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ABSTRACT

CONDOR is a thermal hydraulics computer code that calculates at steady
state conditions the three dimensional distribution of coolant flow,
enthalpy, pressure, void fraction, heat flux, CPR (critical power ratio)
and other associated parameters in a BWR core. The basic models,
correlations and methodology used in the core flow and enthalpy
calculations are described. Comparisons are given between CONDOR
predictions and plant process computer output.

iv
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ATIuA

.UNDOR, a ]"_]"td] code deve "up(_‘ﬂ by ASEA-ATOM, sweden, has
many years and has found wide application in the thermal hydrau

steady state design and analysis of a Bciling Water Reactor (BWR) core.

It has been modified and verified by Westinghouse as appropriate for use

in evaluation of performance and licensing basis analysis for BWF

1 1in the United States. The code can model an individi

designed
assembly, a partial or complete reactor core or the entire
recirculation loop. CONDOR calculates the three dimensional
state distributions of coolant flow, enthalpy, pressure, void
heat flux, CPR (critical puwer ratio) and other associated
1S daone using the conservation equations, the associ
relations, and the specific channel input.
description of the code methodology, the correlation bases, a

qualification with an analytic solution and comparisons with plant

n ace ~Aannuter Attt
process conmputer output.




JONDOR code was developed to determine the ste
of coolant flow, énthalpy, pressure, void fraction,

ratio) and other associated items within a BWR core.

capability to mode ingle fuel ass 1y or channel,

total core or tne

transter in the bypa

description given i [ - 1 of the

core.

2.2 Brief Description

The code has the ¢ y of alyzing the entire primary loop of a

1 c 1

BWR. F‘v}u'v“; - & There are
many options available to run Code through The pr.per Choice
input data. The option de 10ed ne 1 considers that the total

coolant flow is given and ( > flow distribution is calculated.

The core is divided into « ) of paralliel vertical flow

Each channel is axially i into a number of nodes.

~ nthal - +ar
yr enthalpy, system

three dimensional distribution

fraction, CPR and other associa

2.2 gives a schemati )t the




NS ang reg

4
and 'Vy‘,.(‘

tables to obtain the solution. The loca

evaluated using the local coolant pressure of the

node. The flow regimes represented are single

phase water

boiling and buik boiling.

. ¢ : n en)ut ~
The assumptions used to obta the solution

are

Uniform static pressures at core inlet and outlet

| e

One dimensional vertical upward flow in each core channel.

No flow communication between heated flow channels in the
(iv) Uniform inlet enthalpy.

The flow in each channel is thus dependent on the power of
and the hydraulic characteristic

of the channel.

The CONDOR code is used to obtain flow and enthalpy
ribution wit ti

The coupling of the CONDOR de th the neutronics code

al 2
PULLA( ) through the power void iteration.

Determination of the thermal limits (MCPR) for safety

evaluations.
Initial and final statepoints conditions for transient
Pressure loadings on internal

plates, et

Determination of desi
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iescripes the methc
enthalpy, void distribution and other associated parameters 1
core. This includes the conservation equations and associated
constitutive relations and correlations, the bypass flow models

solution technique.

Conservation Equations

the flows

ore channels equ:

Ene rqy

For the normal analysis of a core the heat
axial node

given
divided by the flow rate is equal enthalpy

channel node.

UNUUK haS the
-

channel wall

then the

N

Momentum




evation pressure

ion pressu

cal

fividual expre

10n.




empirically determined constants

The equations and bases for the single phase friction factor and the two

phase friction multiplier are given in Section 5.

Local




y The
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rate. ROwe s % NDOR

1

flow rates. The equat

flow through the leakage flow paths.

pressure drop across the leakage flow path from the

lower plenum or fuel assembly inlet plenum to the Core

the vertical
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pressure drops

until a converged solutic
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4.0 VOID MODELS

The void fraction in forced convection two phase boiling can be
divided into three regions as illustrated in Figure 4.1. Region
I consists of voids traveling in a narrow bubble layer close to
the wall. Region II starts at the point Z, where the bubbles
are detached into the subcovied core and Region IIl starts at
the point Z1 where the bulk temperature reaches the saturation
temperature and thermodynamic equilibrium is attained. The void
fraction model in CONDOR (i) neglects the void fraction in
Region I, (i1) uses the Levy model (6) to predict the void
departure point in Region II and, (ii1) in Region 11l uses a
model based on the formulation of Zuber (7) with coefficients
adjusted to give agreement with test data.

2120F :6/831209 4-1
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4.2 Bulk Boiling

The void model used to predict the void fraction in the bulk boiling

region is based cn that developed by Zuber et. al."). The

void-quality expression in this region can be written as

X
a

Ap o v i g

Co —X_+ [Co + L ] |
Pe 4 [+

f df f

where Co is the concentration parameter
3i drift velocity
e = inlet 1iquid velocity at saturation

temperature.

parameters Co and V;1 are determined from experimental data.

|
B
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The coefficients in the equations above were determined based on data
from two sets of experiments on 36 rod bundles. The comparisons of the
predictions to the data are shown in Figures 4.2, 4.3 and 4.4. The
‘etters denote the various pressures at which the data was taken. The

correlation above was compared to 3 other sets of data taken from both a

36 rod bundle and 64 rod bundles. A summary of the comparison of all of

the above data to predictions is given in Table 4.1. It is seen that
there is excellent agreement between the measurements and the model

predictions.

2120F:6/831209




Measurement Number of Average Standard

Series Measurements Error Deviation

FT36B, 30 bar
50
70
87
30
50
70
90
30
50
70
OF 64A,48 bar
68

OF 64B,68 bar

COMPARISON OF DATA TO PREDICTIONS

2120F :6/831209
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Figure 4.1 Two Phase Flow Boiling Regions
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introdauc

The basic equations for the various pressure drop components were

given in Section 3.2.3. The equations and bases for the single and

two nhase friction and form (local) multipliers are given in the
£

flowing Sections.

5.2 Single Phase Friction

The single phase friction factor f is predict

equation

input constants

Typically A and B are both taken to be 0.2. These values have been

confirmed by measurements in le phase rod bundle tests.

5.3 Two Phase Friction

Th" two
garoc
phase 64

correlatic




This correlation covers t following parameter ranges

rressure
Mass velocity

Quali ty

1S corre

ed comparison of this correlatio:

5.1 and 5.2.
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two phase
lux, was derived i
an extension of ) t

derived further on in

momentu

phase friction

1
|

—_—




Assuming thermal equilibrium and uniform heat flux, then xj

bulk boiling initiation location A, defined by

convectional flow area
inlet subcooling
heated perimeter

heat f1lux

s a linear function of the elevation Z in the bulk boiling r

AH
S

ub

0
fg

-

'ne expression used to determine the void fraction a is given by the
Zuber-Findlay relationship

B
a

tR. * b (1 - X

a P a’

which we have simplified by setting Co = 1 an Vqi

Equations (4.1 and (4.3) can be inte

oA
(LhH,,
2 L_>J ] ) ;«"
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In order to integrate the frictional pressure drop term (4.2), the following

approximation to the Martinelli-Nelson model for f is used

.36 + .0005 p + .1 G/10° - .000714 p G/100
for G <.7 x 10% 1b/hr - ft2
.26 - .0004 p + .119 106/G + .00028p 106/6G
for G > .7 x 109 1b/hr -« fte
p is in psia and G is in 1b/hr + ftZ
Using this expression for 2, we obtain

1.824
g P (X, (Ly)) -
AP B cxsumnannese | 1. C( _ﬁ-- ]} = ! H —— 1
fric | ' . % 4 .a¢lF] ‘
2ol

The expression for the local losses can be evaluated using the homogeneous

two phase multiplier.

2120F :6/831209




Equations (6.3), oval
the pressure drop

with a unitorm axi wer

S

the assumptions ex| 1 ed above and the Turther assumpti

no property changes (densit nthalpy) with i location.

We now extend the above a cosine axial

power shape efining




leratinn was

nto equation (0.

»levation pressure op ' 1ntegrated

to obtain




in order to integrate equation (0.2) the power of the
6

n

equation (6.10) was replaced by e pressure drop

'S 7

3 function ot £ then becomes

+ 4

ne pressure to the spacer gric ‘ J0tained Dy substitut

- -
equation (0.l

The two analytic solutions given above
power shapes were used to evaluate th
and system pressure ot 1000 psia

qualit

the above




into the code. There is a small -

di fference between the analytic

solution and the CONDOR evaluations since CONDOR evaluates the local

steam/water properties using the local coolant pressure of the
calcuiational node whereas the analytic solutions is d on evaluation
of these properties based on a given constant system j 2 The

effect of this is insignificant for small variations in pressure.

The comparison between the analytic sclutions and the CONDOR predictions
shown in Figure 6.1 for the uniform power shape and Figure

the cosine axial nower shape. It is seen

agreement over the entire parameter range for both

drop and the individual components of the pressure

2120F:6/831209
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0D - . n re “ b | - - v . [»] r
core., redictions fronm : me . compared to the P1 proce

computer output. CONDOR calculates » flow and enthalpy distributi
in the core. An accurate calculation ¢ e fl and enthalpy ir

hot assembly helps to ensure that the f . core is accurat
calculated. Quarter core symmetry wa:s

used. The first was a detailed mode th ery fuel assenbly m
by a separate channel. The second CONDO lumped together all

channels having the same geometry characteristics, i.e. 8X8R centra

orificed, 8X8 peripheral orificed and 8X8 central orificed and an

additional channel representing the hot fuel assembly.

V:I\T], :;’;":S ; ( ) the rated

The radial power
o i

c
essure

+

he ‘ocess computer output

percent of the heat generation was assumed to go to the

with no heat transfer across the fuel channel walls.

coefficient f

separate values.

~oefficients




giver

Dypass

Table 7.3 shows the results of the CONDOR evaluations of

pressure drops s A . . . - powered centra f]:_','J fuel

flow and outlet 11t ing the detailed 140 channel CONDOR

The Pl

Jiven 11 ) 3 > rérun using the spacer

he
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RESPONSE TO

~

REQUEST NUMBER 1 FOR ADDITIONAL INFORMATION ON WCAP-10107




the

Response:

The reversible nressure du flow area changes is not included
CONDOR total core pressure ¢ calculation because the total
due tc this between core inl outlet is zero. This

area of the core inlet bein jal the flow area of

is demonstrated in t! follo

reversible pressure drop due to flow area changes can

For single-phase flow:

AP

ACC




rOr two=phase TiOw

= yoid fraction at

= satyrated vapor

Therefore,

the reversibl . | ds h 4 F] area changes

1s zZero




iculation of by
ing the constants

~

d depend strongl

Resgponse

-

Figure 2.1 is a schematic of the bypass flow paths that can occur for a W

QUAD+ or a GE fuel assembly Path (1), the water cross flow path, occurs only

for the W QUAD+ fuel assembly. Path (9), the channel-lower tie plate (finger

spring) path, occurs only for the GE-type fuel assembly The bypass flow

both the W QUAD+ and GE fuel assemblies can be analyzed with the CONDOR code

- < w i

There are three separate equations in CONDOR that are used to calculate

flow in the inlet region of each leakage path. These are:

each type of path

pressures indicated

~

are constants.

these equations are equivalent

- B
coefrricients -
3
3 T - Iiry
gn ne coerticients

~
are being determined from | A - ! i Fuel assemb

coefficients for paths (2) : ¢ ‘ assembly

using the fraction of f] t . th ven in Reference




~ INTERNAL BYPASS FLOW CHANNEL

FUEL RODS

/
" / OUTER BYPASS CHANNEL (BETWEEN
/g OUTER FUEL CHANNELS

FUEL CHANNEL

LOWER TIE PLATE (LOWER NOZZLE)
/= CORE SUPPORT
/

/
9
FUEL

SUPPORT

ORIFICE

"y -
&
@ CONTROL
N ROD DRIVE

HOUSING

IN-CORE

GUIDE @

TUBE

CONTROL ROD
GUIDE TUBE

1. INTERNAL BYPASS FLOW CHANNEL
2. FUEL SUPPQORT - LOWER TIE PLATE

3. CONTROL ROD GUIDE TUBE - FUEL SUPPORT AND
CONTROL ROD GUIDE TUBE - CORE SUPPORT PLATE

. CORE SUPPORT PLATE - IN-CORE GUIDE TUBE
. SUPPORT PLATE HOLES (IF ANY)

. CORE SUPPCRT PLATE - SHROUD

. CONTROL ROD GUIDE TUBE - DRIVE HOUSING
. LOWER TIE PLATE HOLES

. CHANNEL - LOWER TIE PLATE




in the above equations unt

rification of this method

A\
~na* - | 1 v L |
path (path 9) ven n

N
-

Reference

-~
b J
r
N

listed above are for the inlet
CONDOR also cal

leakage path.

The equations portion

culates the pressure drop in the verti

The equations to do this are

the topical, and thus include two-phase effects

if there
bypass regions.
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The void-gquality modei used in the CONDOR code was developed using two sets of
experiments on 36 rod bundles. The first set consisted cf data from a 36 rod
Marviken full scale test assembly (Test FT-36B) and the second set consisted
of data from a 36 rod BWR type cluster (6x6 square array) (Test QF36) Both

of these tests were conducted in the FRIGG BWR program in Sweden.

The void-quality model was later compared . ) s of void

measurements The first was from a fu le B rod cluster (Test
FT-36C) The second was from a full scale simulation of an Oskarshamn=-l
(Asea-Atom) fue! assembly consisting of 64 rods in an 8x8 rectangular array
using a radially symmetric power distribution (Test OF-64). The third test
again used a full scale simulation of an Oskarshamn [ fuel assembly consisting

of 64 rods, this time using a radially skewed power distribution (Test

OF-64b). These last three tests were also from tha FRIGG BWR program.

Question 5. The CONDOR code has been benchmarked against two aralytical
solutions. These comparisons provide a check on the accuracy of
the numerical and noding schemes The benchmark did not previde
separate~-effects comparisons, namely the subcooled boiling mode!
and the void-quality model. These models pre ds

Their accuracy will affect the axial power

calculation in the i lic iterations

Benchmark against (1) on subcooled boiling and

void=quality relations should be made and the results should be

submitted for reyiew.




Response: _

The FRIGG data referred to in Reference 1 (5.1) contains data that is part

of the data base of the CONDOR void model (Test FT-36B). As discussed in the
response to question 4, the CONDOR data base contains much more FRIGG data
than that given in Reference 1. The results of the prediction of this data
with the CONDOR void model were shown in Table 4.1 of the topical.

Reference:

5.1 Nylund, 0., et. al., "Hydrodynamics and Heat Transfer Measurements on a
Full Scale Simulated 36-Rod Marviken Fuel Element." ASEA-ATOM FRIGG
Loop, R4-494/RTL-1154.

Question 6. The Baroczy correlation used in the CONDOR code is modified based
on pressure drop data from 64-rod bundle tests. Provide the
source of these data and the procedures used for the modi-
fication. A check on the correlation as given in the report

showed that it underpredicts the two-phase multiplier, 02, at

low qualities at Gi= 1356 kg/mzs (1% 106 1b/hr-ft2) from
the curves given by Baroczy (2) (a factor of 2 lower at x =

0.02).
Response:

The Baroczy method was used only as a starting point basis to develop the
two-phase multiplier used in the CONDOR code. The Chishoim (6.1) correlation
was used to approximate the Baroczy method. The exponents in the basic
Chisholm correlation and in the property index expression were left unchanged
since these constants are based on a theoretical model for two-phase
friction. The rest of the correlation was megified and subjected to a
least-square fitting procedure against the data base to give the correlation
presented in the CONDOR topical.

0896L:6/831212



The data base consisted of two-phase pressure drop data taken from full scale
64 rod bundles in the FRIGG loop test facility over a range of BWR condi-
tions. This data base covered qualities up to around 40%. Above that region,
the Baroczy correlation was selected to support ext oolation up to single
phase gas flow.

Since the 3aroczy correlation was based on single tube data, one would expect
differences when compared to full scale rod bundle data. At a quality x =
.02, p = 1000 psi, and G = 1220 kg/m®s (.9 x 10° 1b/hr £22), the CONDOR
two-phase multiplier ‘2 = 1.86 is in good agreement with values of

'2 = 1.8 obtained by Isbin, et. 11.(6'2)

steam-water flow at these conditions.

based on their measurements of

Referrences:

6.1 0. Chisholm, "Pressure Gradients due to Friction during the Flow of
Evaporating Two-Phase Mixtures in Smooth Tubes and Channels," Intl. J.
Heat Mass Transfer, Vol. 16, p. 347-358, 1973.

6.2 H. S. Isbin, et. al., "Two=-phase Steam-Water Pressure Drops," Nucl.
Engin. Pt. VI, Chem. Eng. Symp. Series No. 23, 55, 75-84 (1959).

Question 7. The mass flux range as stated on page 5-2 for the Baroczy
correlation, 1 to 300 kg/mzs, is not correct. The original
Baroczy correlation covers a range of 339 to 4068 kg/mzs.

Explain the discrepancies.
Response:

This is a misprint. The range for the correlation is from 1 to 3000

kg/mzs. As explained in the response to question 6, the data base was taken
from full scale 54 rod bundles from the FRIGG test series for qualities up to
around 40%. The Baroczy correlation was selected to support extrapolation to

higher qualities.
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NOw the water

Response

The water tubes in a GE fuel assembly have not yet been explictly modelled

with the CONDOR code. However, they can be easily modelled with the existing

bypass flow and heat transfer equations described in Section 3.4 The inlet

9] -

-

and exit losses for these tubes are given in Reference 8

assembly does not have water tubes

al., "FIBWR: A Steady State Core
Code f {11 Water Reactor Code Verification and
Report," EPRI-NP=-1923.

w

Question 9. Describe how the CONDOR code is coupled with other
calculation of power distributions, MCPR, etc.
and systems codes) and justify the accuracy of

calcula of power distribution and MCPR.
Response

The description of F the CONDOR code with
POLCA and PH X is ¢ ined the

topical report concerning
(9.1)

The accuracy
codes i i f accurate power distributions are
combined codes This will be discussed in a topical
1984
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Question 10. The Pl outputs were usea by Westinghouse to tenchmark CONDCR
calculations on core pressure drop, flow and quality distribu=
tions. Provide the detailed calculational procedure used by the
Pl output of the process computer 1n[ ]t (a,c)

It is understood that the plant computer takes reactor boundary

conditions such as total core flow, iniet subcooling and system

pressure, and iterates on channel flows to obtain the final core
flow and enthalpy distributions, similar to the scheme described
in the CONDOR document. It raises a question about the useful-

ness of this benchmarking.

Response:
t
The detailed calculational procedure used oy tho[ process (a,c)
computer to obtain the Pl output used to benchmark the CONDOR calculations is
GE proprietary and thus unavailable to W.

The benchmarking is useful from the following viewpoint. CONDOR will be used

to obtain the flow and enthalpy distribution among the fuel assemtlies in the
core. The CONDOR predictions given in the topical show that the hot channe)
flows and enthalpies were accurately predicted using either values of loss
coefficients obtained from open literature reports or loss coefficients based
on[ _ )? Since the (a,c)
process computer is used to monitor the fuel operating limits, this implies

that CONDOR can reliably be used to calculate the operating margin to these
Timits. CONDOR will be used in the calculation of the fuel operating limits for
amixed vendor core or an all W care. The Toss coefficients to be used in
CONDOR for such a calculation will be obtained from measurements by W using

the same test facility as was used for W test of PBx8R fuel assemobly.
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nomenclature and/or misprints

the typographical errors and misprints

copy is attached.




