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NOMENCLATURE
A, anisotropy factor, K,/K,, equation (1);
b, gap width between adjacent rods;
Cp, specific heat at constant pressure;
d, rod diameter;
de, subchannel equivalent diameter = 4F/S;
F, flow area of subchannel;
h, duct height, Fig. 1;
k, turbulence kinetic energy;
K,, effective conductivity parallel to surface
K,, effective conductivity normal to surface;
p, rod pitch;
0, heat transfer/unit length between adjacent
subchannels;
Re, subchannel Reynolds number, pUde/u
S, wetted perimeter;
Stg, gap Stanton number, Q/b(T; — T;)pUCp;
T;, T; bulk mean temperatures in adjacent subchannels,
Fig. 1;
U, mean axial velocity ;
Vs normal distance from wall;
hiA normal distance from wall to surface of no-shear,
Y, mixing factor, equation (3).

Greek symbols

g, dissipation of turbulence kinetic energy;

i, dynamic viscosity, evaluated at bulk mean
temperature;

0, density, evaluated at bulk mean temperature.

INTRODUCTION

IN THE rod bundle of a nuclear reactor the heat transfer across
the narrow gaps between the fuel rods is considerably higher
than predicted by isotropic turbulent diffusion theory, and is
relatively independent of gap width [1]. Work repoorted
earlier [1, 2] showed that these phenomena were caused by a
substantial anisotropy of the effective conductivity: the value
in the direction through the gap, parallel to the rod surface,
was much higher than the value normal to the surface.
Turbulence driven secondary flows were found to be
unimportant.

Much of the experimental data on inter-subchannei heat
transfer has been reduced to simple correlations by Rogers
and Rosehart [3], and Ingesson and Hedberg [4], and these
show that the heat transfer rate through the gaps is strongly
influenced by the shape of the adjacent subchannels as
characterized by the ratios p/d and p/de. To investigate the
effect of subchannel shape on the inter-subchannel heat flow
the earlier theoretical analysis [2] has been extended to
predict gap Stanton numbers in ten different subchannel
geometries for three of which experimental data is available
[t

The basic shape of the adjacent subchannels is shown in
Fig. 1 together with the boundary conditions; details of the
ten geometries are given in Table 1. For each geometry the
adjacent subchannels remain symmetrical to one another. It
should be noted that the geometries 1b, 2a and 3a simulate an
infinite square array, and the experimental results were
obtained for geometries 1b, 2b and 3b. All surfaces were
smooth, the flow was fully developed both thermally and
hydraulically, and the fluid was atmospheric air.

In the earlier work it was found that the measured velocity

untform heat flux
I}LHHHHHH

subchannel i

FiG. 1. Geometry investigated including thermal boundary
conditions (all surfaces adiabatic except upper and lower flat
walls).
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Table 1. Shape parameters for the geometries investigated

Geometry pld p/de h/d
1a 1.1 1.40 1.66
1b* 11 203 1.37
1c 1.1 2.74 120
2a* 1.375 0.98 2.08
2b 1.375 1.2 1.8
2c 1.375 18 14
3a* 1.83 0.56 347
3b 1.83 0.74 2.75
3c 1.83 1.6 15
3d 1.83 217 12

*The equivalent diameter of this geometry is equal to that
for the subchannels formed by rods in an infinite square array
at the same pitch/diameter ratio.

and temperature distributions could only be reproduced if the
effective diffusivity in the direction parallel to the rod surface
was greater than the diffusivity in the direction normal to the
surface by an anisotropy factor 4 ; the normal diffusivity was
computed using the ‘. — ¢ turbulence model. The distri-
bution of anisotropy which gave the best overall agreement
with the experimental results was given by the expression:

A = S0exp{— (3y/§)*} + 2. m

Although exact agreement was not achieved with this
anisotropy distribution (see results in Tables 2 and 3) the
comparisons were sufficiently close to show broad trends and
it is believed that the extension of the analysis to a number of
geometries which cover a wide range of shape parameters
helps to clarify the effect of shape in the empirical correlations.
The results have been expressed in the form of a gap Stanton
number and are compared with the predictions of the
correlations proposed by Rogers and Rosehart, and Ingesson
and Hedberg.

COMPARISON WITH ROGERS AND ROSEHART
For adjacent subchannels having the same shape, and in
the absence of flow disruption due to structural elements, the
Rogers and Rosehart correlation for rods in a square array
and geometries of the present form becomes:

de
Stg = 0.004 <;>Re“‘“. (3]

769

The gap Stanton numbers given by this expression are
compared in Table 2 with those computed. A striking feature
of the comparison is the way the Stanton numbers given by
equation (2) vary in the opposite direction from those
computed as de/b is altered.

The parameter de/b in equation (2) reflected the influence of
the experimental results of Rowe and Angle [5] who found
the heat flow through the gap to remain virtually unchanged
as the gap width was reduced by a factor of four: hence the
form of the correlation Stg oc 1/b.

The present results suggest that the Rogers and Rosehart
correlation, equation (2), does not adequately represent the
effect of subchannel shape.

COMPARISON WITH INGESSON AND HEDBERG

An alternative method for the prediction of inter-
subchannel heat flow was proposed by Ingesson and Hed-
berg. An effective conductivity is calculated, using a turbulent
Prandtl number, by assuming the diffusivity in the gap to be
equal to the diffusivity in the central region of a circular tube
having a diameter equal to the equivalent diameter of the
subchannel. The temperature gradient through the gap is
derived by assuming the bulk mean temperatures in the
adjacent subchannels to act at the respective centroids of the
subchannels. The heat transfer calculated in this way must
then be multiplied by an empirical ‘mixing factor’ Y to give
agreement with experiment. It was found that the following
expression provided a fair correlation for a wide range of
experimental data and could be used for any rod
configuration :

1/2 312
¥ =095 <ld—) (’-’-5> .
wi-1) \d e

This procedure has been applied to the ten geometries of
the present work and the ‘theoretical’ gap Stanton numbers
determined (i.e. before multiplication by the mixing factor).
These were compared with the computed gap Stanton
numbers and hence the mixing factor calculated. Com-
putations were done both with isotropic diffusivities (4 = 1)
and with anisotropic diffusivities. The ‘computed’ mixing
factors are compared in Table 3 with those given by equation
3

Two conclusions can be drawn: the mixing factors pre-
dicted by equation (3} are high by a factor of two (a suggestion
that the correlation was based upon results from rod bundles
including the enhanced mixing due to the structural elements
and imprecise location of the rods); secondly, the mixing
factors computed with the anisotropic diffusivities are st-
rongly dependent on the shape of the subchannel as characte-

3

Table 2. Comparison of gap Stanton numbers predicted by equation (2)
with those computed and measured (Re = 90000)

Stg x 10*
Computed
{anisotropic
Geometry de/b Equation (2} diffusivity) Measured
la 7.857 100.44 65.41
ib 5419 69.27 72.21 94.9
lc 4.015 51.32 84.19
2a 3.741 47.82 49.70
2b 3.056 3507 5732 53.8
2c 2037 26.04 71.42
3a 3.929 50.22 33.83
3b 2974 38.02 43.22 29.5
3c 1.375 17.58 85.20
3d 1.014 12.96 114.63
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Table 3. Comparison of mixing factors Y: calculated from equation (3), computed and

measured
Computed-~
Isotropic Anisotropic Predicted
Geometry /de diffusivities diffusivities equation (3) Measured
la 1.4 0.51 398 6.02
ib 203 0.59 5.40 10.51 7.00
lc 274 0.7t 7.55 16.49
2a 098 0.51 1.80 285
2b 1.2 0.55 234 3.83 217
2 1.8 0.64 3.42 7.08
3a 0.56 0.41 0.83 1.47
3b 0.74 045 112 2.20 0.76
3¢ 1.6 0.90 272 7.08
3d 2.17 1.29 4.04 11.18
8 T T T T T diffusivities, and aithough these increased gap Stanton num-
. bers by 10-159 they did not significantly alter the results
G:ﬁ?se”y P [K=AK, (KK, shown. In particular, the inclusion of secondary flows did not
7= TO e - — allow the effects of shape on heat flow to be reproduced.
> 1D, d
20,2b,2p 1375 a A
30,353
6 0 5d]1833] e ° - CONCLUSIONS
. The anisotropy distribution used for the computations
presented here is tentative and the results are only indicative
5~ N of trends. Nevertheless firm conclusions may be drawn about
the effect of subchannel shape on inter-subchannel heat flow :
> (i) The correlation, equation (2), proposed by Rogers and
54 . . — Rosehart is unlikely to predict correctly the effect of sub-
2 channel shape.
- a (i1) The prediction procedure of Ingesson and Hedberg and
Zg 3l _ the results presented here show that the effect of subchannel
= ° shape appears to be characterized by the ratios p/de and p/d.
R (iii) The strong influence of subchannel shape is a direct
S B consequence of anisotropic effective diffusivities.
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