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The attached report documents the development of a new correlation for
the prediction of critical heat flux in rod bundles. The correlation,
termed the "M007 CHF Correlation", was developed using a regression
analysis of the applicable steady state critical heat flux data. Corre-
lating parameters were limited to those local variables readily available
in RELAP or easily obtainable from state relationships. The correlation
correlates the data base of over 5000 points with a standard deviation
of 29%.
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SUMMARY-

A new correlation for the prediction of critical heat flux in rod
.

,

bundles was dev' eloped and incorporated into RELAP4/M007. The correlation,

termed the "M007 CHF Correlation", was developed using a regression

analysis of the applicable steady-state critical heat flux data. Correlating

parameters'were limited to those local variables readily available in
RELAP or easily obtainable from state relationships.
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I. INTRODUCTION

The accurate prediction of the temperature-time history for a fuel
rod in a large water reactor experiencing a blowdown. transient is dependent
upon the ability to predict the interface between the efficient nucleate
boiling heat transfer regime and the less efficient film boiling regime.

.

This -interface is referred to by many names such as critical heat flux,
burnout,.dryout, departure from nucleate boiling (DNB) and boiling
crisis point. While each of the above names carries a more specific
connotation to various individuals, the general phenomena will be referred
to as Critical Heat Flux (CHF) in this report.

A typical RELAP model of a large power reactor (LPR) core for a
blowdown transient consists of 12 hydraulic volumes, six representing
the average assembly and six representing the higher powered assembly.
The heat flux from the fuel rods is assumed constant over.the length of
the volume. The variables available for input into any correlation are
limited to the average hydraulic conditions in that volume and the )
conditions at the inlet and outlet to the volume. Any other variables
must be obtained from submodels which require an assumption on the
energy distribution within the volume. The conditions at the inlet and
outlet to the core are also known but these values become meaningless to
a CHF correlation when a flow reversal occurs.

The development of a new correlation was motivated by the desire to
have a correlation which was easy to apply within the framework of the
RELAP code and which contained only those variables which are locally

defined over the entire blowdown transient.

|
-Two ground rules then were established for the development of the

correlation:

(a) The correlation would be based on experimental data. i

(b) Only those locally defined parameters available in RELAP would
be used in the model'.

1
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In addition it was assumed that the local conditions from steady-

state tests could be used to define a model to be used during transient

conditions.

This report briefly describes the data base used in the correlation
development, the statistical methods employed, the correlation, and the
behavior of the correlation over various ranges of conditions.
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II. DATA BASE

Most of the data used for the development of the M007 CHF Correlation
were selected from a compilation of steady-state CHF data made by Hughes

in 1973. Original sources.for these data are given in References 1
through 8. Additional data obtained since Hughes' compilation are given
in References 9, 10 and 11. A total of 5163 data points from 15 experi-

Imental investigations were used in the development of the correlation.
Only data from rod bundles having rod arrays of 9 pins or more and rod
lengths 2 ft. or longer were used. Hydraulic conditions were limited to
those typically expected to exist during the blowdown of a large water
reactor. The distribution of the data used in the correlation are shown
in Figures 1 through'4. .

I
Even though there are data from 15 different separate experiments,

'

the limitation of the experimental facilities are obvious from Figure 1.
This figure shows mass flux plotted vs quality for each of the data )
points used. Note particularly, the lack of low qual 1ty., low flow data !

and high quality, high flow data. This is because for any given mass i

flux there is a limited range of qualities where critical heat flux can

be achieved within any given facility. The effect of this on the range

of critical heat flux is shown in Figures 2 and 3 whe're the quality and
mass flux are respectively plotted vs critical heat flux.

Figure 4 shows the distribution of pressure and raciial power factor
'

for each data point. A much more uniform array is evidenced for these
two parameters. The even distribution of the data over the entire range
of interest provides a basis for a effective statistical analysis of the
data.

3
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III. CORRELATION DEVELOPMENT i

The MOD 7 CilF'Corcelation was developed using a multiple linear

regression analysis of the data. Multiple linear regression analysis is
a | standard statistical technique that optimizes coefficients in an
equation of linear parameters so as to best describe a set of experimental ,

data. The particular regression code used in this analysis could select
from the input list'of parameters the most significant variables in

' descending order of importance and would then perform a new regression

as each parameters was added. The code also supplied the user with a
matrix of correlation coefficients between all combinations of two
variables including the dependent variable. This made possible the

recognit, ion of those variables which were highly correlatable amongst |
themselves.

Two model forms can be used, either the additive or the multipli-
cative type. The additive model assumes the form

|

DV = a) 3 + a2 *2 + "3 3
x x~

The multiplicative model, used throughout this study, is obtained
by performing a linear regression on the logarithms of the independent
variables. It takes the following form:#

DV = a X X0 1 2 3

l

where |

dependent variableDV =

independent variablesX =
4

a4
coefficients or exponents.=

,

The initial regression included 12 variables for each of the data
points including the following:

8
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. .

1

j Hydraulic Diameter
Heated equivalent diameter'

Rod Pitch

Rod Diameter

Rod Length,

Local Equilibrium Quality
Local Equilibrium Void Fraction

! Pressure

Density

j Mass Flux 1

! Saturation Tempcrature

Bundle Radial Power Factor

Only four variables were shown to be statistically significant for
correlation of the data. . As one would expect from recalling Figure 2, o

Iquality was by far the most significant variable. Radial power factor,

pressure and mass flow were also significant in the order listed. None

of the geometry variables were shown to be significant for any of the
regression runs. This does not mean that over a broad range of rod
diameters there is not a geometry effect but rather that the data were '
derived from rod bundles having similiar rod ditmeters and pitch.

The initial regression run showed that certain variables could be
used interchangably with insignificant differences in fit. Void fraction
could replace quality. Any thermodynamic variable used, evaluated at
saturated conditions could replace pressure. A strong interaction
effect between quality and mass flow was also observed which after some
trial and error led to the development of a quality flow interaction
term which was used in the correlation. A value of 1.0 was added to the
quality values to avoid discontinuties at subcooled conditions when the
equilibrium quality is negative.

The final correlation is given below:
.

(G/10 )[0.17751n(X+1)]6

9bHFA06 = 8.0793 RPF .05311,))3.3906 p .32340

9
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. .

where

2
qbHF critical heat flux '(Btu /hr-f t )=

'

2
G

' Bundle average mass flux (1bm/hr-f t )=

)

Bundle average qualityX =

Pressure (psia)P =

Maximum radial power factor for bundle.RPF =

The correlation fits the data with a standard deviation of 29%.

Note from the formulation of the correlation that if the mass flux
is zero the predicted critical heat flux would also be zero. At very
low flows the critical heat flux' mechanism approaches that for pool
boiling conditions and becomes essentially independent of mass flow.
Because no pool boiling data were included in the data base the extrapo-
lation of the correlation to zero flow would not be appropriate. For

application purposes it i.s recommended that a lower critical heat flux
2

limit of 90,000 Btu /hr-ft be used. This lower limit must be included
by the user.. I

|

Figure 5 is a plot of the predicted critical heat flux vs the
measured critical heat flux. The diagonal line is the locus of points
where the predicted value is identical to the measured value. Above the

diagonal the data are overpredicted by the correlation and below the
diagonal the correlation underpredicts the experimental data. By the

definition of the regression technique half of the data will fall on
either side of the line.

Figures 6 through 9 are residual plots for each of the four variables
used in the correlation. Residual is defined as

measured flux - predicted flux
Residual = predicted flux

using .this definition th'e residual can have a value from -1.0 to + =.

10
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The residual plots are extremely useful in observing any trends the
correlation may have with respect to any one of the independent variables.
The figures indicate ranges of the independent variables where there are
large uncertainties in the prediction of the data. However there do not

appear to be any trends in the correlation with respect to the independent
variables.
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IV. PARAMETRIC INVESTIGATION

A comprehensive parametric study of the M007 CHF Correlation was
made to observe the dependence of the calculated critical heat flux on
each of the four independent variables used in the correlation over the
potential range of application.

Figures 10 through 13 show selected plots of the calculated critical
heat flux vs each of the independent variables while holding all other

| variables constant. Approximately 400 such plots were constructed and

reviewed.

Figure 10 shows the calculated critical heat flux vs mass flux.
6 2Except for flow rates below 0.50 x 10 lbm/hr-ft there is very little

6 2dependance on flow rate. - Below 0.50 x 10 lbm/hr-ft the critical heat

i flux decreases with decreasing flow, until as noted previously, the
correlation predicts zero heat flux at zero flow. In application a

2
minimum critical heat flux value of 90,000 Btu /hr-f t is used.

Figure 11 shows the critical heat flux for changes in radial power
factor. There is an almost linear decrease in critic 01 heat flux for
increasing radial power factors.

The effect of pressure on critical heat flux is shun in Figure 12
for a given set of conditions. There is a decrease in critical heat
flux with increasing pressure. This dependency is more pronounced at
pressures below 800 psia.

The critical flux decreases significantly with increasing quality
as shown in Figure 13. While not shown in this plot, it should be
pointed out that when quality is identically zero the critical heat flux
shows no flow rate dependency.

|

The trends shown in the previous plots are typical for the entire
,

range of application.

|'
|
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V. CONCLUSIONS

A very simple and easy to apply correlation has been developed
which can be used to predict critical heat flux during blowdown of a
nuclear reactor. The correlation fits the data within the uncertainty
bounds of the data itself. The level of sophistication of this correlation
is of the same order of magnitude as the information available from

RELAP.
.

22



a = u a ;w a - = * -- -....q.a.s,

'
'

. e

,

REFERENCES

1. E. D. Hughes et al., "A Compilation of Rod Array Critical Heat
Flux Data Sources and Information", Nuclear Engineering and
Design,30 (1974) pp 20-35.

2. P. A. Edwards and J. D. 0bertelli, Burnout and Pressure Drop Data |

on 37-rod Clusters in High Pressure Water, AEEW-R488 (1966). '

3. K. M. Becker and O. Nylund, Burnout Condition- for Large Rod
Bundles with Radial and Axial Flux Distributions, S-401 (1969).

4. S. Isreal, J. E. Casterline and B. Matzner, Critical Heat Flux
Measurements in a 16-rod Simulation of a BWR Fuel Assembly,
Trans. ASME Journal of Heat Transfer 91, (1969) p 355. |

5. E. D. Wafers, Boiling Burnout Experiments with 19-Rod Bundles in
Axial Flow, HW-77303 (1963).

6. E. Janssen, F. A. Schraub, R. B. Nixon, B. Matzner and J. E. Casterline,
16-Rod Heat Flux Investigation, Steam-Water at 600 to 1250 psia, Two-
phase Flow and Heat Trnasfer in Rod Bundles, ASME New York (1969).

7. J. S. Gellerstedt, R. A. Lee, W. J. Oberjohn, R. H. Wilson and
L. J. Stanek, Correlation of Critical Heat Flux in a Bundle
Cooled by Pressurized Water, Two-chase Flow and Heat Transfer
in Rod Bundles, ASME New York (1969).

8. L. S. Torg , J. Weissman and A. H. Wenzel, Experimental Determination
of the Departure from Nucleare Boiling in large Rod Bundles at
High Pressure, AICHE Preprint 29(1968).

9. L. H. St. eves et al, Jersey Nuclear Report , JN-72-18 (1975).

10. R. Collingham, Exxon Nuclear Personal Communication to R. C. Gottula,
EG&G Idaho, United Nuclear 21-Rod Bundle Data and Exxon Loft

Bundle #1 Data.

11. S. A. Eide, and R. C. Gottula, Evaluation and Results of LOFT
Steady State Departure from Nucleate Boiling Tests, TREE-NUREG-1043
EG&G Idano, Inc. (1977).

??

23

-. .+


