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Abstract

A study has been performed to investigate the thermal margin increase by replacing the
single-channel analysis model with a multichannel analysis model. A new critical heat flux(CHF) cor-
relation, which is applicable to a 17X 17 Korean Fuel Assembly{KOFA)-loaded core, was developed
on the basis of the local conditions predicted by the subchannel analysis code, TORC. The hot sub-
channel analysis was carmried out by using one-stage analysis methodology with a prescribed nodal
layout of the core. The result of the analysis showed that more than 5% of the thermal margin can
be recovered by introducing the TORC/KRB-1 system(multichannel analysis model) instead of the
PUMA/ERB-2 system(single-channel analysis model). The thermal margin increase was attributed
not only to the effect of the local thermal hydraulic conditions in the hot subchannel predicted by
the code, but also to the effect of the characteristics of the CHF correlation.
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1. Introduction criteria, the reactor core and associated coolant, con-
trol, and protection systems should be designed with

According to the current thermal hydraulic design appropriate margins to assure that the specified ac-
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ceptable fuel design limit(SAFDL} will not be exceed-
ed at any condition of normal operation including
the effects of anticipated operational occurrences
{AOOs). The most limiting parameter for the core
thermal power of a nuclear reactor is the departure
from nucleate boiling(DNB) since it is followed by a
sudden increase in fuel cladding temperature which
ultimately results in the fuel failure. To ensure that
the DNB ratio(DNBR) SAFDL will not be violated,
CHF is calculated using empirical cormrelations based
on the local thermal hydraulic conditions in the hot
subchannel such as pressure, heat flux, mass velocity,
enthalpy, and quality at the CHF location. The ther-
mal margin is defined as the distance from the nom-
inal operating condition to the DNBR SAFDL. Res-
erving an appropriate thermal margin is very import-
ant not only to increase the confidence in the fuel
integrity but also to allow the potential of power
uprating capability.

Many efforts have been made to improve the ther-
mal margin by increasing the nominal DNBR
{DNBRN) or decreasing the design limit DNBR

(DNBRv). The improvement in the fuel assembly con-

figurations, such as adoption of mixing-vaned spacer
grids or intermediate flow mixers, is a promising way

to accomplish this goal, but it requires expensive ther-

mal hydraulic performance tests. These devices may
produce more turbulences near the DNB location
which suppress the occurrence of DNB and conse-
quently increase the DNBRx.

An alternative way is to improve the thermal hy-
draulic analysis methodology. This includes the im-
provement in the treatment of DNBR uncertainties
comprising various uncertainties of system/operating
parameters[1 —4]. A detailed thermal hydraulic sub-
channel analysis of the core is necessary to calculate
the flow rate and fluid enthalpy in various regions of
a fuel assembly at normal operation and transient
conditions, and thus to provide the local thermal hy-
draulic conditions in the hot subchannel used in the
CHF calculation. It has been known that an open
channel approach [5, 6] gives more thermal margin

than a closed channel approach since the latter con-
tains various conservative factors to compensate for
its simplified thermal hydraulic modeling. Most sub-
channel codes apply the open channel approach in
modeling the core in order to take into account the
interchannel diversion crossflow and turbulent mixing
effects, which results in more realistic thermal hy-
draulic conditions in the hot subchannel compared
with those calculated by the closed channel ap-
proach. Improvements have been made in the cros-
sflow and turbulent mixing models, the numerical sol-
ution techniques, and the two-phase flow constitutive
relations such as subcooled void model and two-phas-
e pressure drop model, etc. Improvements have also
been made in the CHF correlations, which have red-
uced the DNBR limit while maintaining the assur-
ance of not experiencing DNB with a 95% probability
at a 95% confidence level[7—10]. All of these
improved correlations have their own DNBR limits
lower than the limits imposed on the other correla-
tions such as the W-3 correlation. The improvements
have resulted from a better understanding of CHF
phenomena and, therefore, a better formulation of
CHF correlation. Since a CHF correlation is devel-
oped for a specific fuel geometry in conjunction with
a particular code for calculating the local thermal hy-
draulic conditions, the design DNBR calculation is
restricted to the use of the same code or more con-
servative one.

In this study, we investigated the thermal margin
improvement quantitatively by replacing the current
closed channel approach{the ERB-2 CHF corre-
lation(11] with the PUMA code[12]) for the
KOFA-loaded core with an open channel approach
based on the TORC code system. The TORC is a
subchannel analysis code being used in the core ther-
mal hydraulic design of the CE-type fuel assemblies,
but has not been applied to the KOFA-loaded core.
The applicability of TORC code to the non-CE type
fuel assemblies has been studied previously{13]. So a
multichannel thermal hydraulic analysis methodology
by the TORC code has been developed for the anal-
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wsis of the KOFA-loaded core. This includes the de-
velopment of a new CHF correlation system and a
hot subchannel analysis method. The thermal margin
of a reference 17X 17 KOFA-loaded core has been
evaluated with the new methodology and compared
with the current margin calculated by the closed
channel approach using the PUMA code.

2. Dewelopment of a Multichannel Analysis
Model for the KOFA-Loaded Core

2.1. CHF Correlation

First of all, the CHF correlation system should be
established for the analysis of thermal margin. The
ERB-2 correlation is presently used in the analysis of
the KOFA-loaded core with the aid of the PUMA
code in calculating the hot subchannel parameters. A
new CHF correlation was developed, in this study,
on the basis of the local conditions predicted by the
multichannel analysis code, TORC, since the CHF
correlation system with the TORC code appropriate
to the KOFA-loaded core was not available. The ap-
propriate functional form of the CHF correlation ap-
plicable to the KOFA has been studied[13]. The
CHF correlation, KRB-1 by name, has the form of

q" ar =ail + a2(P/1000) + astanh[as(ds + gs) + as]
+ asDhe + a7Dny— [as{P/1000) + asL.
(P/1000) + ail.+a1{P/1000)21Gx
+ ai2G + ais,

where q”cir =critical heat flux in MBtu/hr/sq-ft
L =heated length in ft
P =pressure in psia
dy=distance from the last upstream spacer
grid to the CHF location in inch
gw =grid spacing in inch
Dre = heated equivalent diameter in inch
Dry = hydraulic diameter in inch
G =mass velocity in Mlbm/hr/sq-ft
x = thermodynamic quality
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The procedure of the KRB-1 CHF correlation devel-
opment is shown in Fig. 1.
The rod bundle CHF data base was compiled from
the Westinghouse and SIEMENS 5x5 CHF test bun-
dles[14] including :

bundle configuration : 5x 5 square array,

channel type : typical and thimble channels,

axial heat flux profile : uniform and cosine shape,

grid spacing : 272 to 660mm,

heated length : 2. 44 to 4.27m,

rod diameter/pitch:9.5/12.6 to 10.8/14.3mm,

and

mixing vane : none and 5 different types.
The geometry of each CHF test bundle is presented
in Table 1.
The local thermal hydraulic conditions at CHF loca-
tions were analyzed by the TORC code. The KRB-1
CHF correlation coefficients were optimized by the

CHF data: W & SIEMENS
5 X § bundles

Local conditions at
measured CHF locations

Functional form of
CHF correlation

Correlation coefficients

1

Verification & Validation

Fig. 1. Procedure of the KRB-1 CHF Correlation Devel-
opment
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FITZ codel15] which uses the Marquardt method in
the least squares fitting of a nonlinear function. The
KRB-1 CHF correlation coefficients and its applicable
ranges are given in Table 2.

The CHF prediction capability of the KRB-1 corre-
lation can be represented by the mean of 0.999 and
the standard deviation of 10.7% for 1750
measured-to-predicted CHF ratios(M/Ps). The validity

Table 1. CHF Test Bundle Geometry Data
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of the KRB-1 correlation was examined by analyzing
the parametric trends of M/P for various thermal hy-
draulic parameters such as pressure, mass velocity,
thermodynamic quality, heated length, and hydraulic
diameter. As shown in Fig. 2, the KRB-1 correlation
is well correlated for these thermal hydraulic paramet
ers.

The analysis of variance, F-test, was used to ident-

TS Configu- Axial Grifi Heated Rod.dia‘ / Mixing
number ration profile spacing tength ptich vane type
[mm] [m] [mm]

1 THM*5 x5 Uniform 534 30 10.8/14.3 None
2 TYP*5x5 Uniform 534 30 108/14.3 None
3 TYP-5%5 Uniform 545 30 95/12.7 None
4 THM-5x5 Uniform 534 30 10.8/14.3 P

5 THM-5x5 Uniform 534 3.0 10.8/14.3 None
[ THM-5x5 Uniform 534 30 10.8/14.3 None
7 TYP-5%5 Uniform 545 30 95/12.7 None
8 TYP-5x5 Uniform 545 30 95/12.7 S
9 TYP-5X5 Uniform 545 30 9.5/12.7 None
10 TYP-6X6 Uniform 545 30 95/12.7 None
11 TYP-5x5 Uniform 272 3.0 95/12.7 S
12 TYP-5x5 Uniform 545 30 95/12.7 S
13 TYP-5x5 Uniform 545 30 95/127 Fl
14 TYP-5x5 Uniform 545 30 95/12.7 Swirl
15 TYP-5X5 Uniform 534 30 10.8/14.3 F1
16 TYP-5%5 Uniform 545 30 95/12.7 Swirl
17 TYP-5x5 Uniform 545 3.0 95/12.7 Swirl
18 TYP-5x5 Uniform 545 30 95/12.7 F1
19 THM-5%5 Uniform 545 3.0 95/12.7 Swirl
20 THM-5x5 Uniform 545 3.0 95/12.7 Swirl
21 TYP-5%5 Uniform 545 30 9.5/12.7 Swirl
22 TYP-5x5 Uniform 545 30 95/12.7 Swirl
23 THM-5%5 Uniform 545 30 95/12.7 Swirl
24 THM-5x5 Uniform 545 30 95/12.7 Swirl
25 TYP-5%5 Uniform 660 427 95/12.6 R
26 TYP-5x5 Uniform 660 244 95/126 R
27 THM-5x5 Uniform 660 244 95/126 R
28 TYP-5x5 Uniform 559 244 95/12.6 R
29 TYP-5x5 Uniform 559 4.27 95/12.6 R
30 THM-5x5 Cosine 559 427 95/12.6 R
31 TYP-5x5 Cosine 559 427 95/126 R

*) THM : with GT{guide tube), TYP : without GT
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Table 2. KRB-1 CHF Correlation

dJ. Korean Nuclear Society, Vol. 27, No. 4, August 1995

q"crr =a1 L+az (P/1000) + a3 tanh{aa (dg + gsp) + as5] + a6 Dhe+a7 Diy
—[as (P/1000) + as L{P/1000) + a10 L+an (P/10002]GX + a1z G+a3

Correlation coefficients
ar=—0.019278 az=—0.17253 a3=0.1396
as= 0.05461 as=—197 as = —0.38082
ar = —0.054003 as=1.89870 as=0.047388
a0 = —0.10821 an =—0.67613 a12=0.134698
a3 =1.25103

Applicable ranges
93 < P <171.7 bar 21 <L<43m

1220.6 < G < 5018.1kg/m®-s
-02<x<03

0.28 < gy < 0.66m
94 < Dy < 132mm

Table 3. Results of F-Test for CHF Test Bundles

Description Calculated Upper limit of F Hypothesis
F value at 99% confidence

All data 318 218 not satisfied
R-grid mixing vane 17.55 19.32 satisfied
Swirl-type mixing vane 253 595 satisfied
No mixing vane 303 7.08 satisfied
17 x 17 geometry 284 298 satisfied
14 x 14 geometry 345 19.32 satisfied
Without GT, Uniform 2385 287 satisfied
With GT 352 519 satisfied

3m heated length 272 248 not satisfied
4 27m heated length 20.10 4183 satisfied

ify systematic variations among the test series at a
95% confidence level. The F value is calculated by

F=5:12/S2,

where Si? =variance of the data within the test series,
and
S7? =variance of the means of the test series.
The result of F test for various data groups are pres-
ented in Table 3. A value of calculated F above the
upper limit of F indicates that there is too much vari-

ation among the means. As indicated in Table 3
most of the F-tests except two result in values below
the upper limits. Especially the CHF data for the
KOFA fuel geometrylno mixing vane), which is the
basis of the correlation limit DNBR calculation, are
come from the same population.

The normalities of the residual and M/P distributions
were also examined by the D'-test[16] and it has rev-
ealed that the populations have normal distributions
with a 1% significance level. So the Owen’s one-side-
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d tolerance limit factor[17] with a 95% probability at
a 95% confidence level could be applied to deter-
mine the CHF correlation limit DNBR. As shown in
Fig. 3, the number of CHF data below the tolerance
limit line is less than 5% of the total number of data
points.

The KRB-1 CHF correlation limit DNBR was cal-
culated as 1.23 which is slightly higher than 122 of
the PUMA/ERB-2 system.

The next step is to determine the design limit
DNBR on the basis of the statistical thermal design



524

12
~~ [
“_‘T 1.0 i : : f
ot VAN
s - RER . R
S 08 |- o Wil S
E L . ‘. R -, P

L . e 20

E os L R ;'". +95/95 one-sided
e 7l .o 57, tolerance limit ling
(2 : e V7l ’
: L Or ‘Q.
D o4 . o
= [ ¥ "
& [ .
2 o2 | mean (M/P)=0.999
g8 f std. dev. = 0.1067
= [ No. of data = 1750

00 Frr1rrrrrrrrr——————r

0.0 0.2 04 06 08 10 12

Predicted CHF (MBtu/hr/sq-ft)

Fig. 3. Comparison of CHF Predicted by the KRB-1 Cor-
relation with the Measured Data

Table 4. Determination of the Design Limit DNBR
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procedure[1]. The DNBR sensitivity factors for the
KOFA-loaded Yonggwang-1{YGN-1) core were cal-
culated using the TORC/KRB-1 system and the res-
ults are given in Table 4.
The design limit DNBR was obtained by
DNBR=(CHF correlation
DNBR)/(uy—1.645a),
where the parameter y is defined as
y=DNBR/DNBR..
The overall DNBR uncertainty, oy, calculated by the
TORC/KRB-1 system is less than that calculated by
the PUMA/ERB-2 system due to the differences in
the DNBR sensitivity factors of design parameters.
The additional DNBR margin of 8.3% was equally
taken into account to determine the safety analysis
limit DNBRs of both CHF correlation systems. Con-
sequently, the safety analysis limit DNBR of the

Design  limit limit

Parameter TORC/KRB-1 PUMA/ERB-2{19]
o/ Si Si Si
(typical) (thimble) {typical) (thimble)
Core thermal power 0.0075 —-3.00 —-2.79 -304 —286
Core inlet temp. 0.004 —9.96 —925 —-11.77 10.79
Primary flow rate 0.013 253 2.63 203 1.80
Effective flow fraction 0.00908 253 2,63 198 181
System pressure 0.00737 254 232 270 229
iy 0.025 —205 —-201 -3.07 —-2.82
o 0.0173 —-162 -120 -1.17 —-1.05
E§ 0.0182 -1.00 -1.00 -1.00 —-1.02
T/H code 0.0206 10 10 10 10
oy/ py 0.09067 0.08689 0.10582 0.09747
CHF correlation 123 1.23 122 122
limit DNBR
Design limit DNBR 145 144 148 145
Margin 83% 8.3% 83% 83%
Safety analysis 157 156 1.60 1.58

limit DNBR
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TORC/KRB-1 system is less than that of the
PUMA/ERB-2 system by about 1%. However, it
should be noted that the direct comparison of the
two limit DNBRs does not always indicate the differ-
ence in the thermal margin since the DNBR sensi-

tivity of one CHF correlation system to the core oper-

ating parameters may be different from that of the
other system.

2.2. Hot Subchannel DNBR Analysis Model

The hot subchannel is a hypothetical subchannel
where the worst thermal hydraulic conditions in the
core take place and as a consequence the minimum
DNBR over the whole core occurs. In the closed
channel approach such as the PUMA/ERB-2 system,
the hot subchannel is characterized by power peaking
factors and various engineering factors to consider
the effects of the multichannel phenomena such as
the inlet flow maldistribution and flow redistribution
due to the lateral interactions between the neighbor-
ing channels. In the open channel approach, how-

ever, most of the engineering factors used in the clos-

ed channel approach are accommodated by the sub-
channel analysis. Thus it gives more realistic, i.e., less

conservative results on the thermal hydraulic paramet-

ers in the hot subchannel than those from the closed
channel analysis.

The ideal way to analyze a reactor core utilizing
the open channel approach is to take each actual sub-
channel as a radial node in the analysis. This implies
that, for a typical PWR core, over 30,000 radial nod-
es should be considered. This number is so large that
there is no available computer which can handle this
problem, and even if such a computer were available,

the cost would be prohibitive. Therefore this ap-

proach was ruled out and two other general approac-

hes had been developed : the multistage method][5,
6] and the one-stage method[18]. Traditionally, CE
design adopts a multistage(three-stage) method for
the hot subchannel analysis. In the first stage the

whole core is analyzed on an assembly-to-assembly

basis. From this analysis the hot assembly and its
boundary conditions can be identified. In the second
stage the hot assembly is divided into four regions,
and in the subsequent stage, the hottest region of
the four is analyzed on a subchannel basis. In this
study we developed an one-stage calculation model
using a prescribed nodal layout to save the comput-
ing time and efforts while maintaining the accuracy
of the hot subchannel analysis results by the
three-stage model. In the simplified one-stage met-
hod, the core was analyzed by only one stage using a
fine mesh in a zone consisting of those subchannels
with the larger peaking factors and a coarse mesh
outside this zone. Through a systematic analysis for
various layouts and operating conditions, the
one-stage 1/8-core analysis model was developed as
shown in Fig. 4 which consists of sixteen channels in-
cluding the hot subchannel. The accuracy of the

14

15

Fig. 4. One-Stage Hot Subchannel Analysis Model
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one-stage analysis model was compared with that of
the three-stage model at various operating conditions
and it was found that the one-stage model gives slig-
htly conservative DNBR values with the maximum
deviation of 1.2% while it takes the computing time
about one-tenth of that for the three-stage model.

3. Evaluation of the Thermal Margin

The thermal margin of the 17 X17 KOFA-loaded
YGN-1 core was evaluated by using the TORC/KRB-
1 system and compared with that evaluated by the
PUMA/ERB-2 system. The following three conditions
were considered for this comparative study :

1) Overpower margin at normal operating con-

dition,

2) Allowable core operating region, and

3) Themmal margin at DNB limiting accident con-

dition.
The core thermal hydraulic design parameters requir-
ed for the thermal margin evaluation are listed in T-
able 5[20].
The closed channel code, PUMA, considers the ef-
fects of the diversion crossflow and turbulent mixing

dJ. Korean Nuclear Society, Vol. 27, No. 4, August 1995

between neighboring channels by a single engineer-
ing factor, 8a. On the other hand, the TORC code
considers these effects separately by the lateral mo-
mentum equation and the turbulent mixing par-
ameter. The effect of the inlet flow maldistribution is
inherently considered in the TORC code by reducing
the hot assembly inlet flow rate in input values while
it is modeled by an engineering factor in the PUMA
code. The radial power distribution used in the
TORC analysis is flatter, i.e. more conservative, than
that used in the PUMA analysis which is considered
by the engineering factor, fs..

The overpower margin at normal operating con-
dition is cakulated by increasing the core thermal
power until the hot subchannel minimum DNBR
reaches the safety analysis limit DNBR. The maxi-
mum power ratios at this condition were estimated
as 118% and 126% for the PUMA/ERB-2 and the
TORC/KRB-1 systems, respectively. The allowable
core operating region is bounded by the hot leg boil-
ing limit line and the DNB limit line. This is the basis
of the design of the thermal core protection system.
The role of the DNB limit line is to prevent the core
from DNB at the reactivity-induced accident condi-

Table 5. Comparison of the Core TH Parameters between the PUMA/ERB-2 and the TORC/KRB-1

Systems
- Parameter PUMA/ERB-2 TORC/KRB-1
Pressure 157.2 bar 157.2 bar
Flow rate 18.304m’/s 3365.6kg/m?/s
Tin 2915°C 291.5°C
Power/Heat flux 2775 Mth 614.8kW/m?
Core bypass flow fraction 0046 0.046
Flu 149 1.49
Turbulent mixing 64=07 TDC =0.005
Inlet fiow maldistn F&=1.03 5% inlet flow reduction
for hot assembly
Radial power distn fo =1.05 Foeak/Fassy=1.046
Axial power dist'n 1.55 chopped cosine 1.55 chopped cosine
Fuel densification factor 1.002 1.002
Cross flow factors N/A Kij=05
s/1=05

fr=00
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tions. Thus the thermal margin variations for all of
the possible operating conditions can be estimated by
comparing the allowable core operating regions
obtained from the two different CHF correlation
systems. The thermal margin for the four different
pressure levels are shown in Fig. 5. The TORC/KRB-
1 system has enlarged the allowable core operating
region by more than 8% compared with that obtain-
ed from the PUMA/ERB-2 system[21].

The complete loss of flow accident(LOFA) is one of
the most limiting accidents in the aspect of DNB.
This accident is initiated by an inadvertent trip of all
reactor coolant pumps, and it is followed by the oc-
currence of minimum DNBR at about 3 seconds
after the transient{22]. As a result of the accident
analysis, the minimum DNBR calculated by the
TORC/KRB-1 system was about 10% (about 5% in
thermal power) higher than that calculated by the
PUMA/ERB-2 system.

4. Results and Discussion

Through the comparative study of the thermal mar-
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Fig. 5. Comparison of the Allowable Core Operating
Regions
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gins for various core conditions, it was found that the
multichanne] analysis model(TORC/KRB-1) vields
more than 5% of thermal power margin compared to
the single-channel analysis model (PUMA/ERB-2).
We investigated the rationale of the thermal margin

improvement in this section.
4.1. Characteristics of the CHF Correlation

The CHF correlations used in this study were de-
veloped on the basis of the local conditions at CHF
locations calculated by the corresponding thermal hy-
draulic analysis codes. Comparing the local condi-
tions at CHF locations in test bundles, the local mass
velocities calculated by the PUMA code tumed out to
be larger than those calculated by the TORC code by
about 7% in the mean value as shown in Fig. 6, whil-
e the mean values of the local qualities were nearly
the same.

This may be attributed to the wall effect of the test
section on the subchannel velocity distribution. A fair-
ly large portion of the total pressure loss in the test
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Fig. 6. Comparison of the Local Conditions at Meas-
ured CHF Locations Predicted by the PUMA and
TORC Codes.
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bundle is due to the frictional pressure loss at the
test section wall. Thus the mass velocities at CHF loc-
ations calculated by the PUMA code are overestim-
ated since the PUMA code cannot consider the ef-
fect of diversion crossflow which tends to make the
radial flow distribution more uniform.

In general, the CHF increases with the mass vel-
ocity and decreases with the local thermodynamic
quality as shown in Fig. 7.

Heat
flux

CHF | — — — — — —

l
|
|
| |
| |
| |
L Y
Gy G, Mass velocity
Fig. 7. Characteristics of a CHF Correlation accoding
to the Predicted Local Mass Velocity
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Fig. 8. Parametric Trend of the KRB-1 and ERB-2 CHF
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If the local mass velocity cakulated by a code A(Ga)

is larger than that calculated by another code B(Gs)

at the same CHF condition, then the resulting CHF

correlation developed by the code A would underp-

redict CHF values compared with the CHF corre-

lation developed by the code B for the same local
flow conditions. This is the case of the ERB-2 and
KRB-1 CHF correlations. The parametric behavior of
these two correlations shows this trend obviously as
in Fig. 8. In the low and intermediate quality regions,
the CHF predicted by the ERB-2 correlation was low-
er than those by the KRB-1 correlation since the lo-
cal mass velocity by the PUMA code was higher than
that by the TORC code at these conditions. The tren-
d was slightly reversed in the high quality region sin-
ce the dependency of the CHF on the mass velocity
in this region was also reversed(ie., CHF decreases
with increasing mass velocity). In addition, the differ-
ence of local mass velocities predicted by PUMA and
TORC codes are not remarkable in the high quality

region.

4.2. Predictability of the Local Conditions in the
Hot Subchannel

The local conditions at the minimum DNBR lo-
cation of the YGN-1 core were analyzed for various
power levels. The local quality calculated by the
PUMA code increases with power faster than that cal-
culated by the TORC code as shown in Fig. 9. The
local boiling in the hot subchannel causes higher
pressure drop in the subchannel. This leads to the
lateral pressure difference between neighboring chan-
nels and the resulting diversion crossflow from the
hot subchannel to the neighboring channels may re-
duce the mass velocity in the hot subchannel. The
closed channel code PUMA cannot reflect the flow
redistribution effect which tends to homogenize the
radial distribution of axial flow, so the resulting mass
velocity in the hot subchannel is less than that calcul-
ated by a multichannel code. This trend becomes

more pronounced as the local quality increases.
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Fig. 9. Comparison of the Hot Subchannel Conditions
Predicted by the PUMA and TORC Codes

4.3. Rationale of the Thermal Margin Increase

According to the analysis results mentioned above,
we considered the following two effects which con-
tribute to the improvement of the thermal margin
employing the multichannel code system :

1) characteristics of the CHF correlation, and

2) local conditions predicted by the thermal hy-

draulic analysis code.
The contribution of these two effects may be chan-
ged depending on the operating conditions. Figure
10 is an example showing the portion of these two
effects on the thermal margin improvement. The
CHF values depicted in this figure were obtained at
the conditions of DNB limit line described in Section
3 at the pressure of 124.5 bar. In this figure, the
KRB1(PUMA) means the CHF values calculated by

the KRB-1 correlation using the local conditions anal-

yzed by the PUMA code, and so on. So the differ-

ence between the KRB1(PUMA) and the ERB2(PUM-

A) indicates the thermal margin change due to the

0.85
P=124.5 bar

---e---KRBI(PUMA)
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Fig. 10. Dlustration of the Components of the Thermal
Margin Improvement

effect of the characteristics of CHF correlation, while

the difference between the KRB1(PUMA) and the

KRBI1(TORC) means the change in thermal margin

due to the effect of the local conditions predicted by

the two code systems.

At the low power level as shown in the figure, the in-

let temperature should be high enough to reach the

DNB limit condition, thus the local quality at the min-
imum DNBR location is relatively high. At this high

quality region, the major part of the thermal margin

improvement is ascribed to the effect of the local con-

ditions since the hot subchannel conditions analyzed
by the PUMA code is very conservative. As the local.
quality decreases, the portion of the effect of the lo-

cal conditions decreases and shows so much as a rev-
ersed trend. In this low quality region the thermal

margin improvement is mainly due to the effect of

the CHF correlation characteristics. The change in

the effect of the CHF correlation characteristics with

respect to the local quality may be attributed to the

fact that the closed channel analysis model cannot
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properly take into account the test section wall ef-
fects. In other words, the discrepancy of the pred-
ictability of the local conditions between the two code
systems in the reactor core is inconsistent with that in
the test bundle.

5. Conclusions

In this study a multichannel thermal hydraulic anal-

wsis methodology was developed for the evaluation
of the thermal margin for the KOFA-loaded core.
The important results are as follows :

1) A new CHF correlation, KRB-1, was developed
and the correlation limit DNBR was calculated
as 1.23.

2) A one-stage core analysis model with a prescrib-
ed nodal layout was developed for the hot sub-
channel analysis.

Through the thermal margin analysis of a refer-
ence 17x17 KOFA-oaded core, we have obtained
the following results :

1) More than 5% of the thermal margin can be rec-
owred by replacing the presently used
PUMA/ERB-2 system with the TORC/KRB-1
system.

2) The thermal margin improvement is attributed
to the effects of the local conditions predicted:
by the thermal hydraulic analysis code, and to
the characteristics of the CHF correlation.
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