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Fig. 3 The temperature distribution along the plate fin for N=1,
C;=0.5, and various values of Nc. ---, simple model; a, Sparrow.*
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The results of the overall rate of heat transfer Q from the fin
are shown in Fig. 1 for various values of N,. Figure 1 in-
dicates that the overall heat-transfer rate of the fin with
radiative effect is higher than that of the fin without
radiative effect. The agreement of the results from the simple
model with those of Ref. 4, and the special case (g”=0) in
this paper is good.

The distributions of the modified local heat-transfer coef-
ficient A* for forced convection and radiation along the fin
with different N, are shown in Fig. 2. The modified heat
transfer coefficient can be obtained from Eq. (14). For
higher values of N, the fin is more nonisothermal. Although
the local heat-transfer coefficient without radiative effects*
monotonically decreases in the fluid flow direction, the
modified local heat transfer coefficients computed in this
paper with fixed radiative effect do not vary monotonically.
In the direction from tip to base, those coefficients decrease
at first, attain a minimum, and then increase. Figure 2 also
shows that the local heat transfer coefficient with radiative
effect is higher than that without radiative effect.

Figure 3 presents fin temperature distributions for forced
convection flow with radiative effect. In this figure, it is
shown that the fin temperature decreases monotonically
from the root to tip. The figure also shows that the larger
values of N, give rise to larger fin temperature variations
and the fin temperature without radiative effect is always
higher than that with radiative effect.

Conclusion
The analysis in this Note has yielded the results of physical
fin for forced convection flow with radiative effect under the
optically thick limit approximation. The agreement of the
results for special case g" =0 with Ref. 4 is remarkable.
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Improved Free Convective
Heat-Transfer Correlations
in the Near-Critical Region
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Nomenclature
=specific heat at constant pressure

=mean-integral heat capacity, C, = (i, —i, )/ (T, ~ T, )
= diameter
=gravitational constant
r = Grashof number, (D?p?/u) [ (po —0.,)/0,]
= heat-transfer coefficient
=enthalpy
=thermal conductivity
= characteristic length
Nu =Nusselt number, AL/k
Pr =Prandtl number, pC,/k
Ra =Rayleigh number, Gr-Pr
T =temperature

™R

x == U oOn

p  =absolute viscosity

p =density

Subscripts

S =evaluated at the film temperature,

Ty=(T,+T,)/2
w =evaluated at the wall temperature
o =egvaluated at the freestream (bulk) temperature

Introduction

VARIETY of correlations have been developed for

prediction of free convective heat-transfer rates'”’ (see
Table 1). Discrepancies exist between these correlations when
they are applied in the near-critical region. The most signifi-
cant sources of discrepancy appear to be the influences of
1) the particular reference temperature used in the evaluation
of the physical properties, 2) the particular physical proper-
ties selected in reducing the dimensional experimental data to
the dimensionless variables, and 3) the differences in values of
the physical properties used by the various investigators.
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Fig. 1 Comparison of predicted heat-transfer coefficients with car-
bon dioxide experimental data of Refs. 1, 2, 15, and 19 obtained
from three different size wires.

Table 1 Types of free convective heat-transfer correlations
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The objective of the present Note is to identify an ap-
propriate free convective heat-transfer correlation for the
near-critical region (similar to the ones listed in Table 1) and
to improve its predictive capability by the use of appropriate
physical properties and reference temperature.

Method of Approach

Identification of an appropriate heat-transfer correlation
was based on how well the correlations given in Table 1
could predict the available near-critical heat-transfer ex-
perimental data. The numerical constants in these correla-
tions were based on different sources of the physical property
inputs, which in most cases did not properly represent the
variations in the near-critical region. Therefore, for a mean-
ingful comparison, it was necessary to compare the correla-
tions based on the same physical property inputs. For this
purpose, the constants in the heat-transfer correlations were
determined by curve fitting the equations to the experimental
data based on correct values of the physical property inputs.
Then, the predicted results were compared not only with the
experimental data of those authors who developed the
specific correlations, but also with the experimental data of
others. After sufficient amount of study, it was decided that
the last equation in Table 1 predicted all the available ex-
perimental data better than the rest of the correlations given
in Table 1. Further details may be found in Ref. 8.

The effect of reference temperature on evaluating the

Correlation Ref. physical properties in Nusselt and Rayleigh numbers was ex-
A amined for film and freestream temperatures. Usually, for
Nu=a(Ra) 1 free convective heat transfer, the film temperature is used for
horizontal wires and the freestream temperature for vertical
Nu=a(Ra)® ( Pr,, )C 2 plates. But, in this study, better results were obtained for
Pr, both cases when the reference temperature was chosen to be
T 4 the freestream temperature. Further details may be found in
Nu=a(Gr)? (Pr)¢ (7°°> 3,4,14 Refs. 8 and 9.
Ty—Ta Therefore, based on the findings of this study, the follow-
b of P —Pw\? T, e ing heat-transfer correlation is proposed for horizontal wires
Nu=a(Ra)”(Pr) 5 P 3 and vertical plates for a wide range of Rayleigh numbers:
oo w =] _
A o cf C,\d( k e S
Nu:a(Ra)b(pw )C< % >d<kw >e<”’” )f 6,7,17 Num=a(GrmPrm)”<—w) (C” ) (kw B )@y
P pr ke Hoo P Poo el Hooo
where a, b, ¢, d, e, and f are curve-fitted constants.
Table 2 Comparison between data and correlations
Avg. deviation, %
No. of Constants Present Previous
Fluid Ref. Geometry Rayleigh no. range points for Eq. (1) study works
CO, 16 Horizontal wire, 0.2<Ra, <2.92x 10? 54 a=1.03, b=0.333, ¢=10.07, 10.7 —
horizontal and d=0.438, e=0.561, f=-5.6
vertical ribbon
CO, 15 Horizontal wire, 1.31x10' <Ra,, <1.26x 103 79 a=0.717, b=0.231, ¢=0.404, 6.7 10
and flat strip d=0.320, e=0.245, f=0.007
CO, 1 Horizontal wire 8.82x 10! <Ra, <1.02x 10* 92 a=1.153, b=0.187, ¢=0.045, 7.9 —
’ d=0.132, e=0.722, f=-0.110
CO, 2 Horizontal pipe 1.09 % 108 <Ra, <1.55% 108 57 a=0.054, b=0.432, ¢=2.02, 11.9 20
d=0.423, e=0.221, f=-0.398
Co, 6  Vertical plate 4.66 x 101 < Ra,, <9.02x 1012 21 @=0.024, 5=0.393, c=1.213, 9.8 20
d=0.394, e=-0.316, f=-0.314
Co, 17 Vertical plate 7.97x 10! < Ra,, <4.04x 1013 38 @=0.103, b=0.333, c=-2.0, 13.5 25
d=0.726, e=0.52, f=1.23
H,0 13 Vertical ribbon 8.88 x 106<Ram<4.45>< 108 87 a=0.15, b=0.333, c¢=-0.533, 15.6 —
d=0.268, e=0.455, [f=2.24
H,0 3,14 Vertical ribbon 5.95x 1010 < Ra,, <2.14x 101 85 a=0.142, b=0.333, c=-0.702, 14.7 15
d=0.507, e=0.04, f=2.81
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The appropriate thermodynamic and transport property
inputs required by the proposed heat-transfer correlation
were determined from the expressions given in Refs. 8-12.
These expressions were exclusively developed for fluids in the
near-critical region and are capable of predicting physical
properties with very good accuracy. Extensive comparison of
these expressions with experimental data can be found in
Refs. 10-12.

Experimental Data Used

An intensive literature survey was carried out to obtain the
available free convective experimental data in the near-
critical region. In this study, water and carbon dioxide were
chosen for the development of the heat-transfer correlations.
These fluids were chosen because of the availability of
reliable experimental heat-transfer data and accurate physical
property expressions. Table 2 summarizes the experimental
data used in this study. A detailed table of the available ex-
perimental free convective heat-transfer data may be found
in Ref. 9.

Results and Discussion

The constants in the proposed heat-transfer correlation
were obtained by curve fitting the expression to the ex-
perimental heat-transfer data of water>'3* and carbon
dioxide. %1517 For this purpose a nonlinear least-squares fit
was used. The constants to be used in the proposed heat
transfer correlation [Eq. (1)] are given in Table 2.

The fit of the proposed expression to the available ex-
perimental data was good for both substances. The results of
comparison with eight different experimental works are sum-
marized in Table 2.

In this study, the effects of reference temperature and wire
diameter on the heat-transfer correlation were also in-
vestigated. Analysis showed that, when the physical proper-
ties in the Nusselt, Prandtl, and Grashof numbers were
evaluated at the freestream temperature, the proposed heat-
transfer correlation produced better results. For example, the
average absolute error in correlating the data of Ref. 2 was
reduced from 15 to 11.9% when the reference temperature
was changed from film to freestream temperature. The same
results were obtained for the data of Refs. 1 and 15. For
Ref. 1 the error was reduced from 12.5 to 7.7% and for Ref.
15 from 13.3 to 6.7%. The effect of diameter on heat-
transfer predictions was reduced when heat-transfer coeffi-
cients were expressed as (4)(D)%%, see Refs. 8, 9, and 18.
This was accomplished by rearrangement of the expression
for Nusselt number to the form AD®? = Nu_k_,D %7 and
substitution of Eq. (1) for Nu,,. Then, the effect of diameter
on the right-hand side of the rearranged expression for
Nusselt number was eliminated when the exponent of
Rayleigh number was constrained to 0.25 (i.e., set 5=0.25).
In this fashion, it was possible to combine the heat-transfer
experimental data obtained from three different size wires
(0.1 mm,%% 2 mm,? and 0.076 mm!®) and predict these data
with a single heat-transfer correlation. As shown in Fig. 1,
the proposed correlation predicts the 266 experimental data
for free convective heat transfer from horizontal wires to
carbon dioxide with an average absolute error of 13.7%.

Conclusions

The proposed heat-transfer correlation based on correct
values for physical property inputs used in this study and an
appropriate reference temperature showed that the predicted
values are in good agreement with free convective experimen-
tal data for water and carbon dioxide. The average absolute
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errors between the predicted results and the experimental
data for all cases were below 16%. Also, this single correla-
tion showed better accuracy when compared to other correla-
tions available in the literature (see Table 2).
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