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Abstract

The CHF in PWR rod bundles is usually predicted by the local flow correlation approach
based on subchannel analysis while difficulty exists due to the existence of spacer grids
especially with mixing vanes. In order to evaluate the effect of spacer grids on CHF, the
experimental rod bundle data with various types of spacer grids were analyzed using the
subchannel code, COBRA-IV-i. For the plain grid data, a CHF correlation was described as a
function of local flow conditions and heated length, and then the residuals of the CHF in mixing
vaned grids predicted by the correlation were examined in various kinds of grids. In order to
compensate for the residual, three parameters, distances between grids and from the last grid to
the CHF site, and equivalent hydraulic diameter were introduced into a grid parameter function
representing the remaining effect of spacer grids except mixing. The present CHF correlation
for plain grids predicted most of the CHF data points in plain grids within 20 percent error
band. Good agreement with the CHF data was also shown when the grid parameter function
for mixing vaned grids of a specific design was used to compensate for the residuals of the CHF
data predicted by the correlation.

Key Words : CHF, spacer grids, mixing, local flow condition, PWR, rod bundle, subchannel
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1. Introduction departure from nucleate boiling

(DNB)

A recognized operating limit on pressurized
water reactors (PWRs) is the abrupt and dramatic
degradation in heat transfer characterized by the
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phenomenon. DNB causes the replacement of the
liquid by the vapor adjacent to the heated surface.
The vapor blanket acts as a barrier to heat flow

from a heated rod, resulting in a very sharp
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increase of the fuel rod surface temperature
involving a possible deterioration of the cladding
material. Therefore, a reliable prediction of the
critical heat flux (CHF), which is defined as the
maximum heat flux just before DNB, is of
importance in the design and safety analysis of
PWRs.

Of the approaches in predicting the CHF at the
PWR operating conditions, the most preferred is
the local flow correlation approach, where the
empirical CHF correlation is applied to local flow
conditions [1}. In order to obtain local flow
conditions which are usually determined at the
scale of a subchannel surrounded by 3 or 4 rods, a
procedure described as “subchannel analysis” is
generally used with help of the computer code
implementing the procedure [2]. When
determining the local flow conditions, the fine
structures of enthalpy and mass velocity
distribution within the individual control volumes
are ignored. The interactions between the
individual subchannels, which during computation
are assumed to act as independent parallel
channels, are taken into consideration by an
appropriate mixing correlation with empirically
determined constants.

There are two difficulties that lie in applying the
subchannel analysis to PWR rod bundles due to
the presence of spacer grids. The first is that the
spacer grids increase flow resistance and
turbulence which in turn promote mixing, thus
reducing any flow and enthalpy imbalance
between subchannels. Second, secondary flow
vortices can be significantly developed by the
spacer grids with mixing vanes, whose
development enhances the agitation of the bubble
layer on the rods, thus leading to a decrease in
bubble layer thickness. In subchannel analysis, the
former is often quantified by a mixing coefficient
and incorporated in the local flow conditions
predicted by the subchannel code, and the latter is

directly taken into consideration by the correlation
itself throughout evaluation of the CHF data. This
approach is practically useful for obtaining an
accurate correlation as long as used within
applicable range of the correlation. In addition, an
attention is drawn on the case where the latter
effect becomes important to enhance DNB
performance, resultantly the CHF prediction
deviating significantly from the local condition
hypothesis {3}. In this case, other geometric
parameters in addition to local parameters are
often introduced into the correlation itself, based
on experimental observations. However, without
enough experimental CHF data to identify the
CHF dependency on the parameters, the incorrect
correlation form, whose fallacy is concealed during
correlation development, can be used to evaluate
the PWR thermal margin.

This study is intended to present how the effects
of spacer grids can be handled in determining the
empirical CHF correlation for PWR rod bundles
and to emphasize the importance of the
correlation form in evaluating the thermal margin.
By means of a literature survey, a correlation
form, where the effect of local parameters and the
remaining effect of spacer grids except mixing are
decoupled, is proposed. The CHF correlation for
plain grids is developed and used to evaluate the
residuals of the CHF in mixing vaned grids
predicted by the correlation. Application to the
CHF data in mixing vaned grids of a specific
design is also presented. Lastly, discussions are
made on implication of different correlation forms
in evaluating the thermal margin and on
applicability of the proposed approach.

2. Review of Literature
There have been several attempts to indicate

how the effect of spacer grids can be handled
when applying the round tube CHF prediction



Effect of Spacer Grids on CHF at PWR Operating Conditions --- S.H. Ahn and G.D. Jeun 285

techniques to the rod bundles. Tong [5] applied his
single-channel DNB correlation, W-3, to the
prediction of CHF data obtained from rod bundles
at low qualities, based on the premise that thermal
hydraulic behavior in any one subchannel within a
rod bundle is similar to that in a round tube. With
other corrections such as cold wall and heat flux
distribution effects, he found it necessary to
multiply the W-3 predictions by a grid factor, F,,
which depends on the local mass velocity and
thermal diffusion coefficient (TDC). In the
evaluation it was implied that rod bundles with
simple or plain grids {(no mixing vanes) would not
require use of the grid factor.

Extending Tong’s study, Rosal, et. al. [6]
investigated the effect on DNB from geometry of
spacer grids (mixing vane or non-mixing vane) and
axial grid spacing along the rod. It was noted that
the mean of the measured-to-predicted CHF ratio
for the shorter grid span DNB data was higher
than that of the longer grid span data and the
mixing vane gave a higher mean, even with the
higher mixing coefficients. He also reported that
the inner edge of any mixing vane is located very
close to the heated rod and it peels off the bubbly
layer, which shields the rod from being cooled by
the main streamed liquid.

Other studies have also shown that DNB
performance is typically better in mixing vaned
grids than in plain grids and is improved as the
distance between grids shortens [7,8]. These
observations are also made in examination of the
correlations, which have been directly developed
from the CHF data in rod bundles. Typical of
these correlations is the WRB-1 correlation which
has been developed by F.E. Motley, et al. [9]. The
correlation is said to provide an appreciably better
fit of the CHF data in Westinghouse rod bundles
with mixing vaned grids but the detailed form and
coefficients of the correlation were not published
for proprietary reason. H.B. Giap, et al. {10] also

developed a correlation named as TUE-1 for the
same types of Westinghouse rod bundles. Distance
between grids, is involved in the correlation as one
of independent parameters, in such a way that the
CHF increases as it shortens. However, a
quantitative effect of mixing vaned grids is not
investigated in the correlation. Differently from
these correlations, the CE-1 correlation, which has
been developed by F.D. Lawrence [11]}, fit the
CHF data for Combustion Engineering rod
bundles with its standard spacer grids (without
mixing vanes). Only the local flow conditions were
taken into account in the correlation without use
of any other parameters, such as heated length
and distance between grids, etc.

Meanwhile, it has been reported [12,13] that the
theoretical CHF prediction in round tubes could be
successfully applied to that in rod bundles.
Because they could not take into account the
complex effects of the mixing vaned grids on the
local fluid dynamics within the subchannel, the
application was restricted to the plain grid data.
Application of the theoretical models to the mixing
vaned grid data would require a correction, as Lin,
et al. [14] introduced a grid factor, for correlating
mixing vaned grid data. Many facts about local
flow phenomena within a subchannel are not yet
satisfactorily understood. However, recent studies
on turbulent flow behavior in a rod bundle provide
some implications on the local fluid dynamics
within a subchannel. Rehme [15] has made
extensive review on secondary flows in rod
bundles. From examination of many other
experimental observations, he concluded that
secondary flows do not contribute significantly to
the mixing between subchannels of rod bundles
since the secondary flow vortices are expected to
move within the elementary cells of the
subchannel. He also remarked that the main
reason for the turbulent mixing between

subchannels is due to periodical flow pulsation
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between subchannels, not secondary flows.

In relation to the secondary flow behavior in a
rod bundle, there was a noticeable indication of de
Crecy [16] on the effect of mixing vaned grids. He
split the total effect of spacer grids into a mixing
effect and an intrinsic effect, when analyzing the
effect of the mixing vanes on the CHF. The
terminology, “intrinsic” is understood as “not
quantified by subchannel analysis due to its
intrinsic problem”. He also concluded from
analysis of his experimental results that the
intrinsic effect may be either positive {benefits with
mixing vanes) or negative (benefits without mixing
vanes) and depends a great deal on the thermal
hydraulic parameters such as pressure and mass
velocity.

3. Rod Bundle CHF Data Analysis
3.1. Representation of Correlation form

A rod bundle CHF correlation is formulated by
investigating the parametric effects on the CHF
and then two groups of parameters are identified.
One group of parameters is calculated by the
subchannel code, for which the CHF is often
expressed by the correlation with the form

q;,l =f(P’Gloc3Zloc;De)’ (1)

where D, often specifies the boundary where the
local condition hypothesis is valid. The heated
length, Ly is additionally taken into account in
some cases. The other group is introduced to
compensate for the remaining effects, which are
not quantified by subchannel analysis. The
remaining effects involve cold wall, heat flux
distribution, and spacer grid effects [17]. So far as
the spacer grid effect is concerned, the CHF effect
is dependent largely on the degree that a grid
design contributes to improvement of secondary

flow vortices. If they are improved, stronger
hydrodynamic force will act on the bubbly layer
near the hot rod, retarding the bubble coalescence
from reaching a critical point where CHF occurs.
In a usual grid configuration, longer distance
between grids is less effective for improvement of
secondary flow vortices than shorter because most
of them will be merged into the main streamed
flow before reaching the next grid. It is similar in
case of distance from the last grid to the CHF site.
Another consideration is the subchannel size,
specified by D., from intuitive reasoning that the
larger D. goes, the weaker hydrodynamic force
will act on the bubbly layer near the rod even for
the same distances between grids and from the last
grid to the CHF site. Then, the CHF effect
induced by spacer grids can be represented by a
grid parameter function with the form

952 = 8(dg_;,dy . D) 2)

where ¢ designates the design character of spacer
grids, which may be represented by the presence
of mixing vanes, and their position, dimension,
shape and inclination at the upper part of the
spacer girds. There can be dependency of the heat
flux, q",2 on the thermal hydraulic parameters,
which is not taken into account here for simplicity.

The intent to decouple the two CHF effects in a
correlation form, e.g., effects represented by local
and grid parameter functions, is to quantify more
explicitly the remaining effect of spacer grids
except mixing. The remaining portion, which the
CHF is not described by one heat flux, q”,1, will
be taken charge of by the other heat flux, q",2 by
the residual & defined as

d=q,-q;, (3)

This decoupling is similar to the use of a grid
factor in applying the round tube CHF prediction
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Table 1. Characteristics of Selected Test Sections

Rod Arrangement

Equivalent hydraulic diameter (De)
Rod diameter (DR}

Distance between grids (dg)

Rod to wall gap

Heated length (Ly)

Grid type

Axial heat flux distribution

5 x5 rod arrays with matrix subchannels

21 rods with one large unheated rod

4 x 4 rod arrays with matrix subchannels*

1.178 to 1.354 cm

0.914t0 1.118 cm

30.48 to 66.04 cm

0.249 to 0.508 cm

1.83t03.81m

plain or mixing vane grids with C;=0.635 to 1.820
uniform {and non-uniform)

* test section of mixing vaned grids and non-uniform axial heat flux distribution

Table 2. Major input options of COBRA-IV-i

Input correlation options

Value or Correlation

Subcooled void

Bulk void fraction
Two-phase friction multiplier
Turbulent mixing correlation
Single-phase friction factor
Cross flow resistance factor
Cross flow momentum factor

Levy model

Modified Armand correlation
Armand correlation

Wu =P5Giec

§=0.184Re®?

0.5

0.5
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technique to rod bundles, but more advantageous
for precisely evaluating the parametric effects of
dy, and dg. over the entire parameter range.

3.2. Data Selection and Subchannel
Modeling

Data is available for analysis of the rod bundle
CHF, which is compiled of extensive data of the
CHF tests carried out at Columbia University [18].
Only the limited number of the data has been
selected at the test bundles whose conditions are
representative of the PWR operating conditions.
Each test bundle is basically composed of a 5x5
rod array or its equivalent with uniform axial heat
flux distribution. The CHF data at the test bundles
with 4x4 rod arrays are also available but used
only when the CHF data of 5x5 rod array are

deficient as seen in case of the mixing vane grid

data. Characteristics of the selected test sections
are described in table 1.

Multiple CHF indications were observed in most
of the selected data. Only the first CHF indication
except on peripheral rods is used for the
henceforth CHF data analysis, e.g., the measured
local heat flux at the experimental location of the
first CHF indication is compared with the
predicted CHF calculated using local conditions
from subchannel analysis. Additionally, for CHF
indications on interior heater rods with single
thermocouple instrumentation, it is assumed that
CHEF initiates in the matrix subchannel with the
highest predicted local quality at the CHF site.

A thermal-hydraulic subchannel analysis code,
COBRA-IV-i is used to obtain the local flow
conditions at the measured CHF site. The major
input options of the computer code chosen for
this study are summarized in table 2. Although
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Table 3. W-3 Prediction Results for Selected Data in Its Applicable Range

Cg dg-g, cm no. of data -q'"T":—-q—"ﬁ. % X({R) S(R)
0.635 394 32 -11.8 0.91 0.126
0.700 381 47 320 1.51 0.275
0.815 36.3t0 46.5 294 9.2 0.94 0.183
1.018 36.3t0 44.2 46 -10.1 0.95 0.249

various input options provided by this computer
code generally rely on the test conditions, no
other options but turbulent mixing have
significant effects on determination of local flow
conditions in PWR operating conditions [19].
The value of a mixing coefficient, 8 (often called
mixing Stanton number) used in the turbulent
mixing correlation varies as flow boiling regions
as well as grid designs. Because of deficiency of
reliable experimental values for the two-phase
flow representative for a CHF condition, the
single-phase mixing coefficient is usually used. In
this study, the value of 8, 0.02 was used for plain
grids and 0.06 for mixing vaned grids. The
effect of f on the CHF prediction is discussed in
4.23.

3.3. Determination of Correlation for Plain
Grids

In advance of determining the correlation for
plain grids, it is necessary to select the test
sections where thermal hydraulic behavior in any
one subchannel is the most similar to that in a
round tube. A well known round tube correlation,
the W-3 correlation [5] was used to calculate the
ratio R, which is defined as

R={n @
7,

If the mean of R, -}.(_(R) becomes close to unity in a
test bundle with plain grids by using W-3, it is

presumed that an appropriate form of the local
parameter function of eq.{1) will provide a good fit
of the CHF data in the test bundle. Only the data
where the CHF initiated in the matrix subchannel
(without cold wall) was used to calculate the ratio
R. Table 3 shows that the CHF tends to be a little
over-predicted by W-3 except that with C,=0.700
(TS 405). Considering that TS 405 has smaller
rod-to-wall gap spacing and experiences higher
CHF values compared to those with other plain
grids, the CHF data can be dismissed from this
CHF analysis. The CHF data of C;=0.815 and
C,=1.108 were selected for determination of the
correlation for plain grids, because the number of
data points are relatively abundant and the means
of the ratio R are closest to unity. A form of the
local parameter function depends on the
experimental observation of the relationship
between the CHF and the independent
parameters. For simplicity the local condition form
of the generalized EPRI-1 correlation {21] was
used:

f=(A’_onc)/C” (5)

where A’ and C are the unspecified functions
dependent on P, G, and D.. The functional
forms of A” and C' were also assumed to be the
same as those used in EPRI-1, which were
originally proposed by Macbeth [22]. A regression
analysis is usually employed to obtain the
coefficients of the function that correlate the
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Table 4. One-way Analysis of Variance for Local Parameter Function Without Heated Length
Test sections No. of SR SR t-value F-value
data ) R) from t-test from F-test
TS 21.0,36.1,48.0,52.0 270 1.023 0.0841
TS 38.0, 47.0 111 0.955 0.0915 6.942 48.191
Table 5. Optimized Coefficients of Local . CH;= data in plain g'n'ds ’
Parameter Function and Its Applicable a1 f . |
Range 8 <
Coefficients Values Coefficients Values € ' v ‘
& 2 20’} IRl T .
a; 0.45949 a7 -0.19853 - ‘_'_“ -:-
a 008152 2 0.12945 5 M
as 1.33586x 10* a -0.32506 2 ol L ]
as 0.89475 alO 0.30715 E 50
as .0.59533 a 0.52161 '
Regression range for each parameters % P e e

Pressure 9.6t016.6 MPa,

Local mass velocity 1.22x10%t0 5.42x10° kg/m® sec
Local quality 011002

Heated length 213t03.81m

Statistics of the ratio R

Test sections No. of data XR) S(R)
Total 381 1.002 0.0856
21.0 42 1.018 0.0992
36.1 79 0.990 0.0802
38.0 43 1.019 0.0840
47.0 68 0.971 0.0932
48.0 80 1.036 0.0826
52.0 59 0.978 0.0587

independent and dependent parameters [23]. The
correlation, which was determined through the
regression analysis, was used to calculate the ratio
R for each CHF data which was rearranged for
subsets of the CHF data with different heated
lengths and/or grid loss coefficients. As shown in
table 4, the results of the F and t-tests [24] indicate
that there is a statistically dependence on the
heated length. After extensive trial and error
fitting, it was concluded that a parameter, heated
length should be considered additionally to the
power function of G for A" and C’'. Then the

Measured CHF, kW/m*sec

Fig. 1. Measured Versus Predicted CHF for the
Plain Grid Data Using Local Parameter
Function

correlation for plain grids is expressed by the
following local parameter function:

Bar 5 as+arPeagl,
_ alPr Gloc ~ Xoc

Dt dsraghrapl
a, P Gy

6)

where ay, gz, *-+ ayg correlation coefficients and the
hyphens represent conversions of the SI units to
the British units, which were used for regression
analysis, e.g., P,=P./0.006894, G../1356.23,
L, = L./0.0254. Table 5 summarizes the result of
the regression analysis which has been used to
obtain the values of coefficients, a;, az, +--aiq.
Statistics for the ratio R in this table demonstrate
that the correlation represented by the local
parameter function of eq. (6) provides good
prediction of the CHF in plain grids without biased
prediction to any particular data groups.
Comparison of the predicted and measured CHF
values is presented in fig. 1. As can be seen, most
of the data points fall within 20 percent error
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Fig. 2. Variation with Local Thermodynamic
Quality of Ratio R Using Local Parameter

Function
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Local mass velocity, kg/m’sec

Fig. 3. Variation with Local Mass Velocity of
Ratio R Using Local Parameter Function

band. The performance of the correlation on the
variation of local parameters was also investigated,
and no significant bias was found, as seen in
figures 2-4.

3.4. Evaluation of Grid Effect on the CHF

The relative effect of mixing vaned grids against
plain grids can be evaluated by investigating the
residual of the CHF in mixing vaned grids
predicted by eq.(6). The CHF data in mixing vaned

% 1.0 1

TR N
wonipns: »
e
. e e o

0.5 T T
10 15

System pressure, MPa

Fig. 4. Variation with System Pressure of Ratio R
Using Local Parameter Function

grids were selected from test sections of C;=1.250
(TS 157, 160, and 163), C,;=1.484 (TS 31 and
34) and C,=1.820 (TS 140 and 141). The CHF in
mixing vaned grids of C,=1.820 (TS 140 and
141) was measured at test bundles of 4 x4 rod
arrays with non-uniform axial heat flux
distributions. The CHF locations of the test bundle
were measured by 6 thermocouples positioned at
the upstream of spacer grids and between spacer
grids. In some test runs, the CHF occurred first at
the thermocouples positioned at the just upstream
of spacer grids, but first at those between spacer
grids in other runs. In order to compensate for the
heat flux distribution effect, Tong's non-uniform
factor, F [17] was applied by modifying the
residual 8 of eq.(3) to

6=Fq,—-q%,. 7)

Figure 5 shows the residual & in mixing vaned
grids against the sum of d,¢ and d,. divided by D..
For comparison, the residual ¢ in plain grids of
C,=0.815 and 1.018 are also presented in the
figure. A general trend is observed that the smaller
dgc or dyg goes, the larger the residual & gets. In
C,=1.484, the residual & for shorter dgq is larger
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Figure 5. Comparison of Residual & for the CHF
Data in Various Grid Designs

» for Westinghouse mixing grid data of C =1.250
1800.0 o
E 12000 .
2
'y
& 600.04
3
2
73
&
0.0
-600.0 T T T
0 20 60 80

40
(d_+d_)D,

o9 g¢

Figure 6. Dependency of Residual & on the Sum
of dy; and d,. in Westinghouse Mixing
Vaned Grids

than that for longer d,,, at almost the same values
of the sum of two distances, e.g.,{dgg+dg)/D.=
68. Comparing the cases of C,=1.484, d,,=30.5
cm and C;=1.820, d,,=50.8 cm, it is also shown
that the residual & for the former case with a larger
value of (dge+d,.)/D. is larger than that for the
latter case. Thus, it seems that the residual &
depends more strongly on d,, than on d,.,
Moreover, the effect of dyg increases dramatically
at shorter distance between grids.

Because the mixing vaned grid data are rare
especially for the shorter distance between grids, it
is impossible to determine the complete form of

4x10° T T T
< test bundle X data of ref.{6] PR
«  TS157, 160 & 163 data of ref.[18) <
%) 3| /: s
Ng 3x10 ol o
E ¥20% WNigtwate o O
3 i o | T T
% 2x10° " "ﬁ‘ '..:,/ 7
[3) YT o0
2% XY 4
® .
k] s -
B 10 7
[ .
o
o g 1 4 1
0 1x10° 2x10* 3x10* 4x10°

Measured CHF, kW/m’sec

Fig. 7. Predicted Versus Measured CHF in
Westinghouse Mixing Vaned Grids

the grid parameter function, g of eq. (2) with the
currently selected data only. To simplify our study,
an effort was made to determine the grid
parameter function for the mixing vane grid data
with loss coefficient of C;=1.250, where the
effects of d,y and dg. on & do not appear very
differently. The CHF data for smaller dg4, 25.4
cm, was additionally selected from ref. [6], where
the test bundle X is composed of a 4 x4 rod
array, top-skewed axial heat flux distribution.
Figure 6 shows the residual &, which are calculated
for each CHF within the applicable parameter
range of the correlation for plain grids. The
following least-square fitting curve of the residuals
was obtained:

g =-1233.25+93.94[(d, +d,.)/D,]
~1.41)(d,, +d,)/D,J (8)
+0.0061[(d, , +d,.)/D,f

If this grid parameter function is used to
compensate for the residual of the CHF predicted
by the correlation for plain grids, most of the
predicted CHF corresponds to the measured CHF
within 20 percents, as plotted in fig. 7. In order to
obtain more precise form of the grid parameter

function, additional CHF data is to be available for
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Table 6. Statistics of Ratio of the Measured and Predicted CHF in Westinghouse Mixing

Vaned Grids
Correlations No. of data X(R) S(R)
Original W-3 92 1.180 0.1868
W-3xF; 105 1.059 0.1545
W-3xF,. 92 1.034 0.1020
Proposed correlation (g” ,=f+g) 164 1.002 0.0999
q°p %X FL 164 1.178 0.1472
public use 59" q, =1——1- ! (11)
’ " R DNBR '’

The accuracy of CHF prediction by the
proposed correlation was also compared with that
of the round tube correlations or with some
corrections. As seen in table 6, the CHF in 'mixing
vaned grids is better predicted by the proposed
approach. In this comparison, R statistics for each
correlation were obtained within its applicable
range.

4. Discussions
4.1. Implication of Correlation Form

The usual approach for evaluating the PWR
thermal margin is recalled in order to investigate
implication of the correlation form in evaluating
PWR thermal margin. The CHF margin, éq” is
defined as

39" =9; ~ qioc » (10)

where g7 and gl are the critical heat flux and the
local heat flux at the hottest rod in the actual core
respectively. In the current PWR design it is
usually assumed that an experimental CHF testing
reflects the reality of the DNB in the actual core:
that is, g7 =g In this case a percent thermal
margin is obtained by dividing two sides of eq. (10)
by the measured CHF.

where R=q%/q% and DNBR is usually defined by
q3/q'e. Traditionally the DNBR has been used as
an indicator of the thermal margin in PWR. For
example, a conventional design requires that
DNBR at the hottest rod during normal operation
and anticipated transients be above the specified
tolerance limit of the reciprocal of R, so called the
correlation DNBR limit. In order to maximize the
thermal margin, the desire is to establish the
correlation with high accuracy for a particular fuel
and to minimize the amount of margin which must
be set aside to cover the uncertainty of the
correlation.

The question is raised on whether a credit of the
correlation performance can be taken only by
investigating R or DNBR statistics. Thus, the
following two cases were evaluated and compared
when predicting the CHF data in one test bundle
with mixing vaned grids (TS 157) included in this
study.

a) Predicted by the proposed correlation, e.g., q%
= f+g, and
b) Predicted only by a form of the local parameter
function, e.g., g5 = f*.
Regression analysis was performed for each case.
Table 7 shows comparison between statistics of
the ratio R in two cases. The adjusted coefficients
of f* in case (b) are also included in the table. The
ratio R in case (b) is less scattered than that in case
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Table 7. Comparison of R Statistics and Adjusted Coefficients for a Local Parameter
Function
Correlated functions XR) S(R)
Proposed correlation {q” ,=f+g) 1.012 0.0857
q"p=f*P, G, x) 1.000 0.0631
Optimized coefficients of f*
a; = 0.97150, a; = -0.83684, a; = 0.87148, a, = -0.12049,
as = -0.15833, ag = -0.18102, a; = 0.60479, ag = -0.45116, ag = 0.15729, aj;o= 0.47581
* For TS 157 CHF data with number of 63
{a). If the standard deviations of the two are simply _
—~— CHF curves for run no.17 of TS157 of re.[18} q'u

compared, it may be concluded that the
correlation in case (b) leads to be more reliable
than that in case (a). In order to reveal the fallacy
of this conclusion, the CHF curves for the above
two cases were linearly interpolated against local
quality, assuming that P and G, are fixed at CHF
conditions of a test run with no. 17. It is shown in
fig. 8 that the DNBR sensitivities to the local
quality are significantly different in two cases. The
sensitivity becomes larger in case (b), where a grid
effect is not quantified in the correlation itself but
is compensated for by the effect of local
parameters. The results are the same for other test
conditions, as expected in two correlation forms.

If written in a more generalized manner, the

following formulation is possible:
q, = Aq,,+Bq,, (12)

where the first and second terms of the right hand
side denote dependency on local parameters and
the remaining grid effect grid except mixing
respectively. Because case (a), e.g., A=1 and B=1,
reflects the reality in our study, the first term is
determined so that:

A=Q01+0-B)q,,/q,,) (13)

If the grid effect is underestimated (B<1), the
DNBR sensitivities on the parameters become

at P=14.52MPa,G=2.754x10°kg/im’sec

Q' =AP.G, %)
c"byzcasem(:b)l ¢

CHF, kW/m?sec

10" PG, X )R, 0, D)
' by case (a)

S

x=0 X,,=.029

xm='— 537
Local thermodynamic quality

Figure 8. CHF Curves Versus Local Quality at
Fixed Exit Condition

higher. On the contrary, if B>1, they will be
lower. However, R or DNBR statistics tends to
lose credibility in any cases where the grid effect is
incorrectly evaluated; the accuracy of the
correlation in case (b) will be decreased if more

data are taken from other experiments.

4.2. Applicability of the Proposed Approach

4.2.1. Evaluation of Other Plain Grid CHF Data
In order to confirm the validity of the correlation

for plain grids, e.qg., eq. (6), it is necessary to

examine the performance against other CHF data.
The CHF data selected are taken from three test
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Fig. 9. Predicted Versus Measured CHF for the
Plain Grid CHF Data

bundles with plain grids:

(@) Three are in 4x4 rod array with heated 96
inch lengths and usineu axial heat flux
distribution (test sections M, V, VI of ref .[6]),

(b) One is in a 5% 5 rod array with a heated 118
inch length, uniform axial heat flux distribution
and 0.12 inch rod-to-wall gap (a test section of
ref .[23]), and

(c) The other is in a 5% 5 rod array with a heated
118 inch length, uniform axial heat flux
distribution and 0.14 inch rod-to-wall gap (a
test section 19.0 of ref.[24]).

Conlfigurations of test bundles (b) and (c) are very
similar, although there are small differences of rod-
to-wall gaps and radial power distributions. The
test bundles of (a) are very different from two test
bundles of (b} and (c). Beside use of smaller array,
their rod diameter and pitches are 0.422 and
0.507 inches larger compared with 0.374 and
0.500 inches of (b} and (c). Figure 9 compares the
predicted and measured values. As can be seen,
some deviations in data of test bundle (a) reflect
the increased CHF uncertainty due to smaller test
bundle array, etc., while the proposed correlation
provides good prediction with the CHF for designs
of different origin. It implies that the CHF in plain
grids is not significantly affected by spacer grid

3x10° T ¥

® L,=1.83 m (TS201,205 of ref{18])

o L,=4.27 m (TS156 of ret.[18])
E
3 2x10* k
= +20 %
I o 5
o o
3 <2
B o'k " E
o

° . )
0 1x10° 2x10° x10°

Measured CHF, kW/m?

Fig. 10. Predicted Versus Measured CHF for
Data with Heated Length Beyond
Regression Range

designs and a CHF correlation can be generalized
to various plain grid designs, only if the correlation
is applied to the range of PWR operating

conditions.
4.2.2. Heated Length Effect

In this study, a modification of the local
condition form of the generalized EPRI-1
correlation was made by additionally considering
heated length because the CHF dependency on
heated length was weak but not negligible. In a
strict manner, it is inconsistent with the local
condition hypothesis, which have been used
extensively and successfully for correlating the
round tube CHF data. In order to confirm
deviations of the hypothesis which have been
often observed in rod bundle CHF data analysis,
the data of test bundles with heated length beyond
the present regression range (2.13 <L;<3.81 m)
were assessed. The selected test bundles are TS
201, 205 with plain grids and TS 156 with mixing
vaned grids. As plotted in fig. 10, the CHF data
with 1.83 m heated length is well predicted by the
present while those with 4.27 m heated length
tend to be over-predicted by the correlation for
mixing vaned grids (f+g). This indicates that at the
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Fig. 11. Variation of Local Quality and DNBR
Versus a Mixing Coefficient

same local flow conditions a rod with longer
heated length experiences the CHF faster than
other rods with shorter heated length. Thus, a
CHEF correlation must be used within the specified
regression range of heated length.

4.2.3. Effect of Mixing Stanton Number

The value of a mixing coefficient, 8, is highly
dependent on the shape of the bundle and is
usually determined through the thermal mixing test
mostly for a single-phase flow. Because this study
applied the roughly estimated value of 8 to mixing
vaned grids, the effects of # on prediction of local
quality and DNBR have been investigated for a rod
bundle, TS 157. As shown in fig. 11, the
predicted local quality decreases while the
predicted DNBR increases, as the value of 8
increases. The variations of the two are very
significant at the values of 8 less than 0.02, and
are negligible more than 0.05. Especially, the
prediction capability of the correlation is not
largely affected even for high thermal mixing rate
(# ~ 0.1). Thus, it is concluded that the value of 8,
0.06 is appropriate for predicting the CHF in
mixing vaned grids of this study without inducing a

serious error.

5. Conclusions

In this study, an approach to handle the effects
of spacer grids in determining the empirical CHF
correlation for PWR rod bundles was proposed. A
CHEF correlation for plain grids was developed,
which predicted the CHF data compared at this
paper within =20 percent error band. By
introducing a grid parameter function to
compensate for the residuals of the CHF values in
mixing vaned grids of a specific design predicted
by the correlation, good agreement with the CHF
data was also shown at almost the same accuracy
level as that in plain grids. These results indicate
that decoupling of the two effects on the CHF in a
correlation, the local parameter effect and the
remaining effect of spacer grids except mixing, is
efficient for quantifying the effects of spacer grids
on the CHF and predicting the CHF in mixing
vaned grids.

Recommendations for further study are as follows:

a) A more generalized CHF correlation needs to
be developed for various plain grids, which can
be used to evaluate the thermal margin
improved by the fuel design change of plain to
mixing vaned grids.

b) An effect on the local fluid dynamics or the
CHF by presence of the grid just downstream of
a mixing vaned grid should be investigated
because, in some examples of our study,
distance between grids has relatively more
significant effect on the CHF than distance to
the CHF site from the last grid, downstream of
which no grid is present.

c) Parametric dependencies on the remaining
effect of spacer grids except mixing should be
more investigated because the present grid
parameter function is based on the restricted
database. More CHF data should be available in
order to quantify the grid effect by using the
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geometric and thermal hydraulic parameters.

Nomenclature

G grid loss coefficient

D, hydraulic equivalent diameter (cm)
dge distance from the last grid to CHF site {cm)
dgs  distance between grids (cm)

F Tong’s non-uniform factor

G mass velocity (kg/m? - sec)

L heated length(m)

L, reduced heated length(=1./10?)

P system pressure (MPa)

P, reduced system pressure(= P/10%)

q heat flux (kW/m?)

R ratio of measured and predicted CHF
s gap spacing,

TDC thermal diffusion coefficient (=f)
S(R) standard deviation of R
W,  diversion cross flow per unit length (kg/m -

sec)
X(R) meanof R

Greek Symbols

x thermodynamic quality

8 residual of measured minus predicted CHF
B mixing Stanton number (=W,;/G,,s)

Subscripts
c critical heat flux condition
m measured value of CHF

p predicted value of CHF
loc local condition
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