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Abstract

A high flow critical heat flux (CHF) correlation, based on the single- pin CHF experimental data
for finned and unfinned heated rods, was developed for the thermal-hydraulic design and safety
analysis of the Korea Multi-purpose Research Reactor {KMRR) core. The correlation consists of
dimensionless parameters such as Reynolds number, thermodynamic equilibrium quality, liquid-to-
vapor density ratio, and hydraulic equivalent diameter ratio. The fin effect was taken into account in
the correlation by a finned-to-unfinned heated perimeter ratio. The effects of a cold wall and non-
uniform axial power distribution were discussed to verify the applicability of the single-pin based
correlation to the KMRR fuel bundle. The correlation limit departure from nucleate boiling ratio
(DNBR) was determined as 1.44 from the statistical analysis of the CHF data.
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1. Introduction due to the inordinately deteriorated heat transfer

characteristics caused by a small increase in surface

The CHF is generally defined as the maximum heat flux or inlet coolant temperature or a small de-
heat flux from the heated surface which usually crease in inlet mass flow. The occurrence of CHF on
causes a temperature excursion of the heated surface the nudlear fuel rod surface causes a sudden rise in
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fuel cladding temperature which may result in its
damage. Thus, whether CHF occurs or not is a very
important factor to be confirmed in connection with
the integrity of nuclear fuels.

The DNB design criterion as one of the thermal-
hydraulic design bases for the KMRR is that the
probability that DNB will not occur in the reactor
core during Condition I and Il events, i. e., normal
operation, operational transients, and any transient
conditions arising from faults of moderate frequency,
should be greater than or equal to 95% with a 95%
confidence level. To meet this design criterion, the
minimum DNBR in the reactor core calculated by
the CHF cormrelation developed on the basis of CHF
experimental data should always be greater than the
correlation limit DNBR during normal operation and
transient conditions. Here, the comelation limit
DNBR is determined in such a way that if the mini-
mum DNBR calculated in the reactor core is greater
than this correlation limit DNBR, the probability of
CHF occurrence at the limiting rod is less than 5%
with a 95% confidence level.

The KMRR is designed as an open-chimney-in-
pool type to give an easy access to the reactor core
for experiments. It is also designed to have a com-
pact core and high power density to obtain high
neutron flux for efficient experiments, and the 8
longitudinal rectangular fins are attached to the fuel
cladding for efficient cooling at high heat flux
conditions. Hence, the KMRR is operated under the
conditions of low coolant temperature, high coolant
velocity, and low pressure. [1] In addition to these
operating conditions, the finned fuel rod is the
KMRR’s unique feature and is much different from
the unfinned fuel rod in the heat transfer
characteristics including CHF. Although many efforts
have been dewoted to the CHF phenomenon, it has
not been clarified analtically vet even for simple ver-
tical round tubes. Thus, the empirical correlations
based on experimental data are mostly used in the
complex geometries such as a reactor core. The em-
pirical CHF correlation is usually accurate and simple
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to use but applicable only to the restricted ranges of
parameters which are dependent on experimental
data base. Furthermore, the use of CHF correlation
relies on the characteristics of the thermal-hydraulic
analysis code used in the calculation of local
conditions at CHF locations. There is no available
empirical CHF correlation which is applicable to the
KMRR core conditions associated with the
COBRA/KMRR subchannel analysis code. Therefore,
it is necessary to develop a new CHF correlation
which can be applied to the KMRR's unique
operating conditions.

Accordingly, a CHF correlation applicable to the
KMRR core design was developed on the basis of
the results of the single-pin CHF experiments. The
applicability of the present CHF correlation to the
KMRR fuel bundle was examined and the correlation
limit DNBR was evaluated with the mean and stan-
dard deviation of the measured-to-predicted CHF
ratio (M/P).

2. Experiments

The single-pin CHF data for the KMRR fuel[2, 3]
and for the aluminum rod[4] were employed in the
development of the CHF correlation. The schematic
diagram of the experimental apparatus of the Atomic
Energy of Canada Limited-Whiteshell Nuclear Re-
search Establishment (AECL-WNRE)[2, 3] for the
KMRR fuel single-pin CHF test at high flow
conditions is shown in Fig. 1. It consists of a pump, a
heated test section, a power supply system, a surge
tank, two heat exchangers, and connecting piping.
The pump is mounted with a variable-speed motor
to obtain various flows. The annular test section
consists of a transparent glass tube of 17mm or 24
mm inside diameter to permit visual observations of
boiling phenomena, and an indirectly heated rod of
0.6m length with 8 longitudinal fins. The heated rod
is made of a thin-walled stainless steel tube clad with
aluminum sheath as the actual KMRR fuel cladding.
The heated rod and glass tube were chosen to have
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the same hydraulic equivalent diameter as that of the
actual KMRR fuel bundle. The structure and
dimensions of the heated rod are shown in Fig. 1. In
the case of the unfinned heated rod being used, the
stainless steel tube of 635mm outside diameter
without aluminum cladding was used.

The experiments were conducted under the
conditions described in Table 1. The test section
having the finned heated rod with a hydraulic
equivalent diameter of 7.24mm had a cosine-
shaped non-uniform heat flux distribution. The CHF
values for the finned heated rod were obtained by
dividing the measured values of power by the heat
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Fig. 1. Schematic Diagram of the AECL-WNRE Exper-
imental Apparatus and Structure of Finned
Heated Rod

transfer area without fins.

This is because the CHF values calculated in this
way are very similar to the results obtained by the
two-dimensional calculation of the heat transfer
phenomena considering the fin. [3] The local fluid
temperature at the position of CHF occurrence was
calculated from the energy balance by integrating the
heat produced in the heated rod to the point of
CHF occurrence. Although the data from the
Savannah River Laboratory and the Columbia Uni-
versity (SRL-CU)[4] were obtained under the con-
dition of downflow, these experimental data could be
included in the upflow CHF data base since the
buovancy effect is negligible at high flow conditions.

3. Dewelopment of the CHF Correlation for the
KMRR at High Flow Conditions

3.1. Procedure for the Development of the CHF
Correlation

The CHF correlation for thermal-hydraulic design
and safety analysis should be developed from the
CHF experimental data obtained by using the
simulated fuel assembly which has the same geo-
metrical shape as that of the actual fuel assembly, or
the shape that can be substituted for it. Prior to
developing a new CHF correlation, several existing
CHF correlations[3—7] for annular geometry were
examined by comparison with CHF experimental
data for the KMRR. Figs. 2 and 3 show M/P
predicted by each correlation plotted against mass
velocity for the finned and unfinned heated rods, re-
spectively.

As shown in Fig. 2, it can be seen that each corre-
lation does not predict well the experimental results
for the finned heated rod. For the unfinned heated
rod, the prediction by Knoebel’s correlation is com-
paratively good, but not for the finned heated rod.
Shim’s correlation predicts the experimental data
comparatively well except for the region of very high
flow, but has a weak point in its form in that the
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Table 1. CHF Test Conditions
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Coolant Coolant Pressure Heat Flux
Velocity Temperature
(m/s) (°C) (kPa) (MW/m?)
AECL -WNRE[2, 3]
—Finned Heater
De=7.24mm 1.00~593 6161083 106~354 262~10.29
De =13.63mm 1.09~4.56 552~100.8 190~230 499~1275
—Unfinned Heater
De =10.65mm 098~521 47.1~799 122~241 342~10.28
SRL.-CUI4]
—Unfinned Heater
De=7.82mm 456~13.74 95.2~1340 446 472~16.11
De=820mm 454~9.19 100.2~130.2 446 7.10~1054

predicted CHF approaches zero as the coolant con-
dition becomes saturated. Therefore, it is necessary
to develop a new CHF correlation based on the ex-
perimental data obtained under the operating
conditions of the KMRR.

" The procedure for the development of the CHF
correlation which will be applied to the KMRR is
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Fig. 2. M/Ps for Finned Heated Rod Predicted by
Existing CHF Correlations vs. Mass Velocity

shown in Fig. 4. As presented in the figure, a CHF
correlation for the unfinned heated rod was devel-
oped first, and then the fin effect was taken into ac-
count later by introducing a modeling parameter of
the fin. To apply the CHF correlation developed in
this way to the thermal-hydraulic design and safety
analysis of the KMRR, the effects of the difference
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Fig. 3. M/Ps for Unfinned Heated Rod Predicted by
Existing CHF Correlations vs. Mass Velocity
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Fig. 4. Procedure for Development of CHF Correlation
for the KMRR at High Flow Conditions

between the annulus and the rod bundle in ge-
ometry, especially, a cold wall, and non-uniform axial
power distribution on CHF should be considered.

3.2. CHF Correlation Based on the Experimental
Data for the Unfinned Heated Rod

It was made clear through a large number of
experiments and theoretical analyses that the CHF is
the function of the various parameters such as press-
ure, mass velocity, quality, and geometry, etc. The ef-
fects of these parameters on CHF were studied by
many investigators. [8—11] As the major indepen-
dent variables determining CHF, pressure, hydraulic
equivalent diameter, thermodynamic equilibrium
quality, mass velocity, liquid-to-vapor viscosity ratio,
and liquid-to-vapor density ratio were selected. From
these variables, the dimensionless parameters to form
the CHF correlation were determined by surveying
the various literatures[8—13] as Reynolds number,
thermodynamic equilibrium quality, liquid-to-vapor
density ratio, and hydraulic equivalent diameter ratio.
The CHF correlation represented as the following

Eq. (1) was determined from the experimental data
for the unfinned heated rod by multiple linear re-
gression analysis using the International Mathematical
and Statistics Library (IMSL)[14].

qour = 181722X107? Re™674 (1-1,)7®12

1
(oufog) 5% gpy T, (1)

In this correlation, the thermodynamic properties are
calculated at saturated conditions, and the units of
CHF and hydraulic equivalent diameter are MW/m?
and mm, respectively.

The M/P predicted by Eq. (1) is plotted against
mass velocity in Fig. 5. As shown in the figure, the
CHF correlation predicts the experimental data for
the unfinned heated rod within the error range of
20%.

3.3. CHF Correlation Considering the Fin Effect

As shown in Fig. 5, the experimental results for the
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finned heated rod are mostly distributed above the
line of +20%, and this means that the CHF corre-
lation of Eq. (1) generally underpredicts the CHF
values for the finned heated rod. The enhancement
of CHF due to the existence of the fin was modeled
by using a finned-to-unfinned heated perimeter ratio
as the following Eq. (2) :

qar = 1B1722x10? Re®7® (1-1,)"™2
+ 08
(or/og) ™™ 8/D) T (Pupw®, (2)

where

P = heated perimeter with fins,

P = heated perimeter without fins.

The parametric ranges of the experimental data
for the finned and unfinned heated rods are as

follows :

Re :28057~576360,
Xe : —0.13~—0.03,
p/ps :3834~15365,
De{mm) :7.24~13.63.
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The parametric trends of M/P predicted by Eq. (2)
are shown in Figs. 6 through 8 for mass velocity,
thermodynamic equilibrium quality, and liquid-to-
vapor density ratio, respectively. As shown in the
figures, the CHF correlation of Eq. (2) predicts the
experimental results well within the error range of
20%.
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4. Results and Discussion
4.1. Effect of a Cold Wall

It is found that the differences in CHF behavior
between a uniformly heated single channel and a
non-uniformly heated rod bundle can be attributed
10;{a) boundary of unheated wall, (b} shape of axial
and radial power profile, {c} flow mixing between
neighboring subchannels, and (d} geometry of spacer
grid and mixing vane. The effects of radial power
distribution and flow mixing can be appropriately
reflected in the calculaion of CHF through
subchannel analysis.

The CHF with a cold wall is normally less than
that without a cold wall under the same thermal-hy-
draulic conditions. As one of the existing studies on
the effect of a cold wall, Tong{15] obtained the cold
wall factor from the CHF experimental data for the
round tube and the annulus, and applied it to the
prediction of CHF in the fuel assemblies. Tong’s cold
vall factor is generally less than 1, but this factor is
inadequate to apply to the KMRR since it was
obtained in the high pressure conditions ranged from
689 to 158.6bar. On the other hand, Mishima, et al.
[16] evaluated the effect of a cold wall under the
conditions of very low pressure and low flow, and
they proposed the relationship between the critical
guality in the presence of a cold wall, X, and that in
the round tube, X, as follows:

Yoo = XerlPn/Pu)

where Pn and P represent heated perimeter and
wetted perimeter, respectively. As shown in the above
equation, the presence of a cold wall reduces the
critical quality compared with that in the round tube,
and decreases CHF.

Since the KMRR is aperated under the conditions
of low pressure and high flow, the above-mentioned
correction factors for a cold wall cannot be applied
to the KMRR. Also, the CHF experimental data for
the conditions of the KMRR are insufficient to quan-

tify this comection factor. Therefore, qualitative
evaluations were made to confirm the conservatism
of the application of the present CHF correlation to
the KMRR fuel bundle,

The annulus CHF experimental data obtained
under the conditions similar to the conditions of the
KMRR were predicted by the CHF correlations for
the round tube and for the fuel bundle in the ab-
sence of a cold wall. If the effect of a cold wall exists,
the predicted CHF will be greater than the measured
one., To compare the predicted with the measured,
the annulus CHF experimental data were obtained
from Becker{17] and Knoebell4), and EPRI~-1 cor-
relation{18] for the fuel bundle and Katto’s corre-
lation(5] for the round tube were chosen. From data
analysis with the assumption that the effect of a cold
wall is independent of the materials used in the fin
or the heated rod, the existence of a cald wall
decreases the CHF for the conditions of low pressure
and high flow, and the measured CHF is less than

the predicted one by 20~40%.

Furthermore, the CHF experimental data for the
round tube and the annulus obtained under the
similar conditions were directly compared. The CHF
data for the round tube were obtained from the
Korea Advanced Institute of Science and Technology
(KAIST) data banki19], and the annulus CHF data
were obtained from the experimental data of Becker
[17]. The characteristics of the two compared exper-
imental data group are as follows:

Annulus  Round Tube
Heated Length{m) 0.61 0.6
L/D. 81 60
Pressure{bar) 155—~206 101~165
Mass Velocitytkg/m?-s) 406~483  417~490
Inlet Subcooling(kd/kg) 525~644  518—642

As a result of the comparison of the two exper-
imental data group, the CHF for the round tube is
greater than that for the annulus by about 10%.

By evaluating the effect of a cold wall as above,
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the conservatism of the present CHF analysis
method of the KMRR core was confirmed. For the
present, these cannot be quantified due to the insuf-
ficiency in experimental data, but, if the experimental
data are obtained later, these can be quantified and
used for increasing the thermal margin.

4.2. Effect of Non-Uniform Axial Power Distri-

bution

As in the case of the KMRR, most CHF
correlations are developed from the experimental
data obtained under the condition of uniform axial
power distribution. However, the axial power distri-
bution in the actual reactor core is not uniform.
There are various interpretations as to the effect of
axial power distribution on CHF, and, among them,
Tong’s correction methodology by the F-factor{20] is
most generally used. According to Tong’s interpret-
ation, the CHF mechanism in a subcooled state is
influenced by the upstream power distribution, and
this is due to the effect of the bubble layer existing
on the heated surface. That is, the occurrence of
CHF is caused by the crowded and thickened bubble
layer on the heated surface which prevents the cool-
ant from coming into contact with the heated sur-
face, when the crowdedness of the bubble layer on

the heated surface is influenced by the upstream
power distribution. It is found that the effect is not
significant in the low-quality region while it becomes
more important as the quality becomes higher. Since
the KMRR core is always kept in a subcooled state,
the effect of non-uniform axial power distribution will
not be significant.

The five data with cosine-shaped axial power dis-
tribution are included in the annulus CHF exper-
imental data for the KMRR fuels. Using the CHF
correlation developed for uniform axial power distri-
bution, these five CHF experimental data were
analyzed. The result shows the sample mean of M/P
as 1.32 and the sample standard deviation as 33%.
Fig. 9 compares the performance of the present
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CHF comrelation for non-uniform axial power distri-
bution with that for uniform distribution, and it can
be seen that most of the predicted CHF values for
non-uniform distribution are lower than the
measured ones as compared with those for uniform
distribution.

Tong’s F-factor cannot be applied to the analysis
of the KMRR core since its applicable range is re-
stricted to comparatively high pressure conditions. As
a result of applying the existing F-factor to the
KMRR fuels having non-uniform distribution, the
predicted CHF had
conditions such as the case of the KMRR, the appro-

less wvalues. In particular
priate method to correct non-uniform axial power
distribution has not been developed vet. However,
since the present CHF correlation, on the whole,
conservatively predicts the CHF for non-uniform
axial power distribution as shown in Fig. 9, it is con-
sidered that the present CHF correlation can be ap-
plied conservatively to the analysis of the KMRR

core.
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4.3. Determination of the CHF Correlation Limit
DNBR

To prevent CHF from occurring in the reactor
core, the actual heat flux from the fuel rod surface
should be less than the measured CHF. That is, CHF
does not occur if the minimum DNBR in the reactor
core satisfies the following inequality:

DNER = —qﬁff- > (—‘lqﬂ- ” (3)
qcey
where,
q" ar, M =measured CHF,
q” ar.p=predicted CHF,

q"a  =actual heat flux

Due to the uncertainties related to the CHF pre-
diction model and measurement, the right hand side
of the inequality is expressed by the statistical
method rather than the deterministic one. If the dis-
tribution of M/P is a nommal distribution, the mini-
mum DNBR where the probatility of CHF occur-
rence is 5% with a 95% confidence level can be
expressed as which is called the correlation limit
DNBR. The normality of the M/P distribution was
checked using the W-test{21] which is applicable to
small-sized sample. As the result with a 1% signifi-
cance level, the distribution of M/P can be treated as
a nomnal distribution. For a properly determined cor-
relation, the mean of the residual, i. e., the measured
value minus the predicted one, is close to zero and
the distribution is normal. Applying the t-test for the
mean, the hypothesis that the mean equals zero is
accepted with a 5% significance level. Also, from the
W-test, the distribution of the residual can be treated
as a nomnal distribution with a 5% significance level.

The correlation limit DNBR for the KMRR fuels
was determined, based on the CHF data for the
finned heated rod, as follows:

Number of Data =22
Mean of M/P, X =1.00279
Standard Deviation of M/P =0.13117

One-Sided Tolerance Limit Factor{22], Kes/s

=2.349
Correlation Limit DNBR =144
5. Conclusion

The KMRR core is different from the conventional
PWR core due to the finned fuel rod with aluminum
cladding and the operating conditions of low press-
ure, low coolant temperature, and high coolant vel-
ocity. A high flow CHF correlation applicable to the
KMRR core was developed on the basis of the single
-pin CHF experimental data for the finned and
unfinned aluminum heated rods. The basic form of
the CHF comelation consists of dimensionless
parameters such as Reynolds number, thermodyn-
amic equilibrium quality, liquid-to-vapor density
ratio, and hydraulic equivalent diameter ratio. The fin
effect was taken into account in the correlation using
a finned-to-unfinned heated perimeter ratio. The ef-
fects of a cold wall and non-uniform axial power dis-
tribution were discussed to verify the applicability of
the single-pin based correlation to the KMRR fuel
bundle. Though these effects were not quantified
due to lack of data, qualitative analysis showed that
the present CHF correlaton could be applied
conservatively to the analysis of the KMRR. The de-
veloped CHF correlation limit DNBR, based on a
95% confidence level and a 95% probability, was
evaluated as 144 for the finned heated rod CHF
data.
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