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Abstract-The heat transfer characteristics of highly populated pin-fin arrays have been investigated for three 
different orientations in the gravity field: (1) horizontal fins and vertical baseplate, (2) vertical fins and 
horizontal downfacing baseplate, and (3) vertical fins and horizontal upfacing baseplate. Experiments were 
performed in air to measure the combined natural convection and radiation heat transfer, and the radiation 
was determined analytically. Parametric variations were also made ofthe number offins and ofthe baseplate- 
to-ambient temperature difference. In general, among the three orientations, the vertical upfacing fin array 
yielded the highest heat transfer rates, followed by the horizontal fin array and the vertical downfacing fin 
array. With an increase in the number of fins for fixed values of the other parameters, the heat transfer rate 
increased at first, attained a maximum, and then decreased, thereby defining an optimal fin population. The 
fractional contributions of radiation to the combined-mode heat transfer were generally in the 25-40x range, 
with the larger contributions occurring at the smaller baseplate-to-ambient temperature differences. 

Comparison of the pin-fin results with those for plate fins tends to encourage the use of pin fins. 

INTRODUCTION 

NATURAL convection is an attractive cooling mechan- 
ism for low-power-level devices because, in contrast to 
forced convection, it avoids the issues of reliability and 
energy consumption associated with blowers and 
pumps. To increase the cooling capabilities of natural 

convection, it is appropriate to augment the transfer 
surface area by the use of fins. Despite the practical 
importance of natural-convection-cooled fins, the 
literature on the subject is remarkably sparse and is 
confined to a single class of fins, namely, plate fins. 
Experimental results for plate-finned natural convec- 
tion systems are presented in [l-6], all of which pertain 
to air as the cooling medium. 

Natural convection in air is generally accompanied 
by radiation heat transfer. For high-emissivity surfaces, 
the two modes of heat transfer are of comparable 
magnitude. Therefore, when such surfaces are 
employed (e.g. painted, anodized, or otherwise coated 
metallic surfaces), it is the combined convec- 
tive/radiative heat transfer that is relevant for design 
rather than the convective heat transfer alone. 

For finned systems that are essentially isothermal (i.e. 
fin efficiency near unity), the natural convection and 
radiation are decoupled and are additive. However, 
for complex geometries, the radiation calculation is 
difficult and may require the use of approximations 
which lead to results of uncertain accuracy. When the 
fins are nonisothermal, the natural convection and 
radiation are coupled, which compounds the afore- 
mentioned geometry-related difficulties. The foregoing 
discussion underscores the benefits of reporting 
combined-mode heat transfer results. 

The present paper deals with the natural 
convection/radiation heat transfer characteristics of a 
class of fins markedly different from those heretofore 

reported in the literature, namely, circular cylinders (i.e. 
pin fins) mounted perpendicular to a plane baseplate. 
Such fins are already in use in applications such as the 
cooling of electronic equipment, but without open- 
literature documentation. In practice, the pin fins are 
deployed in highly populated arrays and are 
distributed in a regular pattern on the baseplate. 

The results to be reported here constitute the second 
and concluding part of a two-part study of highly 
populated pin-fin arrays. The study encompassed 
experiments which yielded the combined-mode 
(convective/radiative) heat transfer characteristics and 
an analysis for determining the radiative component of 
the heat transfer. In the first part of the study [7], 
attention was directed to systems in which the baseplate 
is vertical and the fins are horizontal. In practice, 
however, various orientations of the fin-baseplate 
assembly may be encountered, depending on the 
specifics of the application. In the experiments 
performed in the second part of the study, the 
orientation of the fin-baseplate assembly was varied 
parametrically. All told, three orientations were 
investigated. The first is the aforementioned vertical 
baseplate/horizontal fin orientation. In the other two, 
the baseplate is horizontal and the fins are vertical. In 
one of these, the baseplate and the fins face upward, 
while in the other, the baseplate and the fins face 
downward. 

In addition to the orientation of the assembly, two 
other parameters will be varied during the course of the 
experiments. One of these is the number of fins in the 
array, the variation of which was aimed at identifying 
an optimum fin population which maximizes the rate of 
heat transfer from a given baseplate at a given 
temperature difference. The other investigated para- 
meter is the baseplate-to-ambient temperature dif- 
ference, which was varied over the entire practical range 
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NOMENCLATURE 

surface area of unfinned baseplate 
total heat transfer surface area 
fin diameter QR 
acceleration of gravity Ra 

combined-mode heat transfer coefficient, S 

QPZK-CJ Tb 
thermal conductivity 7, 
fin length 

combined-mode heat transfer rate 
natural convection component of Q 
radiation component of Q 
Rayleigh number, [g/?(7” - Tm)S3/vz 

side dimension of baseplate 
baseplate temperature 
ambient temperature. 

IPr 

number of fins 
combined-mode Nusselt number, hS/k 

Prandtl number 

Greek symbols 

B coefficient of thermal expansion 
V kinematic viscosity. 

for applications such as the cooling of electronic 
equipment. In addition to the main set of experiments, 
supplementary experiments were performed to exam- 
ine the response of the heat transfer rate to the size of 
the wall in which the baseplate is embedded. 

The results to be presented include : (1) combined- 
mode heat transfer rates for all investigated 
orientations, fin populations, temperature differences 
and wall configurations ; (2) optimum fin populations ; 
(3) radiation fraction of the combined-mode heat 
transfer; and (4) comparison with plate-fin results. 

THE EXPERIMENTS 

The description of the experimental apparatus is investigated. All told, five different arrays were used in 
facilitated by reference to Figs. 1-3. The first of these the experiments, respectively consisting of 18,27,39,52, 
figures contains two parts, each of which is a head- and 68 fins. In each of the arrays, the fins were arranged 
on view of the baseplate with the fins depicted as on equilateral-triangular centers, and it is this con- 
circles. The two arrays pictured in Fig. 1 respectively straint which is responsible for the seemingly odd 
consist of 18 and 68 fins, which correspond to the numbers of fins (e.g. 39 rather than 40). The baseplate is 
minimum and maximum fin populations among those square with side dimensions S, with S = 7.62 cm. Since 
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FIG. 1. Head-on views of the fin-baseplate assembly showing 
the 18-f% and 68-fin arrays. 
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FIG. 2. The three investigated orientations of the fin-baseplate assembly. 
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FIG. 3. Insulation housing and extended frame. 

the focus of the experiments is to determine the effect 
of the orientation of the fin-baseplate assembly, the 
baseplate dimensions, as well as the other geometrical 
parameters, were held fixed for all the assemblies. 

The three investigated orientations of the fin- 
baseplate assembly are pictured schematically in Fig. 2. 
In Fig. 2(a), the baseplate is vertical and the fins are 
horizontal, while Figs. 2(b) and (c) display the 
horizontal baseplate/vertical fin orientations, respect- 
ively downfacing and upfacing. As seen in the figure, the 
baseplate is inset in an insulation housing such that the 
exposed surface of the baseplate is flush with the surface 
of the housing. 

The indi~du~ fins are rods of diameter D = 0.635 cm 
and exposed length L = 2.54 cm. The overall length of 
each rod is the sum of the exposed length plus the 1.27 cm 
thickness of the baseplate. To assemble each array, 
the rods were pressed into appropriately positioned 
holes drilled through the baseplate. The hole diameter 
was sized to be 0.0025 cm less than the rod diameter in 
order to create an interference fit between the rod and 
the hole. The interference fit served to avoid contact 
resistance. 

Both the fins and the baseplate were made of 
aluminum. The use of aluminum was based on its high 
thermal conductivity, its easy machinability, and its 
receptiveness to a durable, high-emissivity surface 
coating. The aluminum was black anodized (i.e. coated) 
after the mating of the fins with the baseplate and after 
grooves had been milled in the rear face of the baseplate 
to accommodate electrical resistance wire used for 
heating the assembly. Closely spaced grooves were used 
to promote the uniformity of the heating. The 
emissivity of the anodized aluminum was measured to 
be 0.82. 

The temperature of the baseplate was measured by 
six embedded thermocouples, which indicated the 
attainment of virtually isothermal conditions (the 
deviations were, for the most part, subst~tially less 
than y/o of the baseplate-to-ambient temperature 
difference). Thermocouples were also embedded in the 
tips of 10 strategically located fins. These thermo- 
couples showed that for the 2.54-cm-long fins inves- 

tigated here, the base-to-tip temperature drop was in 

the range of l-2% of the baseplate-to-ambient 
temperature difference. Therefore, for practical pur- 
poses, the fins may be regarded as isothermal (fin 

efficiency r 1). For each of the fin-baseplate assemblies 
and orientations, the baseplate-to-ambient tempera- 
ture difference was varied from 2 to 70°C. 

A pictorial view of the insulation housing with the 
baseplate in place (but with the fins not shown) is 
presented in Fig. 3(a). The housing is a rectangular 
block made from closed-pore polystyrene (Styrofoam) 
insulation. The face coplanar with the baseplate is a 
28 x 28 cm square, and the thickness is 10.2 cm. To attain 
hydrodynamic smoothness, the face is covered with 
white plasticized contact paper (measured emissivity 
= 0.855). 

As seen in Fig. 3(a), the insulation housing frames the 
fin-baseplate assembly (i.e. a 28 cm square which 
frames a 7.62 cm square). To help quantify the framing 
effect of the housing, supplementary experiments were 
performed using the extended frame pictured in Fig. 
2(b). The extended frame is believed to be sufficiently 
large to act as a wall of infinite extent. It is a 61 x 61 cm 
square made of stiff cardboard and was mounted to be 
coplanar with the face of the insulation housing and the 
baseplate. 

Shielded thermocouples situated adjacent to the 
apparatus measured the ambient temperature. Strati- 
fication over a 30-cm height was confined to O.O3”C, 
and temperature constancy during the course of a 12-h 
data run was in the same range. 

The experiments were performed in an isolated room 
possessing unique stability and quiescence. The room 
was never entered during a data run, and the power 
supply, digital voltmeter and barometer were located in 
an adjacent room. 

Further details of the apparatus and the experi- 
mental procedure are available in ref. [SJ. 

DATA REDUCTION AND 
RADIATION ANALYSIS 

The data collected during each run included the 
electric power input to the fin-baseplate assembly, the 
baseplate and ambient temperatures, and the 
barometric pressure. Estimates indicated that heat 
conduction through the insulation housing was 
negligible, so that the rate of heat transfer Q from the 
assembly by convection and radiation was evaluated 
directly from the power input. As already noted, the 
baseplate thermocouples yielded virtually uniform 
readings, and the slight nonuniformities were averaged 
out in obtaining the baseplate temperature T’,. The 
occasional 1-2 JLV variations in the ambient 
thermocouple readings were also averaged out in the 
evaluation of T, . 

It was desired that both the heat transfer coefficient h 
and the Nusselt number Nu be direct reflections of the 
convective/radiative heat transfer rate Q. In particular, 
changes in h and Nu with fin population and with the 
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orientation ofthe assembly should be truly indicative of radiation calculation should improve as the number of 
changes in Q. To this end, h will be based on the surface fins in the array increases. In any event, the assumption 
area A, ( = S’) of the unfinned baseplate, while the side of black surfaces tends to somewhat overestimate the 
S of the baseplate will be used as the characteristic radiative component. 
length in Nu (note that S is the same for all the The analysis is initiated by imagining a fictive box- 
assemblies). From these considerations, it follows that like envelope placed over the assembly. The next step is 

h = Q/S’( Tb - 7”) (1) 
to determine the participating angle factors : (1) from 
the baseplate to the envelope, (2) from the cylindrical 

Nu = hS/k = Q/Sk( Tb - T,). (2) 
surfaces of the fins to the envelope, and (3) from the tips 
of the fins to the envelope. This is an extremely difficult 

For a given array population and assembly task which is described in detail in ref. [S, Chap. 43 and 
orientation, the temperature difference ( Tb - T,) served outlined in ref. [7], so that no further exposition is 
as the independent variable of the experiments. The needed here. Approximations were necessary which, if 
Rayleigh number was chosen as the dimensionless error-producing, tend to underestimate the radiative 
representation of the temperature difference component. 

Ra = [g/?( Tb - Tm)S3/v2]Pr (3) 
Although simplifying assumptions were made in the 

radiation analysis, it is believed that the computed 
where, again, S is used as the characteristic length. The values of the radiation heat transfer are substantially 
thermophysical properties appearing in both Ra and correct. There may be a modest overestimation for the 
Nu were evaluated at a reference temperature equal to lesser-populated arrays which diminishes as the fin 

:(Tb+ T,). population increases. 
As noted in the Introduction, it is the combined 

convective/radiative heat transfer that is needed in 
design. The separation of the combined-mode heat 

RESULTS AND DISCUSSION 

transfer into its components can, in principle, be Heat transfer 

accomplished by analytical-numerical determination The combined-mode heat transfer results for all 
ofthe radiative heat transfer Qa. In reality, however, the of the operating conditions of the experiments are 
geometry ofthe investigated fin-baseplate assemblies is presented in Figs. 46. These figures encompass a total 
so complex as to introduce formidable difficulties into of five graphs. Each graph conveys the results for a 
the analysis. Even when reasonable approximations specific fin-baseplate assembly as characterized by the 
are employed, the analysis is still very difficult and time numberoffinsN,withN = 18and27inFig.4,39and52 
consuming. in Fig. 5, and 68 in Fig. 6. In each graph, there are three 

Two key assumptions were used to simplify the 
radiation analysis. One is that the fins are isothermal at 
the baseplate temperature Tb. As noted earlier, this 
assumption is closely approximated by the 2.54-cm- 
long fins employed here. For the case of the postulated 
isothermal fin-baseplate assembly, it is convenient to 
define a new temperature scale 

(j4 = T4-Tr”, (4) 

such that for the assembly 6: = Tz - TL, while for the 
surroundings 64, = T: - T”, = 0. In the new tempera- 
ture scale, the fins and baseplate radiate at a 

sets ofdata, respectively, for the three orientations. The 
orientations are keyed to the data symbols in the legend 
of each figure. In order to achieve conciseness in the 
legend, only the orientation of the fins is spelled out. 
The complete description of the orientations is : (1) 
horizontal fins and vertical baseplate, (2) vertical fins 
and horizontal baseplate facing downward, and (3) 
vertical fins and horizontal baseplate facing upward. 

The data are plotted in terms of the Nusselt and 
Rayleigh numbers. However, in view of the specific 
definitions of these quantities as described in the 
foregoing, Figs. 4-6 can be regarded as plots of the 

temperature 62, but the surroundings are not radiating. combined-mode heat transfer rate as a function of the 
This eliminates the need to consider radiation arriving baseplate-to-ambient temperature difference. The open 
at the assembly from the surroundings. symbols depict data taken without the external frame, 

The second assumption, made to eliminate inter- while the black symbols represent the supplementary 
reflections among the various exposed surfaces of the 
assembly, is that the surfaces are black. As noted earlier, 
the surfaces were black anodized and had a measured 
emissivity of 0.82. However, the geometry of the 
assembly defines an array of partially enclosed cavities, 
and it is well established that the effective emissivity of a 
cavity can be substantially larger than the actual 
emissivity of the surfaces which bound the cavity [9, 
Chap. 61. From an examination of Fig. 1, it is evident 
that the more populous the array, the more confined are 
the cavities and the higher is the effective emissivity. 

data runs made with the external frame in place. 
Smooth curves have been passed through the data for 
continuity. 

An overall inspection of Figs. 46 indicates that 
among the three investigated orientations of the fin- 
baseplate assembly, the highest heat transfer rates were 
generally attained when the fins were vertical and 
upfacing. On the other hand, the lowest transfer rates 
generally occurred for the downfacing vertical fins. The 
heat transfer attained in the horizontal fin orientation 
was, globally speaking, bracketed between the values 

Therefore, the accuracy of the blackbody-based for the two vertical orientations. At the smallest of the 
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FIG. 4. Nusselt numbers for all three orientations, N = 18 and 27. 

investigated fin populations [Fig. 4(a)], the heat 
transfer from the horizontal fin array was essentially 
equal to (and, at high Ra, slightly surpassed) that from 
the vertical upfacing fin array. However, as the fin 
population increased, the relative performance of the 
horizontal array diminished, so that for the most 
populous case (Fig. 6), its Nu, Ra distribution was more 
or less coincident with that for the vertical downfacing 
fin array (and fell slightly below at high Ra). 

From the practical standpoint, it is relevant to assess 
the penalty in heat transfer incurred if design 
constraints were to mandate the use of the horizontal 
fin orientation rather than the vertical upfacing fin 
orientation. Figures 4-6 show that the extent of the 
penalty depends on the number of fins in the array and 
on the Rayleigh number (i.e. on the baseplate-to- 
ambient temperature difference). For the 39-fin array 

(which, to be documented later, is in the neighborhood 
of the optimum population) and for Ra 3 4 x 10’ (the 
range of practical temperature differences), the heat 
transfer is 15% smaller when the fins are horizontal than 
when they are vertical and upfacing. The penalty would 
be about 20% if downfacing vertical fins were to be used. 

The response of the combined-mode heat transfer to 
the orientation of the fin-baseplate assembly, as 
evidenced in Figs. 4-6, is due entirely to the response of 
the natural convection component. This is because the 
radiative component is independent of orientation 
(the assembly is essentially isothermal for all the 
orientations, and the radiative surroundings are un- 
affected by the orientation). Therefore, it is sufficient 
to look to the natural convection to rationalize the 
orientation-related trends in Figs. 4-6. 

With regard to the vertical upfacing and vertical 
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Nu 
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FIG. 5. Nusselt numbers for all three orientations, N = 39 and 52. 
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FIG. 6. Nusselt numbers for all three orientations, N = 68. 

downfacing orientations, it is well established that for 
the unfinned baseplate, the natural convection is more 
vigorous for the former than for the latter-a 
relationship which should, at least, continue to hold for 
sparsely populated arrays. Furthermore, for the 
downfacing array, the fin-induced buoyant upflow is 
stymieddue to the blocking action ofthe baseplate, and 
the lateral outflow from the array to the surroundings 
just below the baseplate opposes the inflow of fresh air. 
These factors work together to give rise to lower rates of 
transfer for the downfacing orientation. 

The relative deterioration of the heat transfer 
performance of the horizontal fin array with increasing 
fin population is believed due to the increased tendency 
of the air to thermally saturate in the upper part of the 
array. This tendency is stronger for the horizontal array 
because of the longer flow path through the array and 
because inflow of fresh air can occur at only three of the 
four sides (the fourth side is blocked by the vertical 
baseplate). 

Attention will now be turned to the effect of the 
extended frame [Fig. 3(b)] on the Nusselt number 
results. The data collected with the extended frame in 
place are depicted by the black symbols in Figs. 4-6. At 
least three such data runs (low, medium and high Ra) 
were made for each fin population for both the vertical 
upfacing and vertical downfacing arrays (in a few 
instances, the data are totally obscured by overlap). 

Inspection of the figures reveals that the black data 
symbols are in excellent agreement with the open data 
symbols, indicating no effect of the extended frame. In 
view of this, the heat transfer results can be regarded as 
corresponding to a finned heated patch embedded in an 
extensive surface. 

Optimal$n population 
The issue now to be addressed is whether, when 

everything else is held fixed, there is a particular fin 
population (i.e. an optimal population) which yields a 
maximum value of the combined-mode heat transfer 
rate. The existence of such a maximum can be made 
plausible by considering the variations of the 
convective and radiative heat transfer rates with 
increasing fin population. The radiative component 
increases monotonically with fin population but levels 

off and approaches an upper bound at large 
_ . 

populations. On the other hand, the convective 
component initially increases and subsequently 
decreases. The initial increase is due to the increase in 
transfer surface area with fin population. The 
subsequent decrease occurs because of the higher 
resistance to air flow brought about by the tighter 
interfin clearances which accompany an increase in fin 
population. Furthermore, the diminished throughflow 
ofair has a greater tendency toward thermal saturation. 

With this as background, a graphical presentation 
will now be made of the variation of the combined- 
mode heat transfer rate with fin population. Figures 7-9 
have been prepared for this purpose,respectivelyfor the 
horizontal, vertical upfacing, and vertical downfacing 
fin orientations. In each figure, for each of four Ra 
values which span the investigated range, the 
combined-mode Nusselt number is plotted as a 
function of the number of fins N in the array. The data 
points appearing in these figures have been read from 
Figs. 4-6, and smooth curves have passed through the 
data to provide continuity. 

For all Rayleigh numbers which reflect the practical 
range of baseplate-to-ambient temperature differences 
(i.e. Ra > 4 x lo’), maxima exist. For the horizontal fin 
array, the maxima occur in the neighborhood of 
N = 39 for all of the investigated Rayleigh numbers. 
These maxima are, however, rather flat, with the 
Nusselt number being virtually constant in the range 
N = 3&40. For the vertical fin arrays, the maxima tend to 

200 
Ro x lO-5 

16 

0 
I 

60- 
I I I I I 

IO 20 x) 40 50 60 

N 

FIG. 7. Dependence of the Nusselt number on the number of 
fins for the horizontal fin array. 
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Nu 

Ra x Iti 

FIG. 8. Dependence of the Nusselt number on the number of FIG. 9. Dependence of the Nusselt number on the number of 
fins for the vertical upfacing fin array. fins for the vertical downfacing fin array. 

move toward higher N values as the Rayleigh number 
increases. In particular, the N value at Nu, increases 
from about 39 to about 50 as Ra increases from 4 x lo5 
to 16 x 10’. Among the threeinvestigated orientations, 
the Nusselt numbers for the vertical upfacing case 
display the greatest variation with N. 

For the sake of generality, N N 40 can be regarded as 
defining the optimum fin population (corresponding to 
Nu_) for all three fin orientations. The use of this 
global specification leads to an extreme error of about 
2% in identifying Numax. 

Radiation and convection components 
Representative results from the radiation heat 

transfer analysis described earlier in the paper will now 
be presented. These results will be reported in terms of 
the QR/Q ratio. In this ratio, Q is the experimentally 
determined, combined-mode heat transfer rate and QR 
is the computed value of the radiative component 
corresponding to the temperatures T” and T, of the 
experiment in which Q was measured. If the convective 
component is denoted by Qc, then Q JQ = 1 - QR/Q, so 
that a presentation of results for QR/Q also yields Q JQ. 

Figure 10 conveys the variation of QR/Q with Ra (i.e. 
with T,-T,) for the case of the horizontal fin 

Ra x 10S5 

Nu IOO- 

80- 

60- w- - 
I I I I I 

IO 20 30 40 50 60 70 
N 

orientation and for all the investigated fin populations 
(N = 18-68). Also included for reference purposes is a 
computed curve which depicts Q,JQ vs Ra for a vertical 
flat plate whose dimensions (S x S) are equal to those of 
the baseplate. The radiation from the plate was 
computed using an emissivity value of 0.82, which 
corresponds to that of the anodized aluminum of the 
present apparatus. The natural convection at the plate 
surface was evaluated by employing the correlation of 
ref. [lo]. The figure shows that the fractional 
contribution of radiation to the combined-mode heat 
transfer is greatest at the smallest temperature 
difference of the experiments and decreases as the 
temperature increases. This seemingly unexpected 
finding can be rationalized by noting that when the 
temperatures T, and T, which drive the radiative 
transfer differ only moderately (compared to their 
values on the absolute scale), Qs varies more or less 
linearly with (Tb-- T,). On the other hand, it is well 
established that natural convection heat transfer varies 
with the temperature difference to a power greater than 
one (e.g. 1.25 for many laminar flows). Therefore, the 
natural convection contribution increases more 
rapidly with (Tb- T,) than does the radiation 
component, causing the downsloping trend in Fig. 10. 

I - N - 

.a c 0 I8 
0 27 
v 39 
A 52 
0 68 

tl III 
?6 

I I I Illlll I 
.8 I 2 4 6 El IO 

Ra x 10m5 

1 

FIG. 10. Fractional contribution of radiation to the combined-mode heat transfer for the horizontal fin array. 
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At baseplate temperatures greater than those 
considered here, the nonlinear nature of the radiative 
transfer will assert itselfmore and more strongly, so that 
the QR/Q distributions ultimately increase with further 
increases in the temperature difference. 

Comparisons with the literature 

Most of the QlJQ data fall together in a fairly 
compact band, with only those for the most populous 
array (N = 68) emerging with a clear separate identity. 
The absence of a strong trend of QR/Q with N at small 
and intermediate N values is believed to be due to the 
fact that both Qs and Qc increase with N in this range. 
Another factor may be the possible overestimation of 
the radiation at small N (as discussed earlier) and the 
decrease of the overestimation as N increases. At larger 
N, QJQ increases with increasing N, reflecting the 
dropoff of the natural convection and the continued 
increase in the radiation. 

As noted in the Introduction, there appears to be no 
information in the literature on either the natural 
convection or the combined natural convec- 
tion/radiation heat transfer characteristics of pin-fin 
arrays. Indeed, the only related configuration for 
which information is available is that consisting of an 
array of plate-type fins of rectangular profile attached 
to a plane baseplate. 

It is appropriate to compare the heat transfer 
performance of pin-fin and plate-fin arrays. A 
reasonable set of constraints for the comparison might 
include : (1) equal baseplate dimensions, (2) equal lin 
length, and (3) equal fin surface area. However, the 
available information is not sufficient to fulfill these 
constraints, so that it appears necessary to use a looser 
set. 

Aside from the N = 68 array, the radiation 
contribution for the other arrays ranged from 25 to 40% 
of the combined-mode heat transfer. For the N = 68 
array, an extreme value of 50% was encountered. It is 
also interesting to note that the Qs/Q values for all the 
fin-baseplate assemblies fall below those for the 
vertical plate. This suggests that radiation plays a 
smaller role in the fin heat transfer than it does in the flat 
plate heat transfer. 

The QR/Q for the three orientations are brought 
together in Fig. 11, where the actual data have been 
omitted in favor of continuous curves in order to 
preserve clarity. Results are shown for the N = 27 and 
68 arrays. The N = 27 array yielded the lowest QJQ 
data for the horizontal array (Fig. 10) and virtually the 
lowest for the other arrays. 

To take account of the issue of the baseplate 
dimensions, the rates of heat transfer per unit unfinned 
baseplate area A, will be compared. Note also that the 
literature for plate fins provides only the natural 
convection component Qc, and this requires that Qc 
values for the pin fins be used for the comparison 
{determined by subtracting the computed QR from the 
measured Q). Thus, the quantity that will be compared 
is QJA,J I’,‘, - 7,). The comparison is made for equal 
values of fin length (L = 2.54 cm) and for area ratios 
A,/& that are as close as possible to being equal 
(A, = total exposed transfer area, A, = bare baseplate 
area). 

Figure 11 shows that the Q,JQ values for the vertical 
upfacing array are somewhat reduced relative to those 
for the horizontal array, indicating the greater 
effectiveness of convection for the former. On the other 
hand, for all fin populations except for N = 68, the 
QrJQ values for the vertical downfacing array are the 
greatest among the three orientations, reinfor~ng the 
expectation that the convection is ieast vigorous for 
that array. 

A comparison of plate-fin and pin-fin performance is 
shown in Fig. 12 for the case in which the baseplate is 
vertical, where the plate-fin data are from ref. [5, Fig. 11. 
The AJA, values for the plotted plate-fin and pin-fin 
results are 6.62 and 5.54, respectively. The latter (which 
corresponds to N = 52) is the available pin-fin A,/& 
value which is closest to 6.62. 

For the conditions of the comparison, Fig. 12 shows 
that the pin fins provide better performance than the 
plate fins {by about 40%). If a comparison similar to Fig. 
12 were to be made for the case of the upfacing 
horizontal baseplate, the outcome would show the pin 
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FIG. 11. Fractional contribution of radiation to the combined-mode heat transfer for all three orientations. 
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FIG. 12. Comparison ofconvective heat transfer from plate-fin 
and pin-fin arrays mounted on vertical baseplates. 

fins to be of even greater advantage. Thus, while these 
comparisons are by no means definitive, they 
encourage the use of pin fins. 

CONCLUDING REMARKS 

The research reported here has been concerned with 
the natural convection/radiation heat transfer charac- 
teristics of highly populated pin-fin arrays situated in 
air. Experiments were performed to measure the 
combined-mode heat transfer, and the radiation 
component was determined analytically. The fins were 
deployed in an equilateral triangular array and 
mounted perpendicular to a plane baseplate. 

The main focus of the research was to determine the 
response of the combined-mode heat transfer to the 
orientation of the fin-baseplate assembly in the gravity 
field. Three orientations were employed : (1) horizontal 
fins and vertical baseplate, (2) vertical fins and 
horizontal baseplate facing downward, and (3) vertical 
fins and horizontal baseplate facing upward. In 
addition to orientation, parametric variations were 
made of the number of fins N in the array and of the 
baseplate-to-ambient temperature difference (i.e. the 
Rayleigh number Ra). 

As the number offins was increased (while holding all 
other parameters fixed), the combined-mode heat 
transfer was found to increase at first, attain a 
maximum, and then decrease. The N value at the 
maximum was virtually independent of the Rayleigh 
number for the horizontal fin array, while for the 
vertical fin arrays there was a tendency for the 
maximum to occur at larger N as the Rayleigh number 
increased. However, with very little loss of accuracy, a 
common value of N (- 40 for the present apparatus) 
can be used to define the optimal fin population for all 
the investigated orientations and Rayleigh numbers. 

In general, among the three orientations, that in 
which the fins are vertical and the baseplate horizontal 
and upfacing yielded the highest rates of heat transfer, 
while the lowest rates were provided by the vertical 
fin/downfacing baseplate configuration. The heat 
transfer for the horizontal fin orientation tended to fall 

between those for the two vertical fin orientations. The 
actual differences in the heat transfer performance of 
the three orientations depend on both the fin 
population and the Rayleigh number. At the 
aforementioned optimal fin population and for 
practical values of the Rayleigh number, the heat 
transfer is about 15% smaller when the fins are 
horizontal than when they are vertical and upfacing; 
the heat transfer for the vertical downfacing array is 
about 20% less than that for the vertical upfacing array. 

The fractional contribution of the radiation to the 
combined-mode heat transfer was found to be greatest 
at the smallest investigated baseplate-to-ambient 
temperature difference and diminished as the 
temperature difference increased. In general, the 
fractional contribution ofthe radiation was in the range 
2540%. 

Supplementary experiments performed to determine 
the effect of the face area of the wall in which the 
baseplate was embedded indicated that the heat 
transfer results can be regarded as corresponding to a 
finned, heated patch situated in an extensive surface. 

Comparisons of the present pin-fin results with 
literature information for plate fins tend to encourage 
the use of pin fins. 
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EFFETS ~ORIE~ATIONS SUR LE TRANSFERT T~ERMIQUE CONVECTION 
NATURELLERAYONNEMENT PAR DES ARRANGEMENTS D’AKGUILLES FINES 

RkunC-Les caracteristiques thermiques d’arrangements denses d’aiguilles fines sont etudiees pour trois 
orientations differentes dam le champ de gravite: (1) aiguilles horizontales et plaque-support verticale, (2) 
aiguilles verticales et plaque-support tournee vers le bas, et (3) aiguilles verticales avec plaque-support tom&e 
vers le haut. Des experiences sont conduites avec l’air pour mesurer la convection naturelle combinee au 
rayonnement, et le rayonnement est determine analytiquement. On fait varier le nombre d’aiguilles et la 
difference de temperatureentrele support et l’ambiance. En general, parmi les trois orientations, l’arrangement 
d’aiguilles verticales tour&es vers le haut donne les plus forts transferts de chaleur, suivi par (1) puis (2). Quand 
le nombre d’aiguiiies augmente, les autres paramitres itant fixes, le transfert thermique croit d’abord, atteint 
un maximum, puisdecroit, ce quid&gage une population optimale d’aiguilles. Les contributions fractionnelles 
du rayonnement au transfert global sont de 20 a 400/ avec les plus grandes contributions pour les plus faibles 
differences de temperature. La comparaison des resultats avec deux des ailettes planes encourage l'utilisation 

des aiguilles fines. 

EINFLUSS DER ORIENTIERUNG AUF DIE WARMEUBERTRAGUNG DURCH 
NAT~RLICHE KONVEKTION UND STRAHLUNG VON NADELBERIPPTEN FLACHEN 

Zuaammenfaastmg-Das Warmeiibertragungsverhalten von sehr dicht mit Nadeln berippten FlHchen wurde 
fur drei verschiedene Orientierungen im Schwerefeld untersucht : (1) horizontale Rippen und vertikale 
Grundplatte, (2) vertikale Rippen und horizontal nach unten gerichtete Grundplatte und (3) vertikale Rippen 
und horizontal nach oben gerichtete Grundplatte. Die Untersuchungen zur Bestimmung des kombinie~en 
W~rme~~rgangs durch natiirliche Konvektion und Warmestrahlung wurden in Luft durchgeftihrt, wobei 
der Strahlungsanteil analytisch bestimmt wurde. Als Parameter wurden die Anzahl der Rippen und die 
Temperaturdiiferenz zwischen Grundplatte und Umgebung variiert. Allgemein gilt, daf3 bei der Anordnung 
mit den vertikal nach oben gerichteten Rippen das beste Wiirmeiibertragungsverhalten erreicht wird, gefolgt 
von den horizontal angeordneten Rippen und der Anordnung mit den vertikal nach unten gerichteten Rippen. 
Mit zunehmender Anzahl von Rippen-bei konstanten Werten der anderen Parameter-nimmt die 
Wirmeiibertragung zuerst zu, erreicht ein Maximum und nimmt dann ab, womit sich eine optimale 
Berippungsdichte ergibt. Der anteilige Beitrag der Wlrmestrahlung am kombinierten Warmetibergang war 
allgemein im Bereich von 2.5 bis 40”/ wobei die griiBeren Beitrlge fiir kleine Temperaturdifferenzen zwischen 
Grundplatte und Umgebung erreicht wurden. Der Vergleich der Ergebnisse zwischen mit Nadeln berippten 

F&hen und solchen mit plattenformigen Rippen zeigt geringe Vorteile fur nadelfiirmige Rippen. 

3AB~~~MOCTb ECTECTBEHHOKOHBEKT~BHOrO M ~Y~H~TOrO TE~J~OO~MEHA 
OT OPMEHTAUHM PAJHiATOPOB C HI-O.JIbYATbIMM PEGPAMM 

AHtiOTauH$t--XapaKTeptiCTuKu TeIlJlOOT@WH OT PaAIIaTOpOB C BbICOKOfi IIAOTHOCTbH) paCIIOAO~eHIia 
MrOJIbYaTbiX pe6en IfCCAeAOBaANCb AJIll TpeX OpHeHTauHii a IIOJIe CHJIbI TaKeCTII: 1) rOnEI3OHTaJIbHbie 

uITbIpli M BepT~KanbHaa 0nopHax rwacTaHa, 2) BepT~K~bH~e IIITbIPA tf rOp~3OKTaAbHaa OIIOpHaa 

IIJIaCTIIHa, 06pamemiarr OlE6peHHOii CTOpOHOi-4 BHR3, 3) BepTIiKaAbHbIe IlITbIpiI M rOpIi3OIITaAbHaa 
OnopHaa nJIacTIIHa,o6paI.IIeIIHaa ope6peaHofi CTOpOHOti aaepx.%CCIIepIIMeHTbI no H3MepeHHHJ KOM~A- 

HHpOaaHHOrO eCTeCTBeHHOKOHBeKTllBHOr0 II AyWCTOrO TenAOIIepeHOCa IIpOBOAHAWb B BOJAyXe,KpOMe 

TOfO,IIHTeHCHBHOCTb A3Ay'IeHRR OIIpeAeARAaCb aHaAIITEI'%CKII. BapbifpOBaAIicb KOAA'IeCTBO IIITbipeii II 

pa3HocTb rek4neparyp Mex_ny onop~oii ~na~nH0~ H 0Kpy~a~~e~ cpenoii. ,&a 0p~eHTan~n e 06pa- 

IIIeHHbIMB BBepX UITbIpIiMA I-IOAy'IeHbI CaMbIe BbICOXHe K03$#iIPieHTbi TeIIJIOOTAaW 3aTeM CJleA,‘eT 

PaAllaTOp C rOpA30HTanbHbIMB IIITbIpaMll &HaKOHen, paAHaTOp C 06paIIIeHIIbtMH BHN3 LIITbIpaMII. c 

,JaeJIWIeHlleM WICJIa "ITbIpeii "PI, @KCFIpOBaHHbIX 3Ha'IeHllaX ApyrIIX rIapaMeTpOB K03@$UUMeHT Ten- 

JIOOTAaYA CH~YaAa &X.KTeT, AOCTHraeT MaKCEIMyMa, a 3aTeM yMeHbIIIaeTCa, 'IT0 II03BOAleT yCTaHOBIITb 
o=T~~anb~y~ IIAOTHOCTb UITblpepeii, BKAaA PaA~a~~~ a KOM6~H~pOBaHH~~ TenAO~epeHOC COCTaBAaA 

25-40%, npureM npn yr4eubmemin pa3uocrn resineparyp Memny onoptiol nnacrueoii 34 oxpyxcatotueii 
CpenOii 3TOT RKAaA BO3paCTaA. CpaBHeHHe pe3yJIbTaTOB IICCJIeAOBaHAa ArOAbYaTbIX II rIAaCTIiHYaTbIX 

pe6epnOKasanO,~TO IIpeAIIOYTHTeAbHeeHCIIOAb3OBaTh ArOJIbYaTbIe. 


