | woo(20,1) + w.. -(21,1) |ax CARGLI)
(X =my o7tels pg-1tels ) | M St Ty

_[WZJ(al,Y) + W2J_l(21,Y)] AX %% (A.3.2)

The mass flow rate per unit area (G) will be:
1
- mJ(X) . _
GJ(X) = T(_ﬂ = GJ—l(X) - W2J(2l,I) + WZJ—1(21’I)

o GAP(X,I)
A(X) GAP(21,I) ~ [WQJ@LY) + wzJ_1(2l,Y):'

AX_ GAP(X,Y)
A(X) GAP(21,YY) | (4.3.3)

where A(X) = area of the channel X
For channels in the interior of the assembly there is no
modification:

6;(a) = G._(a) (A.3.1)

or putting it in words the mass flow rate for channel a
at the inlet of slice J, should be equal to the mass flow

rate of channel a at the outlet of slice J-1.
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Appendix 4

SUBROUTINE TABLES



GRS

>

2

O

S Ne RY]

[

00N DU D Y =

iy

_]_57_
SUBROLTINE TaBLES(CARM)

TPLICIT THTEGER ()

JPoam o

oo~

1
)

1
)

COMMON  /CORRALZ  ABETA (AFLUY JATOTALSBRETA +0DTA DT DX
FLEV. W FERRARLFLO - .FTM Nele eGK . ZGRID  eHSURF S HF
e o 146G W17 .13 +sTERRORSTAP3  +ITERATWJI »J2
J3 s 4 2.5 W JE o J7 T KDEBUG o KF o KT ’
NAFACT o MARAMP aNAX ¢ NAXL  JNBBC o NCHANL sNCHF  oNDX W NF
NOARS $8iGRTD aNGRINT S NGTYPE JNGXL s NK +NONES o NODESF ¢ NPROP
NRaMP. oMROD  aNSCBC NV NVISCWHIPT 4PITCH +2POWER 4PREF
DAY GDHOF W RHOG  2STGMA LS o TF sTFLUTNDeTHETA +THICK

BE e ME L G VFG . G VG V4

LOGICaL  GnID ‘
wEAL KTJe KF 4 KKF. KCLaDa‘KFUVL

T .mm‘qm CEBUE T SRWSAVE ¢ B X s $XCRO%

COMMON. - DATA(T)
LOGICAL LOAT (1)
INTEGER IHAT (1)
FOUTVALENCE  (DATA(1) «INET (1) 91, DAT (1))

OMMO* Iwwz/reogﬁcé)enﬁTﬁ(2);?6(30),FH(J0),F9(10).FQ(?O),IM(Q),

. @ 8 8

b
L
L
*

.
L]

*
’

COMMON /CORPAZ/  MA . 4,vC MG 9 MN s MR 9 MS s MX
4 TLH A 1 BAAA ZFAC s $ALPHA S SAN + SANSHWE 4 $8
SCCHANSSCD. s SCHER W BCON L HCOND +%CP 5D 2 EDC s FDFNX
EDHDX 9 BDHYD o« 3DHYD o BDIST »8DPOX s ®NPK 4 $DUR  »$NR ' &F
BEACTOWSFDTIV o3F INLE o 3FLUX o SFMULTaSFOLD 2 EFSP 4 SFSPLTaSFXFLO,
FOAP. . S TGAPL ¢BGAPS o FH s FHFTL Mo SHINLF s $3HOLN ¢ FHPERT s S INARE S
SINDFUESTTOOAP»STK . +5U3DTL S UK s $L.C s SLENGT S 0OCA o &R
CRMOHF Y 3 EMOF R0 « BMCF R SNTYPE ¢ BNARAD » SNWRP G 4 3D s BOFRT YA SPH
BRHT . W EPRNTC e BPRMTEIPRITN 4S5 o $PWRF 2600 2 BOF JRQPRTIM,
BOUAL «TRADTA«FRHD. W $2HI0 4 55P o 5T s ETHUMY « STINLF o« RTROD
54 f UL RUSAVE S FUSTAR WSV 1 BYISC o3VISCAsSYP ,5yPA

Jﬁ(?)eOUT“HT(lO)9DQTNTIIP)9T¢(T(l7)eTTWE(3)9Y (30) s YH(30) 3YP(30),

YO (30 _

COMMONZILINC3/DY X ETIME o IMsHIN G I8 s IG s LH«TSAVE  JUMP o KASFsKT,MAsz
NOT MDD AP 1« NFUFLT a5 o NH o VIUMP G NOUT « NDsMPFHAN NPNONE s NPROD 4 NQ,NQ.
MQKI TsNS(IP},NTRI?S DFA1T9PHTOT.5AJ DT:TIN;TTIMF 27

SET PRINTING PARAMETERS
CFOR INPRIN

TF (J1.GTL.1)Y 6D T 4
DO 2. 33110
PRINTIY = JTRIF,
ERInT (%) JEBESFS
DRINT &) FBLSE,

Hon

FOR CALC (£ARD GROUP )
PEAD (I2s)anl) CARDW. KDF3LG
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WRTTE. (13, 1002) CaRD

C
C
- G
G
- C
C
C
C
7209
e~
L’
8209
- ,
Q
-~ APN0
o
s 10
12
14
e
14
1=
20
PN 2P
C
C
1061
1002
- 1N073
1004
1005
1006

e T T

FOR ExPRIN (LAPD GROUPS 95 12) , i R v ‘
DEAD (T2.10n01) ﬂaun.wswr’x, NSKIPTs NOUT, NPCHAN, MPRON, NPNODE
WRTTE (13.10073) Cain ‘ ‘

NSKTIPX,  EVERY VSKISX AXTAL STEP PRINTEN. =1
NSKIRT. o Fyity NS«IPT TIME  STEP PRINTEN, (0=
NOUT = 0-3 FOR PRINTING (4) CHANNEL JNLY, (1) CHAN + CR0OSS FLOWS,

(2) CHAN .+ FUFL TEMD 4 13} CHAN + C-F + FUEL TEMP
NRCHAN = 0, ALT OHAN PRINTED, sGT .0 READ PHAH% QFOD
MRROD . NPNODE aS NOCHAN 3UT FOR POQQ AMD NONES,

TH (NGHIPK LT 1) NexIpy = |
TFO NS TR T LT, 1) NSKIRT = ]

[F (NPCH&N.LT.E) GO T0 A
MROSI=1 . i i -
M JAY T =M TNA ( MQQ§I+13),NPCHAN) ‘
READ(T2:1001) CARDs (TDAT(SPRNTCHT) y T=MROST yMMJAVT )
WRITE (T3« 1004) CARD -

ARDS T =MM 80T + 1 - &

TE(MROST oL sy, %bFHéN) JO T7 '209

TE(NPEON LT b GO . TO B g

MEOST =)

MMJAVT=MING  ((MROST+173) L NPROD)

WEAD. (124 lnrl)ﬁaﬁu,(TQA?(*ﬁQVT”+I)9I‘”ROSI’MMJAVI‘
MR TTE: (1341008 CARD L

MROGT=M Ja T+

TF (MROST o FaNPROD) GQ,TD «3269“

TENPMODE .+ To1Y 60 TO 10

SRNOST =)

MM AV T=MIHa “30%I+13)shpw03E)

READ(TZ.2001) PﬁQDs(IQﬁT($PQNTﬂ+I)9T WQOQI,MMJAVI)
WRITEA(I3s 100 7Y nasD

MROS T=iMmdavI+] : PR MDA P

T (MBOST .0 FoaMENODE) 60 TG 5200

IF (NBCHAN,GT.0) GO TO 14
MNPCHAN = NOHAN]

DO 12 T=)sxCHANL

IDAT (ZPRNMTr+T) = T L
IF (NRRODLAT.0) 6O TD 18
NPQQG,zVﬁQﬂQ» £

NO 16 I=lemm0n
TDAT(5PRNT2+T) = ] R
IF (NPNODELGT.0) 60 T0 P2
NPHNODE = NODESE+]

NO 20 I=1¢MPNONE
TOAT(SPANMTN+T)Y =

COMT INUE

RE TR

FORMAT(20A4% Tle 14T15)

FORMAT (¢ 4DEXGY, 22*9 "4*'9 ?Oﬁﬁa et TARIEQ"l )
FORMAT (1 DRINTINGY . Prxs fimw, POA%s Wwin TABLESY)

PORMAT(r - GRINT CHBNNELS 0, 11X, 1##%0, 20A4, 1x## TABLESH)
FORMAT (v D] U REMATNNFRY) : ‘ '

FORMAT (H DEINT RODS 0y 11X, 18530, DAL, s TABLFSY)
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h Mo’i‘?i*nu POINT NOOES s 11Xs tHERC, 2084, twes TABLESY)
-~
~
)

-

B T s WG v e g oA - CBvms e
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Appendix 5
DEVELOPMENT OF AN EXPRESSION TO CALCULATE THE TRUNCATION
AND MARCHING TECHNIQUE ERRORS ASSOCIATED
WITH COBRA IIIC/MIT

Let us take a case with three axial steps. It will make
the deduction simpler than in a general case and the

results are completely general.

outlet
4 Yy
<
—
) 3
o
<
= 2
<
O
A 1
inlet

For any channel (i.e.A) the energy error introduced

by the code can be defined:

E.E(A) = MM(A)hM(A) - Ml(A)hl(A) - E.A.(A) (A.5.1)
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where:
MM(A) = mass flow at the outlet of Channel A
hu(A) = enthalpy at the outlet. of Channel A
M (A) = mass flow at the inlet of Channel A
hl(Aj = enthalpy at the inlet of Channel A
E.A(A) = total energy added to Channel A between

points 1 and 4. This energy comes from the
fission reaction as well as the diversion
crossflows and turbulent interchanges

between the channel and its neighbors.

On the other hand:

E.A (4)

I

N ™Mw
=
>
=

(A.5.2)

where

E.Ai(A)

energy added to channel A in axial

step 1.

The differential form of the combined energy-mass conser-
vation equation (A-7 of BNWL-1695 corrected) written for

steady state is:

_l = Al -— : —_ 1 -— *
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where

taking channel i as A and j as B equation (A.5.3) becomes:

M(A) Bh;A)

- = 3'(A) - (h(A) - h(B) ) w'(A,B)+(h(A)-h w(A,B)

(A.5.4)

The COBRA form of the corresponding difference equation

h,(A) - hi(A)

M (8) (2T = Gyy, - ((A) - b (B) Jw)(4,B) +

+ (h (&) - h)) w (A,B)  (A.5.5)

where the subindices indicate the axial location where
that property is measured.
Equation (A.5.5 becomes:

(1, — (&) = by (B) Dw (A,B) - how, (4,8) ]

Ny

hy (&) = hy(A) +

w,(A,B) h,(A)Ax
g N&(A§ (A.5.6)
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Introducing the definition of energy added and taken all

the channels adjacent to A:

E.Al(A) wl(A) hl(A)

+ Ax (A.5.7)
Ml(A) Ml(A7

hy(A) = hy(A) +

where %_(A) is the total diversion crossflow between
channel A and its neighbors. In the code wd(A), for the
calculation of the enthalpy increase in the first axial
step, is always taken as zero. Then equation (2.5.7)

becomes:
E.Al(A) = Ml(A) [ hy(a) - hl(A) ] (A.5.8)
Analogously for the second axial step:

E.Ay(R)  wy(A) hy(A)
ho(8) = hy(A) + TRV Y (A.5.9)

Then:

E.A2(A) = My(4) [ h3(A) - h2(A) 1 - wy(A) hy(A)Ax
(A.5.10)

for the third axial step:

E.A3(A) = M3(A) Chy(A) - h3(A) ] - w3(A) h3(A) Ax

(A.5.11)
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Taking equations (A.5.8), (A.5.10), (A.5.11) and (A.5.2)

into equation (A.5.1) we obtain:

E.E. (&) = [ M, (8) - M3(A) 1 hy(a) +

i M3(A) M2(A) + w3(A) Ax ] h3(A) +

[ My(8) - mMy(a) + WZ(A) bx 1 h,(A) (A.5.12)

and 1t can be proven that for N axial steps:

N
(A) + 2 [Mn(A) -

E.E(A) = [ (A) - M;(A) Ih
gy () = 1y =z

N+1

- M (B) + xw (8)  Tn_(a) (A.5.13)

This is the final expression for the energy error. If
COBRA IIIC/MIT would use the exact mass conservation
equation we could use the following expression:

E.E(A) = [ MN+1(A) - MN(A) 1 h A) (A.5.1h)

N+l(

But because the mass conservation equation is:

*®
[ M (A) - 0.2 ¥ M (4) 1 - 0.8 M (4)
w(a) = o - ~ N-1'_ (A.5.15)
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%
where M N(A) = massflow of Channel A at axial station N

in the previous iteration.

Equation (A.5.13) should be used to express the energy
error.

Equation (A.5.13) was tested using the code output
values for Channel # 10 of the 10 channel case against
values obtained by using the following equation:

(A)h

E.EN(A) = (A) - MN(A)hN(A) - E.AN(A)

MN+l N+1

(A.5.16)

The results obtained are those of Table A.5.1. The

small differences observed are due to round-off errors.
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Equation - (A.5.16) Equation - (A.5.13)

Distance Total .. Partial Total .. . Partial
6.0 24.98 24.98 26.97 26.97
12.1 56.07 31.08 58.58 31.61
18.1 87.57 31.50 86.99 28.41
24.1 119.22 31.65 116.60 29.61
30.2 133.41 14.19 129.84 13.24
36.2 146.31 12.90 143.89 14,05
4o.2 182.31 36.00 177.90 34.01
48.3 252.61 70.30 247 .41 ' 69.51
54.3 255.38 2.77 251.04 3.63
60.3 324,95 69.57 319.47 68.43
66.4 360.74 35.79 354,84 35.37
72.4 298.34 -62.40 296.15 -58.69
78.4 288.07 -10.27 281.55 -14.60
84.5 299,93 +11.86 296.65 15.10
90.5 181.13 -118.80 174.40 -122.25
96.5 64.51 -116.82 61.69 -112.71
102.6 - 9.03 - 73.54 - 14.39 - 76.08
108.6 64.95 + 73;98 60.16 T4.55
114.6 -98.90 -163.85 - 98.33 -158.49
120.7 -119.63 - 20.73 -118.50 - 20.17
126.7 133.11 252.74 133.14 251.64
TOTAL 133.11 133.14

Testing of equation (A.5.13)
Table A.5.1
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Appendix 6

IMPROVEMENTS SUGGESTED IN ORDER TO ELIMINATE TRUNCATION
ERRORS AND ERRORS ASSOCIATED WITH THE MARCHING TECHNIQUE
USED IN COBRA IIIC/MIT

Let us take an example:

M, (A
2 hzTA > WZ(A,B)
M, (A)
1 by (A w, (A,B)
A B
where w,(A,B) =M,(A) - M (A) (A.6.1)
wy (A,B) = M (A) - My (4) (A.6.2)

as 1ndicated in previous chapters, the energy conser-

vation equation used in the code is:

Ml(A)hz(A) + wl(A,B)hl(A)Ax - Ml(A)hl(A) = E.Al(A) =
_ ' : %
A143 *Ax - wy(A,B) [hy(8) - hy(B) Jax + wy (A,Bh Ax

(A.6.3)
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The correct energy equation should bé:
\
MZ(A)h2(A) - Ml(A) = E.A (4) (A.6.4)

where:
M2(A)h2(A) = Ml(A)hl(A) + Ml(A) [hz(A) - hl(A) 1 +
Axw2(A,B)hl(A) + Axw, (A,B) [h, (A) -hl(A)]
(A.6.5)

]
E.A (A) should be the energy added to the channel in the
axial step considered. A better approximation for
this value will be:

t - 1
E-A (R) = Gf, 8% - vy (A,B) [hy 3 (B) - by, (B) ]

%
Ax + w1+%(A,B)h1+%AX (A.6.6)

where:
hl(A) + hz(A)
hl+%(A) = 5 (A.6.7)

wl(A,B) + WZ(A,B)

Wl+1(A,B) = (A.6.8)
, wi(A,B) + w;(A,B)
wl+%IA,B) = 5 _ (A.8.9)
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To be able to execute these changes we will need

to follow a scheme similar to that presented below:

a)

b)

c)

d)

1

Having hl’ Wy, Wy and M1 (from the previous step),

Calculate h2 with the actual energy equation,

With the value of h2, calculate Wo exactly like it

is done in COBRA IIIC/MIT,

Instead of stopping the calculations for the step

here,

d.1)

do the following:

1

h

calculate Wisy o B

W and M

1+%° 2

Using equations (A.6.4) and (A.6.6) we can

calculate h2(A) in a more correct fashion.
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Appendix 7

COMPUTER PROGRAM TO CALCULATE NH

FOR THE ENTHALPY UPSET CASE



102

20
303
109

i1l

G

10
11
11901

161

. ‘ 171

REAL®& LOW2€&) ‘

DIMENSTON RBETA(3) «xx (%) C(200)D(200)
DATA BETA/N,00540,.02:0,0574

NATE XX/12,545,5%42.57

NO 2J=1+3

N0 3K=] .3

PRINT 10243FTA(J) sxXx{K) : 7
FORMAT (S5X13FTA= 4F 10,59 1l0Xet =t 4F10e2)
71.4=0,496 ,

7=5,746

BAX=a20%BETa (J)

Cl=0.
DO BAL2=1s200s2
ye=l¢

C(LZ):(l-/(YE**Z))/ﬁX?(%X*Z*](1.57QB*Y?/XX(K)/ZIJ)**2))*

VICOSUY2# 0. 7854 /XX (K)) =05 (2,3562%Y2/XX(K)))

Cl=Cl+C (L2
I (CL2)=-0,0000001)9+943
CONTINUE

nl=0,
NOL10L3=14200402
Y3=13

DL =(1a/7(Y3552) ) FEXP(RXFZH ((1aDT08%YI/XX(K) /ZT ) #%2) ) *

1COS(Y3#0.7854/XX(K))

D1=D1+0(13y ‘
IF(DO.3)Y=-0,0000001)11.1121)0
COMTINUE

PR=XX(<)*C1/D1 /2.

LBP=]./FPR ‘

PREINT 101s7eRP

FORMAT (DXat'7=14F 10,31 0Xs'NHz4F10,3)
7=7+(laba/?96)

IF (Z-144,) 202021

COMT INUE

CONTINUE

COMT IMNUE

STOP

FaiD



~172-

Appendix 8
COMPUTER PROGRAM TO CALCULATE N

FOR THE POWER UPSET CASE

H



1072

20
303

109

111

10
11

14
17

23
24

1,

21

Al

p—y

173
REAL®R LOW(2H)
DIMENSTON RETA(3) e Xxx (5)a0(200)40(200) 97 (200) +F (200)
DATA BETA/Z0,00540,0P+0,056/
DATA XX/12.545.5¢2.5/

NO 2J=1.3

DO 3r=1.3
PRINT lfﬁsHFTA(J)eyi(K) ,
FOBMAT (SX.13ETAZ 4F 1N, Sal X, 0=t ,4F]10a.2)
71J=0,496 : ,
::‘\;"’(6
BX=,20#BETA ()
C].:()o
DO BL2=1+200e2
y2=L2 ‘
CL2)= (1 e/ (Y2HR4) ) /EXB(RERZE((1aSTOBRY2/XX(K) /2T ) wH2) )%
(COSAYZ#0 7RG /XX (K) ) ~00S5 (2, 3862%¥Y2/XK(K)))
Cl=Cl+C(L2)
IF {C(L2)=0.0000001)9.9, %
CONTINUE
D1=0s
D0 1032120062
Y3213 o
DL = (1a/Z (Y3354)) FEXP(BARZH ((1.3708%YI/XX(K) /2T )y u%2))*
10050, 78%4#Y3/X % (K))
N1=D1+D(1.3) :
TE (D (1 3)=0,0000001) 1111910
CONT INUE
Fl=n.
NO 141 4=1420042
Yéazl 4
FLA) = (1o /(YAHXA))F(COSYEND, 7q%4/(x(«))-Pj§(2 BSQZ*YQ/XX(K)))
Fl=fE1+F (L&)
IF(E(L4)~0,0000001)17417+14
CONTINUE
Fl=0,

DO 231.5=1+2002

yo=Ls

FALS) =(1e/(YS5%4) ) #0NS (Na 78BS4 YS/XX (X))
Fl=F1+F (L5) : :
IF(FL5) -0, GOOHOQ})?49?4 23

CONT IMNUE

RP= (2. /XX (<)) (r1~31>/(Fl~“1)

PRINT 101e7e¢RP .

FORMAT (SXa17= '9710 7 lﬂxﬂ'VH-'srlﬂ
7=2+{164b4s/75,.)

IF (Z-144,Y 2020421

CONT IHUE

CONTINUE

CONTINUE

STOP

END.
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Appendix 9

DESCRIPTION OF THE MODIFICATIONS INTRODUCED IN COBRA.IIIC/MIT

A.9.1 Modifications4to Allow for More Than Four Channels
Surrounding Any Single One.

A.9.1.1 LOCA Array

When more than four channels are surrounding any
single bne, we may have one boundary influenced by more
than six boundaries. Then the dimension of the array LOCA,
which was (NK,8), is not enough. It was concluded to
increase it to (NK,14) where the simplified analysis is
made. It is clear this value of 14 does not cover all
possible cases but it is large enough to cover an important
spectrum of cases. If a problem is selected where the
array LOCA needs to be larger than LOCA (NK,14) an error
statement will be printed out and then the pattern of
channels should be modified in order to bring it into the
14 prescribed spaces.

The modifications introduced include:

a) Define in which cases the array LOCA has to be

(NK,14).

It is done by setting the variable IPILE (Cards
C3 and T1) equal to zero. This implies that the simplified
analysis is being executed and it triggers some of the

other changes described below.
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b) 1Increase the dimension of the LOCA array

to (NK,1l4) instead of (NK,8)

It is done by changing statement $LX(51) = MG¥8

of subroutine CORE by $LX(51) = MG¥14.

c) Find all the 14 values of the LOCA array.

It is done by introducing in subroutine ACOL the

following statements:

DO 8K = 1,NK
IF(IPILE “ GT.0) GO TO 107
DO 103 L = 2,13
103 LOCA(XK,L) = 0
GO TO 110
107 DO 3L = 2,7
3 LOCA(K,L) = 0

110 N =1

The transmission of the IPILE value from subroutines

CARDSY4, INDAT and CHAN to ACOL is done via the argument

list.

Then it is necessary to change the statement call

ACOL in all those subroutines by:

CALL ACOL (1,IDAT($IK+1), IDAT($JK+1), KMAX, IDAT($LOCA+1), MA, MS, NK,

1 MG, IPILE)
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The subroutine ACOL initial statement is now:
Subroutine ACOL (IFROM,IK,JK,KMAX,LOCA,MA,MS,NK,MG,IPILE)

d) Find the stripe width for AAA matrix.
This segment of subroutine ACOL also required some modi-

fications. The new statements are:

DO 10 K=1,NK
N = LOCA(K,S8)

IF (IPILE.GT.0) GO TO 111
N = LOCA(K,1l4)

111 DO 10 L = 2,N

e) Calculation of NBOUND in subroutine DIVERT
In order to find NBOUND (number of boundaries that
interact with boundary K) some small modifications were

required:
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IF(IPILE,GT.O) Gb TO 7213
NBOUND = IDAT ($LOCA + K + MG ¥ 13)
GO TO 7214

7213 NBOUND ; IDAT ($LOCA + K + MG * 7)

7214 DO 300 LL

1, NBOUND

It was also needed to introduce the following statement

to define IPILE: IPILE = J7

A.9.1.2 PFind the IK and JK arrays
In the simplified analysis we may have cases like
the one of Figure A.9.1. It is clear that this case
could not be represented with the New Input Data Pre-

sentation of the first version of COBRA ITIC/MIT because

in that version it is assumed that each channel iS’&HTdﬂﬁbd

by a maximum of four channels.
Some modifications are then required in order to

allow such cases:

a) New arrangements of the New Input Data Presentation

As will be explained below, in order to generate
the IK and JK arrays the pattern of channels should be
input in a different way then in the first version. This

way 1is shown by considering the example of Figure A.9.1.
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10 11

12 13

Sample problem

Figure A.9.1
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To input the mapping‘of channels we should first
redivide the core as indicated in Figure A.9.2 and second
to input this array, using the IMAP = 3 option.

The cards required would be:

First Card 1 0 0 1 1
Second Card 2 2 3 4 5
Third Card 2 2 3 6 7
Fourth Card B8 9 10 11 11

Fifth Card 12 13 10 11 11

b) Calculation of the IK and JK arrays.

The system used is that of the first version of the
code but suppressing any boundary created by only one
channel = and avoiding the double account of some
boundaries that appear more than once.

Then the following statements were added:

C SET GAP BOUNDARY NUMBERING SYSTEM
IF (IPILE.GT.0) GO TO 3010

DO 242 ND2

1, ND2X

DO 238 ND1

2, ND1X

I = NTHBOX (ND1 -1, ND2)
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J

NTHBOX (ND1,ND2)

( (I.LE.O).OR.(J.LE.O) ) GO TO 238

IF ( (I-J).EQ.0) GO TO 238

DO 5216 K = 1,NK

IF ( (I.EQ.IDAT($IK+K) ) .OR. (I.EQ.IDAT($JK+K) ) )

1

5215

5216

238

1

GO TO 5215
GO TO 5216

IF ( ( J.EQ.IDAT ($JK + K)) .OR.(J.EQ.IDAT($IK+X)))

GO TO 238
CONTINUE
NK = NK + 1
IDAT ($IK + NK) =T
IDAT ($JK + NK) = J

CONTINUE
IF(ND2.EQ.ND2X) GO TO 242

DO 240 ND1 = 1, ND1X

J = NTHBOX (ND1,ND2)
I = NTHBOX (ND1,ND2 +1)
IF = ((I.LE.O).OR.(J.LE.O)) GO TO 240

IF((I-J).EQ.0) GO TO 240

DO 6216 K = 1,NK

IF((I.EQ.IDAT($IK+K)).OR.(I.EQ.IDAT($JK+K)))
GO TO 6215

GO TO 6216
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6215 IF((J.EQ.IDAT($JK+K)).OR.(J.EQ.IDAT($IK+K)))
1. GO TO 240

6216 CONTINUE

NK = NK + 1
IDAT ($IK + NK) = I
IDAT ($JK + NK) = J

240  CONTINUE
242 CONTINUE
GO TO 3020
3010 DO 42 ND2 = 1,ND2X

With this system the boundaries, and the channels that
make up each boundary for the case of figure A.9.1

are those of Table A.9.1.

A.9.2 Modifications to Allow for No Square Channels
A.9.2.0 Introduction |
One of the problems in the first version of
COBRA IIIC/MIT was that all the channels are assumed
to be square. As é consequence, only the description
of one of the four gaps of each channel is required, But
in the simplified analysis some channels may not be
squares. They will have different gap dimensions for
each boundary. This implies that information related with

all the boundaries is needed.
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Pair of channels
that make up
Boundary boundary

1 1-4

2 1-5

3 2-3

t 3-4

5 4-5

6 1-6

7 5-7

8 3-6
9 6-7

10 2-8

11 2-9

12 3-10

13 6-11

14 7-11

15 . 8-9

16 9-10

17 10-11

18 8-12

19 9-13

20 12-13

21 13-10

Boundaries for the example problem

TABLE A.9.1
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A.9.2.1 Coding
It was solved by adding the following statements in

subroutine CHAN:

DIMENSION GAPREC (400)

3020 IF(IPILE.GT.0) GO TO 9006
M=1
9014 MM = MINO((M+13),NK)
READ (12,9007) CARD,(GAPREC(I), I=M,MM)
9007 FORMAT(20A4,T1,14E5.0)
WRITE (I3,9107)CARD
9107 FORMAT('  GAP INTERCONNECTIONS', 8X,'#¥%1
20A4, 'ERECHAN')
M= MM+ 1
IF (M.LE.NK) GO TO 9014
DO 9008 K = 1,NK
9078 I = IDAT($IK+K)
IF(I-IDAT($JK+K)) 9084, 9080, 9082

9080 WRITE(I3,2003) K,I,IDAT($JK+K)

IERROR = 1
RETURN

9082 IDAT($IK+K) = IDAT($JK+K)
IDAT($JK+K) = J

GO TO 9078
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9084 M = IDAT($JIK+K)
DATA($GAPN+K) = GAPREC(K)/12.

DATA($GAP+K) = DATA($GAPN+K)

DATA( $LENGT+K) 0.0

DATA($FACTO+K) 1.0

9080 CONTINUE
GO TO 9009

9006 DO 90 K = 1,NK

IF(IPILE.EQ.O) GO TO 132
DO 131 K+1,NK
131 GAPREC(K) = DATA($GAPN+K)#¥12.0

PRINT ARRAYS IXK,JK AND LOCA

WRITE (I3,1066) M,(IDAT($TK+K),TDAT($IK+K)

1 , GAPREC(X), K = M,MM)

IF(IPILE . GT.0) GO TO L207
DO 8138 L = 1,14
8138 WRITE(I3,1068) L,(IDAT($LOCA+K+MG¥(L-1),
1 K=M,MM)
GO TO 4208

4207 DO 138 L=1,8
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A.9.3 Modifications to Allow for Having Actual Subchannels
Together with Lumped Channels.

A.9.3.0 Introduction

When the simplified analysis 1s used, 1t is possible
to have actual subchannels and lumped channels. In this
case we will have rods which share their power with several
subchannels while in the lumped channels it i1s assumed
that one rod corresponds to one channel.

To solve this problem the Input Data Presentation
of COBRA IIIC could be used, but it requires so many cards
to describe the case that it was decided to modify again
the new Input Data Presentation in order to allow for this

possibility.

A.9.3.1 Coding
The following statements were incorporated to the code 1in

subroutine CHAN:

DATA ($DR+J) = DATA ($D+M) ¥ 12.

IDAT ($IDFUE+J) = 1
IF(DATA($RADIA+J).EQ.0.0) GO TO 17
DATA ($PHI+J) = DATA ($PHI+M)

DATA ($PHI+J+MR¥(1-1))= DATA ($PHI+M)
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IDAT ($LR+J) = J
IDAT ($LR+J+MR¥(1-1) ) = J

17 CONTINUE

READ ROD LAYOUT
30 IF (IPILE) 2031, 2031, 2032
2031 READ (I2,2033) CARD,NN11l, NN22, NN33, NN4J4
2033 FORMAT (20A4, T1, 41I5)
WRITE (3,2034) CARD
2045 FORMAT ('  ROD INDICATORS', 1llx, '#¥¥r1  oopl
1 TR¥% CHAN')

NROD = NN22

DO 2181 J = 1, NN11
READ (I2,2035) CARD,N,I,DATA($DR+I),DATA($RADIA+I),
1 (IDAT($LR+I+MR¥(L-1) ), DATA ($PHI+I+MR¥(L-1)),
L =1,6)
2035 FORMAT (20A4, T1, I1, I4, 2E5.0,6(I3,37.0) )
WRITE (I3, 2047) CARD
2047 FORMAT ('ROD DATA', 20X, '#¥%t! 20Al  '#%% CHAN')
IDAT ($IDFUE+T) = N

IF (N.LT.1) IDAT ($IDFUE+I) = 1
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2181 CONTINUE

DO 2185 I = 1, NROD
DO 2184 L = 1,6
IF (IDAT ($LR+I+MR¥(L-1))) 2184, 2184, 2183
2183 K = IDAT ($LR+I+MR¥*(L-1))
DATA ($PWRF+K+MC+(I-1)) = DATA ($PHI+I+MR¥(L-1))
2184 CONTINUE
2185 DATA ($D+I) = DATA ($DR+I) / 12.
IF (J1.LE.1) PRINT (8) = .TRUE.

NODESF

NN33

NFUELT NNL4 L

2032 IF (Ng DESF.EQ.0) GO TO 34

124 IF (IPILE.GT.O0) GO TO 125
WRITE (I3,2008) (I,IDAT($IDFUE+I),DATA($DR+I),
1 DATA ($RADIA+I), (DATA($PHI+I+MR¥(L-1)),
3 IDAT ($LR+I+MR¥

2 (L-1), L = 1,6), I = 1, NROD)

With this system the data for the lumped rods is giveﬁ as
part of the channel data (like in the first version of the
code), while the data for the actual rods will be given as
described in this section. This system yields a large

reduction in‘Input Data Cards.
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A.9.4 Modifications Required to Obtain the MDNBR.

Introduction

When it was desired to obtain the MDNBR with the
first verions of COBRA IIIC/MIT, two problems were found.
First, a variable in subroutine CHF was determined and
second, an overflow problem in subroutine CHF2 took place.
The errors were tracked and the following statements were
changed:

A.9.4.1 Coding

A.9.4.1.1 Subroutine CHF

Statement CHFOO770 should be:
IDAT($MCFRR + J) = CHFROD

A.9.4.1.2 Function CHF?2
Statements CHF20330,‘CHF203HO, CHF20341, CHF20350,
and CHF20360 were taken out and in their place the

following statements were added:

CE = C/2.
DO 5 JJ = J8,Jd
5 SUM+SUM+DATA( $FLUX+N+MR* ( JJ-1) ) *( EXP( CE*DATA($X+JJ)) +
1 EXP(CE*DATA($X+JJ-1)) ) *( EXP(CE*DATA($X+JJ) ) ~EXP( CE¥DATA(
2 $X+JJ-1)))
FAXTAT+SUM*EXP( -CE¥DATA( #X+J) ) ) /DATA( $FLUX+N+MR*(J-1) )/

1 (1.-EXP(-C*(DATA($X+J) - DATA($X+JS-1))))
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A.9.5 Modifications Required in Order to Obtain the Fuel
Temperatures When the Original COBRA IIIC Input
Data Presentation is Used.

A.9.5.0 Introduction

When this Input Data Presentation was used, and
it was desired to obtain the temperature of the fuel
rod, an overflow message in subroutine TEMP appeared.
The caﬁse of the error was investigated and it was found

that because one small error in subroutine INDAT, one

‘of the variables, was undefined.

A.9.5.1 Coding

In subroutine INDAT, the statement after MAIN 7670
was taken out and in its place the following was intro-
duced:

185 DATA (4D + I) = DATA ($ DR + I) / 12.

A.9.6 Modifications Required When Wire Wraps are Used.
A.9.6.0 Introduction
One case with wire wrape was analyzed using the
first version of COBRA IIIC/MIT. Some problems appeared
and an error, because of overflow ih subroutine DECOMP,
was obtained. The problem was due to errors in subroutine
DIVERT when the modifications of the simultaneous equations

to account for specified values of crossflow given in sub-
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routine FORCE are done.

A.9.6.1 Coding

In order to correct the érror, statements from
DVRT 0740 to DVRT 0870 were removed and in their place

the following statements were introduced:

DO 90 K = 1,NK
IF(LDAT($FDIV+K)) GO TO 90
DO 85 L=1,NK
LL = MID-K+L
IF(LL.EQ.MID) GO TO 85
IF(LL.GT.LMAX.OR.LL.LT.1) GO TO 85
TF(LDAT($FDIV+L))
- 1 DATA($B+K) = DATA($B+K) - DATA($AAA+KHNK(I~1) *
2 DATA(SWHLHIGH(J-1))
85 CONTINUE
90 CONTINUE
DO 100K = 1,NK
IF(.NOT.LDAT($FDIV+K)) GO TO 100
DO 95 L=1,LMAX
DATA ( $AAA+K+NK¥(L-1)) = 0.0

LL MAXO(1, (L+K-MID))

LL

MINO(LL,NK)
MPICU = MID+K-LL

99 DATA(S$AAA+LL+NK¥*(MPICU-1)) = 0.0
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A.9.7 Modifications Required in Order to Analyze More

Than One Case in the Same Run.

A.9.7.0 Introduction

When two identical cases were analyzed in the same
run it was observed that they yield slightly different
answers.

This behavior was due to reinitialization problem.

'The variable SP was not initialized to zero in all its

terms. The problem was found also in COBRA IIIC. 1In
the first version of the COBRA ITIC/MIT code that problem
was solved but one of the cards was misplaced and then

SP was only initialized partially.

A.9.7.1 Coding
The coding is rather easy. It is only needed to
place card:
| DATA($SP+K+MG*(J-1)) = 0.
after card:

DATA( $W+K+MG* (J-1)) = 0.

A.9.8 Modifications Required to Print Out More than 1.
Channels, Rods or Nodes.
A.9.8.0 Introduction
When trying to printout results of more than 1.4

channels and less than the total number of channels in the
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case, the following problem was observed. The results
for the first fourteen channels were right while for the
remainder, only zeros were obtained.
| The same problem appeared when instead of channels,
we obtained rods or nodes.

The problem was investigated and it was found to
be due to undefinition of what channels (rods or nodes)
should be printed out. The error was located in subroutine

TABLES, which was rewritten.
A.9.8.1 Coding

The new subroutine TABLES is given in Appendix 4.

It was needed to take out cards from:
READ(I12,1001) CARD,(IDAT($PRNTC+I), I=1,NPCHAN)

to

IF(NPNODE,GT.20) WRITE (I3,1005)
and to put in their place those given in Appendix b,

A.9.9 DModifications Required to Use a Transport Parameter
in Turbulent Interchange Term of the Energy
Equation.
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A.9.9.0 Introduction

As indicated in previous chapters, in order to
improve the simplified method, transport coefficients
should be calculated and incorporated into the general
equations. 1In this first stage the only transport para-
meter used (NH) was that indicated by Weisman and Bowring(3z
Some new statements were required to allow for this

coefficient.

A.9.9.1 Coding
A.9.9.1.1 Initialization of the New
Variable (ENEH(L))

The variable ENEH(K), has to be initiated to one
at the start of each new case. So in cases where ENEH(X)
is not needed the value is kept as in COBRA IIIC (equal to
one).

Because this variable was considered as part of
fhe Mixing Parameters it was initiated in the segment of
the Input that read in that Mixing Parameter.

When the old Input Data Presentation is used, the

varlable is initiated in INDAT after statement MAIN 8060.

DO 206 I = 1,MG

206 ENEH(I) = 1.0
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When the Input Data Presentation is selected, the
variable 1is initiated in subroutine MODEL. The statements
added are:

C (N9) COUPLING PARAMETER
DO 3201 K = 1,NK

3201 ENEH(K) = 1.0

A.9.9.1.2 Definition of the Values of
ENEH(K)
The new variable ENEH(K) is read in by subroutine
MODEL. The following statement swere introduced in that

subroutine:

READ&I2,1001) CARD,N1,N2,N3,N4,N5,N6,N7,NPROP,N9
WRITE(I3,1009) CARD
IF(N1+N2+N3+N4+N5+N6+N7+NPROP+N9 .EQ.O)RETURN
IF(N9.EQ.0) TO GO 3206
M=1

3204 MM = MINO((M+13),NK)
READ(I2,3202)CARD, (ENEH(K),K = M,MM)

3202 FORMAT(20A4,T1,14E5.0)

WRITE(I3,3203) CARD

3203 FORMAT( 'COUPLING FACTOR NH',10X,'¥#*¥' DAL, '*¥%¥¥MODEL')

M=MM+1

IF(M.LE.NK) GO TO 3204
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CONTINUE

IF(N9.GT.0) GO TO 40

WRITE (3,1071)

WRITE(I3,1072)

GO TO 50

WRITE(3,1071)

WRITE(I3,1080)

WRITE(I3,1081) (K,ENEH(K),K = 1,NK)

CONTINUE

FORMAL(/// ,'  (8) COUPLING PARAMETER FOR THE

MIXIGN TERM',

FORMAT ('NO COUPLING PARAMETER IS USED')
FORMAT ('BOUNDARY-COUPLING PARAMETER')
FORMAT (8(2X,I5,'-',F".3))

END

A.9.9.1.3 Use of ENEH(K) in the Energy Con-

servation Equation.

In order to account for the coupling coefficients

the following statements were introduced in subroutine

DIFFER.
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DATA($DHDX+I) = DATA($DHDX+I)+HWI-WV¥DATA( $WP+K)
/ENEH(K) - (

DATA($T+I) - DATA($T+L))*DATA($COND+K)

DATA($DHDX+L) = DATA( $DHDX+L)+HWL+WV*DATA
($WP+K) / ENEH(K) + (

DATA($T+I) - DATA($T+L) ¥*DATA( $COND+K)



10.

11.

12.

-198-

REFERENCES

- COBRA ITIC. Donald Rowe. BNWL-1695, Pacific North-
west Laboratories (1973).

COBRA IIIC/MIT Computer Code Manual. Robert Bowring,
Pablo Moreno.

Methods for Detailed Thermal and Hydraulic Analysis
of Water-Cooled Reactors. Joel Weisman; Robert Bowring.
Nuclear Science and Engineering 57, 255-276 (1975).

H. Chelemer, J. Weisman, and L.S. Tong. Nuclear Engin-
eering and Design 21, 3 (1972).

Chong Chiu, SM Thesis, 1976.

MEKIN: MIT-EPRI Nuclear Reactor Core Kinetics Code.
Robert Bowring, John Stewart, Robert Shober, Randal
Sims. September 1975.

Heat _Transfer in Rod Bundles J.T. Rogers and

N.E. Todreas, presented at Winter Annual Meeting of
American Society of Mechanical Engineers, New York,
N.Y., December 5, 1968.

"Single Phase Transport within Bare Rod Arrays, at
Laminar, Transition and Turbulent Flow Conditions"
H. Ramm, K. Johannsen, and N. Todreas, Nuclear
Engineering and Design 30(1974) 186-2047

"Turbulent Interchange Mixing Rod Bundles and the Role
Secondary Flows" J.T. Rogers and A.E.E. Tahir,
Department of Mechanical and Aeronautical Engineering,
Carleton University Ottawa, Ontario, Canada, January,
1975.

Personal communication with Robert Masterson, Spring
1976.

"Prediction of Local and Integral Turbulent Transport
Properties for Liquid-Metal Heat Transfer in Equi-
lateral Triangular Rod Arrays", H. Ramm, K. Johannsen.
Paper No. 75-HT-NN. Journal of Heat Transfer.

"Evaluation of Intersubchannel Heat Transport in

Bare Liquid - Metal Cooled Rod Arrays of Equi-

lateral Triangular Arrangement: H. Ramm, K. Johannsen.
75-HT-32. The American Society of Mechanical Engineers.



