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Abstract

A theoretical and experimental study was carried out investigating the influence of thermal radiation on the thermal
performance of a pin fin array heat sink with the purpose of developing accurate predictive capability for such situa-
tions, and to determine the particular design parameters and environmental conditions under which thermal radiation
might be advantageous to the thermal performance. Several different types of experimental tests were run with the cor-
responding physical parameter variations including the emissivity of the heat sink, elevated ambient air temperature,
the temperature of a visible hot surface, and its radiation configuration factor. A theoretical model, validated by exper-
imental data, which includes the capability of predicting the influence of thermal radiation on the thermal performance
of a pin fin array heat sink, was developed by introducing an effective radiation heat transfer coefficient that was added
to the convective heat transfer coefficient.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction mon geometry is a pin fin array heat sink. Most of the

archival literature [1-10] on the thermal performance

Electronic component cooling becomes a more seri-
ous design problem as power densities continue to in-
crease. One of the most common means for cooling
electronic modules is a finned heat sink that enhances
convection heat transfer to the ambient air. There are
a variety of heat sink types, with differing fin geometries,
and operating with natural or forced convection. A com-
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of a pin fin array heat sink only involve convective heat
transfer, the reason being that the heat sink is often ex-
posed to a cool air-stream. For this situation, forced
convection is considered to be the dominant heat trans-
fer mechanism. Since the magnitude of thermal radia-
tion is normally very small compared to that of forced
convection, thermal radiation is normally considered
to be negligible. However, there are situations where
the effects of thermal radiation are not negligible. An
example would be when the air velocity is low enough
such that the effects of thermal radiation and natural
convection are the same order of magnitude as that of
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Nomenclature

A cross sectional area of fin, nd*/4, m>

Ay base area not occupied by fins, (ab — nA),
m2

A total convective heat transfer area of fin
array heat sink, n(ndL) + (ab — nA), m>

Ag total effective radiation surface area of fin
array heat sink, ab + 2(a + b)L, m?

A, total radiation surface area of a hot surface,
m2

Ay portion of the total effective radiation sur-

face area of finned heat sink which is in view
of a hot surface, ab, m>

a width of heat sink, m

b length of heat sink, m

Cp specific heat, J/kg-°C

d fin diameter, m

F4,4, radiation configuration (view) factor be-
tween surface 4, and A4,

fq heat flux, W/m?

Jar radiation heat flux, W/m?>

Gry Grashof number

Gry modified Grashof number, r*Grqy

h convective heat transfer coefficient, W/
m?°C

he convective heat transfer coefficient between
the fin and flowing air, W/m? °C

h effective radiation heat transfer coefficient,
W/m? °C

n effective radiation heat transfer coefficient

r,.c

representing the influence of thermal radia-
tion of the experimental data that were
taken to develop the dimensionless correla-
tion functions, W/m? °C

k fin thermal conductivity, W/m °C
ke fluid thermal conductivity, W/m °C
L length of fin, m

m fin parameter, m '

n number of fins

Nuy Nusselt number

P’ periphery of fin, m

P electrical power, W

0, heat transfer from entire sink, W
r Reynolds number modifier

r* Grashof number modifier

Reqy Reynolds number

Ré) modified Reynolds number, ' Rey
R effective thermal resistance, W/°C
Ty base temperature, K

T; air temperature, K

T, hot surface temperature, K

vr free stream air velocity, m/s

Greek symbols

o void fraction of fin bundle

B coefficient of thermal expansion, K~
&b heat sink emissivity

& hot surface emissivity

dynamic viscosity, kg/m-s

air density, kg/m?

surface reflectivity

Stefan-Boltzman constant, W/m? K*

o ™=

Q

forced convection should any exist. Another example
would be when the heat sink is exposed to a hot surface,
such as might exist in some automotive applications.
There appears to have been relatively very little research
done on the effect of thermal radiation on heat sink per-
formance as compared to that done considering just
pure convection.

Rao and Venkateshan [11] carried out an experimen-
tal study on the interaction of natural convection and
thermal radiation in horizontal fin arrays. A differential
interferometer was used to measure natural convection
heat transfer, and thermal radiation was calculated by
numerically solving the integro-differential equations.
The effect of thermal radiation between plate fins on
the thermal performance of a fin array heat sink was dis-
cussed. Sparrow and Vemuri [12] carried out an experi-
mental study on combined-mode natural convection/
radiation heat transfer characteristics of highly popu-

lated arrays of pin fins. The effect of various parameters
on the thermal performance was investigated. It was
found that performance increased with fin length. The
study revealed the existence of an optimum number of
fins for a fixed base plate size. The contribution of radi-
ation was determined to be substantial and was greatest
for more populous arrays, for longer fins, and at small
baseplate-to-ambient temperature differences. Sparrow
and Vemuri [13] later extended their study to different
orientations. Aihara et al. [14] carried out an experimen-
tal study on natural convection and radiation heat trans-
fer from dense pin fin arrays with a vertical base plate. A
numerical analysis was performed on the radiation heat
transfer from a pin fin array heat sink. The average heat
transfer coefficient was correlated by the Nusselt and
Rayleigh numbers. Chapman et al. [6] carried out
an experimental and theoretical study of the thermal per-
formance of different types of fin array heat sinks.
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A numerical thermal radiation model was included in the
theoretical study. The effect of thermal radiation on ther-
mal performance, however, was not fully discussed.
More recently, Yu and Joshi [15] studied the combined
mode convection/radiation heat transfer utilizing com-
putational modeling, temperature measurements and
flow visualization. Their study, based on their earlier re-
search [16], however, was confined to an enclosure heated
by discrete components. Sasikumar and Balaji [17] ana-
lyzed various design constraints on a convecting-radiat-
ing fin array standing vertically on the outside of a
horizontal duct. Their fin array consisted of triangular,
trapezoidal or rectangular profile fins with uniform
depth. Pin fin arrays were not investigated in this prior
research. Gerencser and Razani [18] did study the com-
bined-mode convection/radiation from a pin fin array
heat sink similar to [11], but assumed the fins were black
and the pin fins themselves were tapered. It appears in
this prior research that the heat sink orientation was hor-
izontal and only natural convection was considered.

This limited information in the archival literature on
the influence of thermal radiation on heat sink perfor-
mance was the motivation for the current study. The
purpose of the current research was to both theoretically
and experimentally investigate the influence of thermal
radiation on the thermal performance of a pin fin array
heat sink. The theoretical model is formulated by intro-
ducing an effective radiation heat transfer coefficient
which was added to the convective heat transfer coeffi-
cient. Of interest were the particular design parameters
and environmental conditions under which thermal radi-
ation could be either advantageous or detrimental to the
thermal performance of the heat sink.

2. Formulation of theoretical thermal radiation model

A theoretical thermal radiation model is developed to
predict the magnitude of the influence of thermal radia-
tion on the thermal performance of heat sink fins. The
intent of this modeling approach is to formulate the
thermal radiation model in such a way that it comple-
ments the theoretical model already developed by Kobus
and Oshio [10] for natural and combined forced and nat-
ural convection. This is done by developing an effective
radiation heat transfer coefficient that can be directly
added to the convective heat transfer coefficient ob-
tained from the empirical convective heat transfer corre-
lations to yield an effective total heat transfer coeflicient.

3. Basic theoretical model
As summarized in the previous research [10], the

effective thermal resistance of a pin fin array heat sink
(Fig. 1), Ry, can be modeled as

Rt,s = (Tb _ Tf)
O,
= {n[kmA tanh(mL)] + h(ab — nd)}"" (1)
where
P\
n= (i) .

The above equation represents a theoretical model for
predicting the effective thermal resistance of the heat
sink, R¢s, in terms of the thermal conductivity of the
fin material, k, fin diameter,' d, length, L, number of
fins, n, area of the heat sink base, ab, and the convective
heat transfer coefficient, 4, between the fins and the flow-
ing air. For simplicity, it was assumed that the convec-
tive heat transfer coefficient, %, is the same for each
fin, and also for the base. It should be noted, however,
that this value will include an average that is inclusive
of the flow and thermal bundle effect that occurs within
the array. Referring to Eq. (1), all of the physical and
thermal parameters are readily obtainable, the exception
being the convective heat transfer coefficient, 4. The con-
vective heat transfer coefficient is the result of a combi-
nation of a number of complex physical mechanisms
involving fin geometry, fin spacing, free stream air veloc-
ity and direction, buoyancy forces, and fluid properties
in addition to the bundle effect. The complexity of the
physical mechanisms governing this particular physical
parameter is such that they can only partially be mod-
eled. Therefore, in order to determine the required con-
vective heat transfer coefficient, /4, for a fin-bundle, there
will be the need for developing some form of empirical
correlation from appropriate experimental data.

3.1. Fin geometry and air flow orientation

The parameters s; and s, represent fin spacing for the
fin pattern shown in Fig. 1. The symbol, L, is the fin
length. Gravitational and flow orientation® for the heat
sink is also shown in Figs. 1 and 2. For pure natural con-
vection, however, the air velocity is zero; vy = 0.

3.2. Convective heat transfer correlation function

The dimensionless convective heat transfer coefficient
correlation function is of the form:

o =1 (Gra) + 1 (Rey) 3)

' If the fin is tapered, the average diameter, d, is the arithmetic
mean between the tip and the base diameter, d = (d, + d,)/2.

2 All of the experimental data used in developing the
correlation function are for the specific gravitational and
airflow orientation shown in Fig. 2, with D = 15.2 cm.
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Fig. 2. Schematic of experimental test set-up.

where
F1(Gry) = ¢(Gry)"

f'(Re)) = co + c1Rey + cyRe? + c3Ref}

Gry = r"Grq = modified Grashof number

Reé; = r'Req = modified Reynolds number

2687

)

The dimensionless convective heat transfer coefficient,
Nuyg, is the classic Nusselt number, and Pr is the classic
Prandtl number. The modifiers * and ' involve fin void
fraction, «, fin geometry, fin spacing and heat sink base

height,

and are determined empirically from an
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experimental database. Grq and Req are the classical
Grashof and Reynolds numbers, respectively; thus

_ P’gB(Ty — To)d’

Gry e (8)
_pud

Red— T (9)

a:{lfz(zdi:/‘t)}; 51 =82/2 (10)

4. Effective total heat transfer coefficient

An effective total heat transfer coefficient, /, can be
defined as the sum of the convective heat transfer coeffi-
cient obtained from the empirical convective heat trans-
fer correlations, /., and the difference between the
effective radiation heat transfer coefficient representing
the influence of thermal radiation of the current situa-
tion of interest, 4;, and the effective radiation heat trans-
fer coefficient, h;"c, representing the influence of thermal
radiation that is inherent® in the experimental data used
to develop the empirical convective heat transfer correla-
tions. Thus, the effective total heat transfer coefficient, 4,
can be expressed as

h=(he = hio) +hy = he + (b = hr) (11)

The reason for subtracting the effective radiation heat
transfer coefficient, /; ., from that of the correlation,
he, is to obtain a pure convective heat transfer coeffi-
cient, (h, — h; ). Then, by adding the effective radiation
heat transfer coefficient for the current situation of inter-
est, A7, to the pure convective heat transfer coefficient, it
is possible to determine the effective total heat transfer
coefficient, /i, for the current situation of interest.

5. Determination of convective heat transfer coefficient
The convective heat transfer coefficient, /., for a spe-

cific fin geometry and air velocity can be determined by
rearranging Eq. (3), thus

Nug = PP {f*(Gry) + /' (Re}) } (12)
where

3 This requires a knowledge of the conditions under which the
empirical data was obtained; emissivity and temperature of the
fins and base, and temperature of the surroundings.

Hep
Pr==-* 14
Therefore, the convective heat transfer coefficient, /4,
can be determined by combining Eqgs. (12) and (13) as
follows:

he =" B (Gr) + 1 (Re)) (15)

where f*(Gr}) and f'(Re)) are determined from Egs. (4)
and (5) respectively. The modifiers r*, r' and the coeffi-
cients c¢;, n* and ¢y, ¢, ¢; and c; were obtained empiri-
cally by Kobus and Oshio [10] for a pin fin array heat
sink with impinging flow, and are given as follows:

=0 GG (D) e

where o is the void fraction (Eq. (10)), and the coeffi-
cients ¢; and n* are given by

¢, =1.141, n* =0.230 (17)

o))

co=-312x10"%, ¢, =-299x%x 107,
=146x107%, ¢3=-3.55%x10"" (19)

5.1. Domain of applicability for convective heat
transfer correlation function

The dimensionless convective heat transfer correla-
tion function that has been developed above has been
shown to give good results for the specific gravitational
and flow orientation shown in Fig. 2 where D = 15.2 cm.
Also, the accuracy of the correlation has only been
verified experimentally for the following range of fin,
flow and heat sink parameters: 5.1 < a, b < 14.6 cm,
1.3<s5,<23cm, 2<L<45cm, 23<d<4.1 mm,
0 < vr<0.61 mfs.

6. Modeling the effective radiation heat transfer coefficient

6.1. Total effective thermal radiation surface area of
heat sink fins

The total effective radiation surface area of heat sink
fins, A4,, is defined as the outer projected surface area of
heat sink fins. Thus, it can be expressed as

Ar = ab+2(a+b)L (20)

The reason the total effective thermal radiation surface
area of the heat sink fins, 4,, includes only the outer pro-
jected surface area of the heat sink fins is because the
internal fins inside of the heat sink essentially radiate
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to each other. It is assumed that only those heat sink fins
that can view the outside environment radiate to that
environment.

6.2. Different segments of thermal radiation from heat
sink fins

There are three different segments of thermal radia-
tion from the heat sink fins with respect to the various
surfaces viewed by the fins. Fig. 3 shows these three dif-
ferent segments of the total thermal radiation. One seg-
ment is the thermal radiation between that portion of
the total effective radiation area of the heat sink fins that
is in view of a hot surface, 4,, and the hot surface area
itself, A;. The second segment is the thermal radiation
between that portion of the total effective radiation area
of the heat sink fins which is in view of a hot surface, 4,,
and the rest of the environment, (4, — A4,). The last seg-
ment is the thermal radiation between that portion of
the total effective radiation area of the heat sink fins that
is not in view of a hot surface, (4, — A4,), and the envi-
ronment, (4. — A4;). Thus, the net rate of thermal energy
transfer from the heat sink to those areas by the mech-
anism of thermal radiation can be expressed as

Oraa = faraemtcAv + fara—(de—ay Ay
+ far ()= (4e—dy) Ay (21)

where  fora—a fora—(ie—ay) A0 for4—a)—(ao—ny) 8T€
net thermal radiation heat fluxes between surfaces 4,
and A4, A, and (4. — A), and (4, — A,) and (A, — A4y),
respectively. Also, the net rate of radiation heat transfer,
0.4, can be expressed in terms of an effective radiation
heat transfer coefficient representing the influence of
thermal radiation from the heat sink fins, #;, the total
convective heat transfer surface area of the heat sink

(Ae' As)
fqr A = (A—A)

(Ar- Ay)

f

qr 7(Ar_Av )_)(AS_AS)

Fig. 3. Thermal radiation from pin fin array heat sink.

fins, 4., and the difference between the base temperature
of the heat sink fins and that of the air, (T}, — T}), as*

Oraa = i Ae(To — Tr) (22)
where

Ac = n(ndL) + (ab — nnd” /4)

Substituting Eq. (21) into (22) and solving for A; yields

_ Jara—a Ay + fara 1Ay + farae-a) - (e — Ay)
A(Ty — Ty)

hy

(23)

6.3. Modeling the net thermal radiation heat flux

The net thermal radiation heat flux, fi. 4,4, between
two arbitrary surfaces, 4; and 4;, can be modeled as

SiSjO'(T? — T;)FA‘HA_,
fqr.A,ﬁA, =

24

1- p;p‘;'FA,HA,FA]ﬂA,» ( )

Now, from Eq. (24), the net thermal radiation heat flux

between the two surface areas, 4, and A, can be ex-

pressed as

_ sbssa(lTé — T:)FAﬁAS (25)
1= 0o 0F ua Faa,

Jar a4

where ey, py, Ty, are the emissivity, reflectivity and base
temperature respectively of heat sink fins, respectively
and &y, pi,, Ty are the emissivity, reflectivity and temper-
ature respectively of hot surface, A, respectively. For a
grey surface the reflectivity can be expressed in terms of
emissivity as

p=1-4 (26)

Using the reciprocity relationship for diffuse radiation,
the configuration factor between surface 4, and 4; can
be expressed in terms of the radiation configuration fac-
tor between surface 4; and surface 4;; thus

A
FA./"A! = (A_> FAIﬂA/ (27)
J

Substituting Egs. (26) and (27) into (25) yields
_ enesa (T — THF 4,4, (28)
L= (=) —a) ()P,

s

f qr,Ady—As

Similarly, from Eq. (24), the net thermal radiation heat
flux between the two surface areas, 4, and (4. — A4y),
can be expressed as

4 This assumes the fin temperatures to be approximately equal
to the base temperature, which would be true when the fin
efficiency is approximately unity; a reasonable assumption for
aluminum fins where forced convection is the same order of
magnitude as natural convection.
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en6c0(Th = TOF 4, (41,

1= PoPLF e F e,

fqr-,AV"(AC*AJ (29)
where &, p, and T, are the emissivity, reflectivity and
temperature of the environment, respectively. As shown
in Fig. 3, surface 4, only sees the hot surface, A4, and
the rest of the environment, (4. — 4;). Therefore, the
following relationship exists between the radiation con-
figuration factors:

Faotg + Faaeay =1 (30)

Also, it is assumed that nothing is reflected back to the
heat sink fins from the environment since the various
surfaces in the environment are assumed to be of low
reflectivity, and are facing many different directions.
Therefore, the reflectivity of the environment, p/, is as-
sumed to be zero, which means from Eq. (26) that the
emissivity of the environment, &, is assumed to be unity.
Moreover, the temperature of the environment, T, is
assumed to be essentially equal to the air temperature,
Tt. Therefore, using Eq. (30), Eq. (29) becomes

Sarao—tae—ay = &0(Ty = TH(1 = Faa) (31)

Similarly, from Eq. (24), the net thermal radiation heat
flux between the two surface areas, (A4, — 4,) and
(4. — A), can be expressed as

ety = T)F o)t ay)
1= 0uPeF (4 ) (-4 F (et (4 —10)
(32)

Jar 44— (4e—4y)

As shown in Fig. 3, the radiation configuration factor
between surface (4, — A,) and surface (4. — 4;) is unity.
Also as explained above, the reflectivity of the environ-
ment, p., is zero, and the emissivity of the environment,
Pe, 1s unity. The temperature of the environment, T, is
essentially equal to the air temperature, 7r. Therefore,
Eq. (32) becomes

Sar (e ae-ny) = E0(Ty = T}) (33)

Substituting Egs. (28), (31) and (33) into Eq. (23) and
rearranging, yields

h* _ (ji) SbSSGFA‘,HAS (Té _ Tit)
Tl —e)a - ss)(j;fz)Fivﬂs (T —Ty)
EpO
+ B0 = AF )T+ TR T (34)

Eq. (34) expresses the effective radiation heat transfer
coefficient representing the influence of the total ther-
mal radiation from the finned heat sink. The effective
radiation heat transfer coefficient, A, , representing
the influence of thermal radiation of the heat sink fins
during the experimental tests, from which the empirical
convective heat transfer correlations were developed,

can be deduced from Eq. (34). Since there was no

hot surface present when those experimental tests were
run, the radiation configuration factor, F, ., Wwas
zero, and the emissivity of the fins, &,, during those
tests was &, .. Therefore, in this case, Eq. (34) reduces
to

Ay
hi, = (/T) e0c0(To + Te)(Th + TF) (35)

Eq. (35) depicts the effective radiation heat transfer coef-
ficient representing the influence of thermal radiation of
the fin array heat sink during the experimental tests that
were used to develop the dimensionless correlations.
Therefore, temperatures T, and 77 should be the values
used when developing the correlations. Substituting Egs.
(34) and (35) into Eq. (11), an effective total heat transfer
coeflicient, 4, can be determined that now includes the
influence of thermal radiation. Using this effective total
heat transfer coefficient, 4, in Egs. (1) and (2), the effec-
tive thermal resistance of a heat sink, R, can be pre-
dicted for the situation where the influence of thermal
radiation is taken into consideration.

6.4. Domain of applicability for effective radiation heat
transfer coefficient

The theoretical model for the effective radiation
heat transfer coefficient, expressed by Eq. (34), has only
been verified experimentally for the following range
of thermal radiation parameters: 21.1 < 77 < 63.3 °C,
(Ty— Tp) = 15°C, =83 < T5;,<198°C, 0.1 <&<0.88,
0 < Fy,_4 <0.55.

7. Experimental verification of modified theoretical
model including thermal radiation effects

The primary purpose of this section is to validate the
predictive capability of the modified theoretical model
that includes the influence of thermal radiation by com-
parison with experimental data of the model’s prediction
of the effective thermal resistance, Ry, as a function of
air velocity, ve. The basic model of the heat sink is given
by Eq. (1), and the correlation function for the convec-
tive heat transfer coefficient, /4., is given by Eq. (15).
However, as shown in Eq. (11), the effective radiation
heat transfer coefficient, (k. — A ), must be added to
the convective heat transfer coefficient to determine the
effective total heat transfer coefficient, 4, as a result of
taking the influence of thermal radiation into consider-
ation, Egs. (34) and (35). The other purpose of this sec-
tion is to show the effect thermal radiation on the
thermal performance of the heat sink by investigating
the influence of various radiation parameters such as
ambient and surface temperatures, emissivities, and
radiation configuration factors. The experimental appa-
ratus and measurement techniques used here are the
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same as those described in an earlier paper [10]. Since
the prior research discussed the experimental procedure
and associated experimental uncertainties, they will not
be repeated here.

7.1. Influence of fin emissivity on thermal performance

of heat sink fins

In order to gain physical insight into the influence of
fin emissivity, &, on heat sink performance, two normal
experimental tests were run (Fig. 2 with D = 15.2 cm and
T approximately 21 °C) measuring the effective thermal
resistance, Ry, as a function of air velocity, vr. The heat
sink that was tested was the smaller size that had a ver-
tical base height, ¢ =54cm, and a base width,
b = 12.4 cm. The heat sink fin parameters were diameter,
d = 3.2 mm, length, L = 3.2 cm, fin spacing, s, = 1.8 cm,
and the number of fins, n = 76. The only difference in the
two tests was the fin emissivity. In the first test, the fins
had a polished aluminum surface, ¢ = 0.1. In the second
test, the fins had a flat black painted surface, ¢ = 0.88.
Emissivity measurements were made using an infrared
sensor accurate to £5% of the reading.

[=))
1

d=32mm,L=32cm,s,=1.8cm,n=76,
5r 0=09,a=54cm,b=12.4cm, T;=21.1°C,
Ty, = 36.5°C, €gark = 0.88, potighea = 0.1

A X AR}
L ’\O\

2 [ @ Test #PF83a: dark
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— Theoretical Preclliction; Test #PF71e )

0 0.2 0.4 0.6
Air Velocity, vg; m/s

Effective Thermal Resistance, R, g “C/W
W

(=)

—
oQ
~

[=)}
1

¢ Test #PF82c¢: polished
@ Test #PF82a: polished

— = Prediction #PF82e [10]
— - Prediction #PF82d [10]

5t A Test #PF82e: dark — - Prediction#PF82e w/rad
A Test #PF82d: dark — Prediction #PF82d w/rad
A RPN S
® T~ Temperatures

listed in Table 1

AA, & T~

[

—_

Fd=32mm,L=32cm,s,=1.8cm,n=76,00=0.9,
a=54cm,b=12.4cm, €4y = 0.88, €xolishea = 0.1

Effective Thermal Resistance, R, g ‘“C/W
W

(=]

0 0.2 0.4 0.6
(b) Air Velocity, vi; m/s

Fig. 4. Radiation effects on the thermal performance of a pin
fin array heat sink; (a) influence of fin emissivity, (b) influence
of elevated temperature and fin emissivity.

Fig. 4a depicts the experimentally measured thermal
performance of the fin array heat sink along with the
predictions of the theoretical model. As can be seen,
the agreement between the predictions and the experi-
mental data is quite good. There is not much difference
in the thermal performances for the higher air velocities
(ve = 0.24 m/s). This makes physical sense because the
heat transfer mechanism at the higher air flow is domi-
nated by forced convection. Since the magnitude of the
thermal radiation heat flux is small compared to the
magnitude of the forced convection heat flux, thermal
radiation does not have much influence. However, at
the lower air velocity (vr < 0.24 m/s), the dark heat sink
fins (e, = 0.88) performed considerably better than the
polished aluminum heat sink fins (g, = 0.1). Here, the
graph clearly shows the influence of thermal radiation.
The reason is because, at the lower air velocity, natural
convection plays an important role. Since natural con-
vection heat fluxes are small in the natural convection
domain (vf < 0.24 m/s), the effects of thermal radiation
can be better seen. In these two tests, two different emis-
sivities (0.1 and 0.88) were chosen. Since the emissivity
of the heat sink fins was the only parameter that was
changed, the different results seen in Fig. 4a are due so-
lely to the influence of emissivity. Note that for the emis-
sivity, &, = 0.88, and the case where forced convection
was negligible, v < 0.1 m/s, the contribution of thermal
radiation was at least 30% of the contribution of natural
convection. This was the same order of magnitude found
by Sparrow and Vemuri [12].

7.2. Influence of elevated air temperature and fin
emissivity on thermal performance of heat sink fins

In order to investigate the influence of elevated air
temperature and fin emissivity on the thermal perfor-
mance of heat sink fins, four tests were run in an isother-
mal enclosure, which could be maintained at the
elevated temperature (walls, air and other contents),
measuring the effective thermal resistance, R.s, as a
function of air velocity, vr. The heat sinks that were
tested were the exact same ones which were used in the
emissivity tests described in the previous section. The
heat sink and the air duct were set inside of the isother-
mal enclosure. Airflow orientation was the same direc-
tion as that shown in Fig. 2, but where D =7.0 cm.’
The first test was run using the polished aluminum sur-
face heat sink fins (¢, = 0.1) with the air temperature at
normal room temperature. This was done to get a base-
line for the thermal performance of the heat sink fins
within the isothermal enclosure for the slightly modified

5 The reason the distance, D, was not the usual 15.24 cm was
due to the fact that there was limited space available within the
isothermal enclosure.
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airflow orientation. The second test was run with the air
at an elevated temperature. The same two tests were re-
peated for the dark heat sink fins (&, = 0.88); one with
the air temperature at normal room temperature, and
the other at an elevated temperature. The highest ele-
vated temperature that could be obtained within the
enclosure without damaging various components of
the experimental apparatus was 7¢= 63 °C.

A comparison of the thermal performance of the heat
sink fins having the two different emissivities, &, = 0.1
and ¢, =0.88 for the two different air temperatures,
T;=22.8°C and Ty = 63.1 °C, is shown in Fig. 4b. As
can be seen from the graph of the experimental data,
there is not much difference in the thermal performance,
with or without the elevated air temperature, for the pol-
ished aluminum heat sink fins (¢, = 0.1). However, for
the dark heat sink fins (¢, = 0.88), the thermal perfor-
mance at the elevated air temperature was considerably
improved in the natural convection domain, vy < 0.18 m/
s. Also, with and without the elevated air temperature,
the dark heat sink fins (¢, = 0.88) performed much better
than the polished aluminum heat sink fins (g = 0.1).
This also illustrates the influence of the fin emissivity.
Moreover, the difference in the thermal performance of
the polished aluminum heat sink fins (&, = 0.1) and the
dark heat sink fins (¢, = 0.88) is larger with the elevated
air temperature than with the normal ambient air tem-
perature. The reason is because the magnitude of ther-
mal radiation heat flux is proportional to the difference
between the fourth power of the absolute temperature
of the heat sink base and that of the ambient air temper-
ature respectively, (T¢ — T7). Therefore, the influence of
thermal radiation on the thermal performance is larger
with the elevated air temperature, even though the base
to air temperature difference, (7, — Ty), remains the
same.

The predictive capability of the modified theoretical
model is also depicted in Fig. 4b, where the experimental
data of these four tests are compared with the predic-
tions of the model. Although there is some error in the
magnitude, the model prediction shows the right trend,
and the general agreement appears to be quite good,
especially when consideration is given to the complexity
of the various physical mechanisms involved: combined
natural and forced convection as well as thermal radia-
tion, both at normal and elevated temperatures.

7.3. Influence of a hot surface temperature on thermal
performance of finned heat sink

With the experimental tests that have been shown
thus far, there was no hot surface in view of the fin array
heat sink. Therefore, the heat sink has been radiating
only to the surfaces in the environment, which are at
the ambient air temperature. In some situations, how-
ever, a hot surface might be in view of the heat sink.

Such a situation might exist in automotive applications.
Since the magnitude of the thermal radiation heat flux is
proportional to the difference between the fourth power
of the absolute temperature of the heat sink base and
that of the hot surface temperature respectively,
(T} — T?), it is important to investigate the influence of
a hot surface temperature on the thermal performance
of the heat sink.

7.4. Experimental considerations

The heat sink tested had a vertical base height,
a=76cm, and a base width, »=14.6cm. The fin
parameters were diameter, d=3.2mm, length, L=
3.2 cm, and fin spacing, s, = 1.8 cm. The number of fins
was n=137. The heat sink fin surfaces were dark
(¢, = 0.88). The fin spacing was the same as that of
Fig. 1, with the dimension, s;, being parallel with the
base dimension, b.

A dark hot surface (& = 0.88) that had a vertical base
height of 7.6 cm and a base width of 15.2 cm was set in
front of the fin array heat sink as shown in Fig. 3. It was
heated with two 2.54 cm x 10.2 cm electrical patch heat-
ers. The tests were only run with pure natural convec-
tion, vr=0m/s, measuring the effective thermal
resistance, Ry, as a function of the hot surface temper-
ature, T, since the influence of thermal radiation on the
thermal performance of the heat sink fins would be the
greatest in the natural convection domain. In order to
investigate the influence of the hot surface temperature
on the thermal performance of the heat sink fins, the
tests were run with eight different hot surface tempera-
tures, ranging between, —48.3 °C < T < 204.4 °C, while
the radiation view factor, F,, .4, was kept constant by
holding the distance and orientation between the hot
surface and the tip of the fin array heat sink constant.
Although this would be rare, it should be noted that
two of the tests were run with the hot surface tempera-
ture being lower than that of the ambient air tempera-
ture, 21.1°C, in an effort to verify the theoretical
model over a larger temperature domain.

7.5. Determination of the radiation view factors

One of the difficulties with the thermal radiation test
is the determination of the radiation configuration fac-
tors. After a careful study, it was concluded that the best
way of handling the radiation view factor was to use a
simple geometry, where theoretical models for express-
ing the view factors have already been developed. The
relationships for computing the radiation view factor
of two equal size rectangles [15] were used for the cur-
rent study since the base size of the heat sink tested
was very close to the size of the hot surface. Also, the
relationships for two parallel disks [19,20] could be used
if the heat sink base size is different from the size of the
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Fig. 5. Effects of radiation on thermal performance of heat sink
fins operating in natural convection domain; (a) influence of
a hot surface in the field of view of the heat sink, (b) influence
of configuration factor.

hot surface. Since no relationship could be found for
determining the radiation view factor for non-identical
rectangles, an alternate method could be used to at least
approximate it. This was done by finding an equivalent
radius for each of the two parallel rectangles such that
the area of the disk would equal the area of the
rectangle.®

7.6. Experimental results

The influence of the hot surface temperature on the
thermal performance of the fin array heat sink is shown
in Fig. 5a with additional parameters in Table 1. As can
be clearly seen from the graph of the experimental data,
the thermal performance of the heat sink decreases con-

® A comparison was made of the radiation view factors
obtained using the equations for two equal size rectangles to
those obtained for two parallel disks. It was found that they
both gave similar values for the radiation view factor when the
surface areas of the two rectangles and the two disks were the
same.

Table 1

Experimental pin fin array thermal parameters for Fig. 5
Data set Ty (°C) T: (°C) €
PF82a 37.6 22.4 0.1
PF82¢ 78.1 63.1 0.1
PF82d 37.5 23.1 0.88
PF82e 77.6 63.2 0.88

siderably and non-linearly as the hot surface tempera-
ture increases above the ambient, but increases only
slightly when the hot surface temperature is less than
ambient. Therefore, the thermal radiation that is emitted
from the hot surface and absorbed by the heat sink can
cause a significant deterioration in the thermal
performance.

7.7. Predictive capability of the modified theoretical model

Also depicted in Fig. 5a is the theoretical prediction
of the influence of thermal radiation on the thermal per-
formance of the fin array heat sink using the theoretical
model. The agreement appears to be quite good, espe-
cially knowing that there might be some errors in the
estimation of some of the thermal radiation parameters
such as the radiation view factor and emissivities.

7.8. Influence of radiation view factor on thermal
performance of fin array heat sink

In order to investigate the influence of the radiation
view factor on the thermal performance of the fin array
heat sink, a test was run using the exact same apparatus
shown in Fig. 2, and the fin array heat sink as described
in the previous section. The hot surface was again heated
with electrical patch heaters. The effective thermal resis-
tance of the fin array heat sink for natural convection,
vy = 0 m/s, was measured as a function of the radiation
view factor. The radiation view factor between the area
of the heat sink in view of the hot surface, 4,, and the
area of the hot surface, A5, was varied by changing the
distance between the hot surface and the tip of the fin
array heat sink while holding the hot surface tempera-
ture constant. In these tests, the area of the heat sink ar-
ray in view of the hot surface, 4,, was assumed to be the
front face area of the fin array heat sink which was the
same area as the heat sink base size as shown in Fig.
3. The radiation view factor was determined as ex-
plained earlier.

Fig. S5b depicts the influence of the radiation view fac-
tor on the thermal performance of the heat sink. It can
be clearly seen that the thermal performance decreases
considerably as the view factor increases. The reason
for this is more of the thermal radiation leaving the
hot surface strikes the heat sink as the view factor gets
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larger, and the thermal radiation absorbed by the heat
sink causes the deterioration in the thermal perfor-
mance.

The theoretical prediction of the thermal perfor-
mance, determined using the modified model, is also
superimposed in Fig. 5b. The predictions are quite good
when the view factor is relatively small. It is not as good
when the view factor becomes larger. One of the reasons
for this could be the error in the estimation of the radi-
ation view factor. In the test, it was assumed that the
area of the fin array heat sink in view of the hot surface,
A, was the front face area of the heat sink which was
the same area as the heat sink base size as shown in
Fig. 3. In reality, however, as the view factor increases
(that is, as the distance between the areas of the hot sur-
face and the tip of the fin array heat sink gets shorter)
the area of the heat sink in view of the hot surface, 4,,
is actually slightly larger than the area of the front face
of the heat sink since a part of the side face of the heat
sink fins starts to become more important. The predic-
tive capability of the modified theoretical model is seen
to be quite good, again especially when consideration
is given to the complexity of the various physical mech-
anisms involved, including combined mode convection
and thermal radiation, as well as the difficulty in the
determination of the parameters involved in the thermal
radiation, such as the radiation view factors and the
emissivities.

8. Design insight with respect to influence of thermal
radiation

Using the modified theoretical model that has been
developed, which includes the influence of thermal radi-
ation, it is possible to extract some very useful design in-
sights. Fig. 6a shows the predicted thermal performance
in the form of the effective thermal resistance, R, of the
fin array heat sink as a function of the velocity, vy, for
five different situations associated with the surfaces in-
volved, with the radiation view factor between the area
of fin array heat sink in view of the hot surface, 4.,
and the hot surface, 4, being F 4,4, = 0.075. The heat
sink under consideration is the larger size heat sink that
had a vertical base height, ¢ = 7.6 cm, and a base width,
b =14.6 cm. The fin had a diameter, d = 3.2 mm, length,
L =32cm, fin spacing, s, = 1.8 cm, and the number
of fins, n=137. The ambient air temperature, T7=
100 °C. The emissivity of the polished aluminum surface
and the dark surface were 0.1 and 0.88, respectively.

There are four different situations and one reference
situation shown on the graphs. The reference situation
is simply the best thermal performance situation where
there is no hot surface in view of the heat sink, and thus
no detrimental influence of the thermal radiation. Con-
figuration A comprised of a dark fin array heat sink with
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Fig. 6. Predicted thermal performance of heat sink fins;
Comparison of the situations with various surfaces of heat
sink Fins and hot surface and various hot surface temperature;
(a) FA\,A,AS = 0075, (b) FAVA.AS =0.1.

a dark hot surface at a temperature, T = 329.4 °C. Con-
figuration B involved a polished aluminum fin array heat
sink with a dark hot surface at a temperature, 7=
537.8 °C. Configuration C included a dark fin array heat
sink with a polished aluminum hot surface at a
temperature, T = 398.9 °C. Configuration D included
a polished aluminum finned heat sink with a hot surface
polished aluminum and at a temperature, T = 398.9 °C.
Figs. 6b and 7 are identical to Fig. 6a except that the
radiation view factor, F, 4, is increased to 0.1 and
0.15, respectively. Notable between these figures is the
dramatic detrimental increase in thermal resistance as
F 4,4, Increases.

As can be seen in Figs. 6 and 7, the influence of the
different radiation configurations is considerable in the
natural convection domain. Also, when a hot surface
is in view of the heat sink, the fin array heat sink per-
forms the best when the fins are black and the hot sur-
face is polished aluminum. This would correspond to
the situation where the hot surface in view of the heat
sink was a polished heat shield in front of an even hotter
surface. The reason the dark fin array heat sink performs
better than the polished aluminum is because the ther-
mal radiation leaving the dark fin array heat sink to
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the environment is much greater than the thermal radi-
ation leaving the polished aluminum finned heat sink
to the environment. Moreover, since the radiation view
factor between the heat sink fins and the hot surface is
small, the thermal radiation leaving the hot surface to
the fin array heat sink is less than the radiation leaving
the fins to the rest of the environment. If the radiation
view factor between the fin array heat sink and the hot
surface gets high enough, (F,,—,, = 0.35), then for the
particular conditions represented in any of these three
figures, the polished aluminum fin array heat sink
would perform equal to or better than the dark heat sink
fins.

9. Summary and conclusions

A theoretical and experimental study of the influence
of thermal radiation has been carried out on the thermal
performance of a fin array heat sink. The focus of the
study has resulted in the successful development of a
theoretical thermal radiation model that has the capabil-
ity for predicting the magnitude of the influence of ther-
mal radiation on the effective thermal resistance of a fin
array heat sink. The thermal radiation model is formu-
lated in such a way that it complements the theoretical
model developed earlier for natural and combined
forced and natural convection [10]. This was done by
developing an effective radiation heat transfer coefficient
that can simply be added to the convective heat transfer
coefficient. The value of the theoretical model, which
now includes the influence of thermal radiation on the
thermal performance, is that it can be used as a signifi-
cant design tool to determine the influence of various de-
sign parameters on the effective thermal resistance of the
heat sink, such as fin diameter, length, spacing, and
emissivity, base size, orientation, and temperature, air

flow velocity and temperature, hot surface temperature
and emissivity, and radiation view factor between the
heat sink fins and the hot surface. Experimental valida-
tion of the theoretical model for the parameters involved
in thermal radiation has been carried out for pure natu-
ral convection, and for combined natural and forced
convection. The range of parameters for the theoretical
model is the same as described in the previous section.

The results of a parametric study utilizing the modi-
fied theoretical model lead to the conclusion that fin
array heat sinks perform the best when they are flat
black, and the hot surface is polished aluminum, assum-
ing that the view factor between the two surfaces is
small. This would correspond to the situation where
the hot surface in view of the heat sink would be a pol-
ished heat shield in front of an even hotter surface. If
there is no hot surface in view of the heat sink, flat black
fins still provide the best thermal performance.
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