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Temperature Distribution Analysis of a Heat Sink

using Finite Element Method

Miss Jintana Tresuwan

Miss Thammatip Jitsopha

Applied Physics Faculty of Science
Instrument and Measurement
2549

Dr. Pitiporn Thanomngam

ABSTRACT

Temperature distribution of a heat sink can be explained using two natural

phenomena which are heat conduction from an electronic instrument to the heat sink

and heat convection from the heat sink to an environment. In the project, the analysis of

temperature distribution of the heat sink was performed using finite element technique

which is a numerical method. The computer program for calculation and modeling is

called “"AN-SYS". The analytical results were interpreted in a form of temperature

distribution on the surface of the heat sink. The comparisocn was made for three extrude

heat sink with a same basic structure but difference in positions of their fins. The resuits

were shown in color shading which represent the range of temperature distributed on

the surface of the object.
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List, Plot, PlotCtrls Workplane ,Parameters ,Macro

MenuCitrls uat Help
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2.3 usiusTUNBAINSEY
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2.3.2 nsanawmAmTaulasnisin (Heat Transfer by Conduction)
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J - t -l -~
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t E 4 1 d
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2.3.3 n1FONEMANNSAUlABNITWY (Heat Transfer by Convection)
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3.2 pMaldeulusunssuuauls
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Obtain Solution

Review Results
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Thermal Design and Optimization of Staggered Polymer Pin Fin

Natural Convection Heszt Sinks

Raj Bahadur

Avram BarCohen

Department of Mechanical Engineering

University of Maryland, College Park, MD 20742

ABSTRACT

The design and optimization of a thermally conductive PPS
polymer pin fin heat sink, for an advanced natural convection
cooled microprocessor application, are described  The
geometric dependence of heat dissipation and the relationships
between the pin fin length, pin diameter, horizontal spacing,
and pin fin density for a fixed base ares and excess
temperature are discussed.  The coefficient of thermal
performance, COPy, that relates cooling capability to the
cnergy invested in the formation of the heat sink, has been
determined for such hest sinks and compared with
conventional sluminum heat sinks. The thermal performance
results obtained confirm that PPS (polyphenylene . sulphide)
_polymer heat sinks provide a promising alternative to heat
sinks fabricated of conventional materials.

KEYWORDS: tcast material fins, energy efficiency, thermally
conductivo PPS polymer, srray base hest transfer coefficient,
space claim heat ransfer coefficient, mass heat transfer
cocflicient, cocfficient of thermal performance.

NOMENCLATURE

L Length of the array
ky  Fluid Thermal conductivily
W Width of the aray -
" Gy Heatdissipation single pin-fn
H  Height of the pin-fin
Sy Center to center horizontsl spacing
El  gBPnBys'(L)V, Elenbaas no. based on s
S,  Center to center vertical spacing -
Rasy gRPnBySy'/Lv?, Modified Raleigh's no. based onS, -
s Horizontal plate-fin spacing
Ra; gPPne,L’A?, Raleigh's no: based on L
d  Disineter of pin-fin

Greek Symbols, "

n  Totl rumber of pin-fins

P  Thermai coefficient of expansion

n, Number of pin-fins in the armay along the yertical

v Mean kinematic viscosity of fluid

ny,  Number of pin-fins in the array along the horizontal
B Mean dynamic viscosity of fluid

by Amay heat transfer coefficient based on base area
p  Mean fluid density

ba  Mass based heat transfer coefficient

8y  Array base excess temperature

COPy CoefTicient of thermal performance

Mg Fin efficiency
hy  Heat transfer coefficient based on total volume

occupied
Subscripts.
k Thermal conductivity of hest sink matetial
b fin armay base
Pr Prendtl number
opt  optimal
pin  pin-fin
INTRODUCTION

Pin fin ammays relying on natural convection, as well as
radiation, heat trensfer, can be effectively uscd as heat sinks
for various electronic cooling applications. While, atuminum
is the current material of choice for heat sinks, the
availability of thermally. conductive PPS polymers [1]-reises
the possibility of lighter, more energy efficient, moldable
plastic heat sinks with thermal performance in the mange
needed for commercial applications. The presem study
involves the application of the Aifiara et ol (1990) [2]
cotrelation, together with the Sonn and Bar-Coben least
material pin fin relation [3], to the design and optimization of
a PPS potymer, staggered pin.fin array on & 10 cm by 10 cm
vertical base, operating at 25K above the ambient
tempersture and cooled by natural convection.  This
copfiguration is typical of advanced electronic cooling
applications and facilitates a direct comparison between the
present results and the previously reported thermal
performance of natural convection heat sinks fabricated of
aluminum [4]. The results of smaller scale heat sink
experiments are presented and successfully compared to
numerical natural convection simulations of PPS polymer
heat sink performance.

While an extensive literature exists on convective heat sinks
and fin armays [5, 6}, the available literature devoted
specifically to natural convection from pin fin wrruys is
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relatively limited. Sparrow and Vemuri (1986) {7] provided
experimental results for a set of five staggered, widely spaced
cylindrical pin fins (fin density of 0.31.1.17 fins/cm®) on a
vertical base with horizontal fins, horizontal upward facing
base/vertical fins, and horizontal downward facing
base/vertical fins that exchange heat by both =nstural
convection and radiation. Aihars <t. al. (1990) {2] provided &
welkknown correlation for the aversge heat transfer
coefficient along a vertical surface of staggered pin fins, at 2
fin density of 2.42-9.90 finser’, one order of magnitude
higher than in [7). This correlation [2], along with the work
reported in [3), served as the basis for the least-material
optimization of vertical pin fin hest sinks in natural
convection reported in [4]. To date no study has addressed
the uvse of low thermal conductivity materials, particularly
thermally conductive polyphenylene sulfide (PPS) polymers,
for high performance heat sinks. Due to the low heat transfer
cocfficients encountered in natural convection cooled heat
sinks for electronic applications, and the relatively weak
dependence of fin heat transfer on the thermal conductivity of
the fin [6], it may be expected that thermally conductive PPS
polymers, having a relatively modest thermal conductivity,
could be effectively used for commercial heat sinks. For
example, the commercially available, thermally-enhanced
polyphenylene sulphide (PPS) resin that posscsses & thermal
conductivity of 20 W/mK, density of l.7g!cm3. and »
CoefTicient of Thermal Expansion (CTE) of 4 7ppm/K [1),
could conmstitute a lightweight, low interfacial stress
alternative heat sink material. Moreover, the moldability and
case of fabrication of a PPS polymer heat sink may yield
significant cost savings in the development of future
commercial heat sinks. Interestingly, the energy required to
produce a unit mass of this PPS polymer, at some 100M)/kg
[B], is about one third of the energy xquired to form the
comparable mass of sluminum [9]), making this a most
sitractive choice in terms of “design for sustainability ™

Thermal Performance of Staggered Pin Fln
Arrays
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Figl: Schematic of staggered pin fin array
Governing Equations :

209

Heat transfer from an armay of cylindrical fins is the sum of
heat dissipation from the fins and the array base, and can be
calculsated as,

Q =06 (hpaAp * himeAs) ¢))

Where Ay, A, are the base area and fin ares gvailable for
heat transfer, respectively, from each fin and are given by

Av= (56 - m4) @
Ay = mi(H + d/4) 3)
The array dimensions L, W, and H, and the pin configuration

d, S, snd S, affect the number of pina in the vertical and
horizontal direction, as described in the equations below,

n,=(L -d)yS, +1 )]
e (W2-4y5+1 6)
n=nyny + {0y 1Xny-1) (6)

Following the form of the Elenbaas correlation (1942) [10],
the Aihara et sl correlation (1990) [2] predicts pin heat
transfer coefficients to within +10%, and is given by,

Nug *hyu S/l =28,/ ad][(1/20)(pmRas X1
|/."°'q:#""-)"’+(moom,~.n.,‘h‘1 M

The parunctric range of the Aihara data falls within the
following values: {2]

d= 0123 cm, W=10 ¢cm, L=520 ¢m., H=3.2-6 cm ,
$=0.209-0.42%cm, §,~0.212-1.37cm, N=2.2510.58
fins/cm® . In the test data reported by Aihara et al [2), the
vertical soparation distance was set to 1.7 or 1.5 times the fin

Hest transfer from the base of the amay, using the classical
correlation for laminar flow over a vertical fiat plate [11),
given by,

Ny = by lfly > G.515Ra; * ®)
Using Eq. 7, lyengar and BarCohen [12]
determined that the optimum centerto-center spacing
between stagpered pin fins, i.c. the value that maximizes the
volumetric hest dissipstion rate, could be expressed in the
form used for parallel plate heat sinks [6,13], as in Eq. 9
below

Syeu=318P )]
Where the parameter P, characterizing the thermal
environment, is set aqual
P [Lv'/gBna6y P]' (10)
2004 intar Sociely Conference
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It is to be noted that the optimum spacing for a staggered
urray of pin fins is, thud, somcwhat larger (by aprox 19%)
than obtained for parsllel plate arrays [4).

Following Sonn and BarCohen [3], the relation between pin
diameter and beight, for a “least-material” fin, which
maximizes heat transfer for a specified fin volume {or mass),
is given by

d=4.73hy HYk {an

The fin cefficiency for a cylindriczl pin fin is given by Eq. 12,
below. Using equation 11 and 12,

T = tanh (ZHd (g (ied®) “)M2HE" (i /i@’y (12)
)} -

the cfficicncy of the optimal pin fin is obtained as 0.789
using equations 11 and ]2. The heat dissipation from this
least material fin was then found to equal

“Qpia = 11,7368, by’ H'/X
Heat Siak Thermal Metrlct

ay

In designing and optnmlzlng mr-oooled heat sinks, it is useful
to consider several distinct themmal performance metrics,
including tht “smay™ heat transfer coefficient, the “space
. claim™ heat transfer coefficient, and the “mass based™ heat

transfer  coefficient.  These are defined in succeeding

paragraphs.

Amay Heat Transfer Cocfficient, h: The overall thermal
capability of a convective heat sink can be represemcd by thc
array heat transfer coefTicient, calculeted using,

h. - QLWE, (14
For dense armays (o >> 1), £q% (4) and (3) can be simplified
 {with n, » L/S,, lndm-WBS.)mdsubmruted rneq {6) to
yield,
(1%)

Substituting for n in eq. (1), and including heat transfer from
the tips of the ping and thé exposed base of the ATeY, We get,

ne LW/S,5,

Where Ho=H+0.25¢ is the “Harper-Brown fin .

length comection™ [6). In natural convection arrays requiring
. relntively tall, thin fins to provide meaningful heat m:fer

mu. H, is often approximately equal to H. .

'Themybaschutmxferooeﬁcnemnnydnnbe

expressed as,

hy = hymiHNA/S5, 5 an

Spece Claim Heat Transfer Cosfficient, he: Following
Iyengar and Bar-Coben [4], the “space claim™ heat transfer
coefficient, b, which represents the thermal utilization of the
volume occupied hy the heat sink (IxWxH), can be
determined ag
hye = QLWHG, as)
Mass-based Heat Tranafer Coefficient, he: Due to the
importance of minimizing the weight, as well as the cost, of a
commercial heat sink, it is nscful to evaluste the thermal
utilization of the mass of the heat sink.  This can be
represented by the “mass based”™ heat ransfer coefficient, as:

D= QG Ve 70a)
where, 75, = Density of fin material.
Optimization of PPS polymer Pin Fin Heat
Sinks

(19

Amay Heat Transfer Cocfficicnta: Using the approach
outlined above, it is possible to determine the array heat

transfer coefficient for a range of pin fin geometries. Figure
2, shows the variation of the array heat transfer coefficient, h,,

“with fin height for a subset of polyphenylene sulphide and

aluminum beat sinks configurations. Focusing first on the
PPS fins, it may be seen that an “optimum” Fin height exists
for each fin diameter-fin spacing configurstion. The armay
heat transfer coefficienit appears to increase steeply, -as thit
fin height is approached, and to decrease in a gradual fashion,
as this value of H is exceeded. While the enlargement in fin
ares with height is responsible for the initial increase in h,,
the consequent deterioration in fin . efficiency leads to a
reduction in the array heat transfer coefficient for fins of
progressively greater height. Figure 2 suggests that for PPS
polymer pin fins this transition occurs around fin heights of
15 cm. and ~ that for the conditions stated — h, values
spproaching 73W/nfK, or some 15 times grester than natural
convection from a bare surface, can be achieved.

Alternatively, the by values for the aluminum srray can be
seen to reach and exceed 200W/fK, or some 40 times the
natural convection rates on a bare surface, at fin heights of
same 45cm. At this height the array hest transfer coefficient
for the aluminum heat sink is still increasing, aithough at a
slower rate than for shorter fins, This difference in thermal
performance is assoeiated with the much higher thermal
conductivity of the aluminum fins. It may also be noted that
in the most commeon range of fin heights, up to Scm, there is
essentially no difference in the array heat transfer coefficients
for these two materials and only relatively modest differences
up to 10cm fin heights.

The fin configuration that results in the highest possible hent
transfer rate can be found by a comprehensive search of the
soluticn space. In figure 2, showing just a few of the
numerous configurations simulated, it may be seen that, for
this PPS polymer material, an armmy of 0.9¢cm fins, spaced
lcm spart {centerio-center) in the horizontal direction and
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1.6cm apart in the vertical direction, consistently provides the
highest heat transfer rates at all fin heights. The loci of the
aluminum fins in figure 2 reveal that the 0.9cm diameter fins
with 1.0 cm spacing configuration also provides the peak
thermal trensport rates when aluminum is used 1t is
noteworthy that, for both materials, the thermal performance
of the heat sink is maximized when the pin fin diameter is
roughly equal to the horizontal fin spacing, as first
encountered in optimum arrays of plate fins [13].

Use of Eq. 11 to determine the “least-material” fin height for
a specified pin fin diameter can climinate onc degree of
frecdom and facilitate representation of the heat sink solution
space in the form of figures 3 and 4. Thus, the array hena
transfer cocfficient is shown in fig 3, as a function of fin
diameter and the “clear” horizonial spacing between the fins,
and in fig 4, a5 a function of the fin diameter and the fin
centerto-center spacing. Review of these figures reveals that
the peak thermal performance for the stated conditions,
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Fig 2. Array heat transfer coefficients for polyphenylene
sulphide and aluminum pin fin heat sinks

i.c. the “optimum array,” is stained with fin diameters of
approximately 0.9cm and fin centerto-center spacings very
close to lem. The lateral spacing for the optimum pin fin
array can be determined amalytically by using equation 9.
For a optimum pin fin array with 3 base length and width of
10 em snd fins of 0.789 efficiency, operating at 8 basc
temperature rise of 6,=25 Cin an ambient temperature of 45
C, the calculated Sy, value is 0.97cm, very close to the spacing
of 1 cm found by a laborious search of the solution space for
this optimal design.

Uring the horizontsl spacing obtained from equation 9 1o
determine the optimum fin heat transfer coefficient from
tquation 7 and inserting the result in equation 11, with an
assumed fin diameter of 0.9cm, the “least material” fin height
s found to equal 9.27 cm 2nd to yield an array heat transfer
roefficient of 63.64 W/nf-K. From figure 2 it may be seen
hat increasing the height of these pin fins to 15 cm increases
he arrzy heat transfer coefficient to 73.2 W/nf-K. However,
s 15% increase in heat transfer coefficient requires an

Fral

increase in fin height and fin weight by some 67%, thus
substantialty lowering the mass-based heat transfer

N (WD

]

i}

Fig 3. PPS polymer lcast material pin fin efficiency array heat
transfer coefficient 2D plot
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Fig 4. PPS polymer least material pin fin efficiency
array heat transfer coefficient.

coefficient for this fin array. H may, thus, be ergued that —as
noted in (4] - an armay consisting of such individually
optimum, pin fins, placed at the optimum distance from each
other, can closely spproximate the optimum heat sink
configuration. -

Masy-Based Heat Transfer CoefMclents: The heat transfer
Tate per unit mass of the aluminum and polyphenylene
tulphide heat sinks is depicted in figure 5. The figure
indicates thet for both materiala and for each configuration,
the hy, decreases monotonically with fin height, due to the
incremental deterioration in the thermal transport capability
of fin sections far remaved from the base. However, the PPS
polymer's reduced density (1700kg/nt') relative to aluminum
(2700 kg/n?) does provide the polyphenylene sulphide fins
with superior mass-based performance, up to fin heights of
spproximately 10 cm. As the fin height is increased beyond
10 em, the rapid decreasc in fin efficiency of the low thermal
conductivity PPS results in nearly constant bheat transfer rates,
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despitc the increase in physical surface area, and o
decrease in the mass-based heat transfer coefficient.
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- Fig 5: Comparison of PPS polymer and aluminum pin array
~mass heat transfrr eoefficien
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However. the high thermal conductivity atuminum heat sink
experiences & more modest decrease in fln efficiency,
resulting in slowly flllmg values of the mass-based hemt
transfer coefficient and hy's that are higher than the PPS fins
for hmghts yuter than 15 cm. .
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" Fig 6: PPS polymer opurmnd pin array mass heat
transfer coefficient -

The mass based heat transfer coefficient of least-material fins
increases with decreasing diameter and i increasing horizontal
spacing, as depicted in figure 6. The highest observed mass
heat transfer coefficient of the PPS polymer hest sink is
obtained for an array that has the smallest considered pin fin
diameter of 0.1cm and center-to-center horizontal spacing of
26cm. The highest observed mass based heat transfer
coefficient for an arrsy of least-material PPS. pin fin amay is
17.35 W/g-K, nearly 18 times.that for the opﬁmum array,
However, the array heat ransfer coefficient is just 18 W/nt-
K, or 28% of the ophmum PPS polymer pin fin arny valee.of
&4 Winf-X.

Space-Claim Heat Trnnifer Coeflicient: The spece claim™
heat transfer coefficients, hy;, arc displayed in figure 7 below
for the polyphenylenc sulfide and aluminum heat sinks. As

a2

previously noted for the mass-based heat transfer coefficents
and due, again, to the deleterious effect of height on the fin
efficiency, the h, values are seen to fall monoctonically for
both materials and all heat sink configurations. However, g3
a direct consequence of the higher thermal efficiency of the
asluminum fins, these heat sinks expericnce a less steep
déscent than the PPS heat sinks and provide significantly
higher “space claim” heat transfer coefficient for fin heights
greater than 10-15¢cm. As may be observed in figure 7, for
low aspect ratios the PPS pin fins have comparable “space
claim™ thermal performance to the aluminum fins. .

Overall Comparison: The maximum thenmai performance
for the specified heat sink parameters, as represented by the
array heat transfer coefficient, is obtined in a PPS pin fin
armay .having fin diameter of 0.9cm and centerto-center fin
spacing of Icm and a fin height of 1 5cm, yielding an h, value
of 732 W/rfK -The highest mass besed heat transfer
coefficient of the PPS. polymer material is obtained for least
material fing of the smallest considered diameter (0.1cm) ata
centerto-center horizonta) spacing of 2.6¢m and pin fin
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Fig 7: Comparison of PPS polymer and sluminum pin array
space claim heat transfer coefficient

height of 0.03089 m. The mass hear transfer coefTicient is 17
Wikg-K, and the array heat transfer coefficient — for that
reoroetry - is 18 W/nf-K, some 28% of the maximum value
that can be achieved with the optimum PPS polymer pin fin
amay. Depending on the reqpirements associated with
specific applications, the “best” pin fin ammay amangement’can
be expected to fall between the maxima of the array hest
transfer coefficient (\Wm’—l() and the mass based heat
transfer coefficient (W/Kg-K). However it it to be noted that
an armay consisting of individuaily optimium, pin fins, placed
at the optimum distance from each other, can closely
approximate the optimum heat sink oonﬁgmumt. providing
a balance between achieving the maximum thermal

. performance snd minimizing the mass of a pin fin amay.

Parametric Rnp: In basing the design and optimization of
pin fin arrays on the Aibara correlation, Eq. 7, some sttention
miust be devoted to the parametric ratige of the data gathered
and correlated in that pioneering study [2], particulerly the fin
density which reflects the combinied impact of both pin fin
diameter and fin spacing and varied from approximarely 2.25
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to [0.5 fin‘em®. This fin density for the optimized pin fin
array, with a pin digmeter of 0.9cm and spacing of lcm,
achieves a value of 0.65 fins/cr™, which is unforunately
below the range of the Aihara correlation. Thus, it must be
considered that, in certain of the situations described above,
the heat transfer coefficients calculated using the Aihara
correlation may not be within the stared x10% sccuracy
range To aid the reader, the wrray heat transfer coefficients
have been re-plotted as a function of fin density in Fig 8 with
the domain of the Aihara corrclation clearly delineated in
ench figure.
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Fig. 9. PPS Polymer pin fin mass heat transfer cocfTicients
ENERGY EFFICIENCY ANALYSIS

Total Coefficlent-of-Performance: Due to the large volume
of electronic heat sink production in the worid and the high-
energy content of aluminum (estimated at 85kW-hr/Kg or
306MJ/Kg), sustainability considerations may favor the use
of the lower density and less energy intensive PPS polymers
for this application. The energy efficiency analysis of PPS
plastic heat sinks and comparison with conventional
aluminum heat sinks can be carried owt with the aid of a
“total coefficient of performance” that reietes the thermal
cnergy that can be removed to the energy invested in the
fbrication and operation of the specified heat sink, and
d=fined as {12]:

con, - %q_ 20)
T

Where qp= Total amount of energy removed (W)

t= Total time hext sink is in operation (sec)

W= Amount of energy used in fabricating and

operating the heat sink (Joule)

M= Total mass of the heat sink (Kg)
When spplied to naturaj convection cooled heat sinks, Wr
includes only the energy invested in the febrication and
delivery of the heat sink. This value is approximately 100
MIKg (28kWh/Kg) [8]), or lexs than 1/3 the energy invested
in the formation, extrusion, assembly and transport of
sluminum heat sinks [9]. This includes roughly about 20
MJ/Kg for the energy invested in the filler used to create &
high thermal conductivity PPS polymer resin.  Subsequent
studies will pursue a more precise determination of the
energy of formation of the filler and the impact of this encrgy
requirement an the COP; of PPS poiymer heat sinks.
For an assumed 6000hrs of operation (3 work years: 50 wk, §
daystwk, Bhday), the COPr for a PPS polymer heat sink can
be related to the mass of the heat sink as
COPy = 0216 x Enla' @n
Similarly, the COP; for an aluminum heat sink is given by

COP_=0.0706 x%r- @2)

Fig 11. COP; for the Polymer pin fin array

From Figure 10 and 11, it is clear that the PPS polymer pin
fin arrays have significantly higher COPy values than the
aluminum arrays, with a maximum value of 94, some 7 times
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higher than the peak sluminum value of 14. The highest
observed COPy pin fin armay has the smallest considered pin
diameter of 0.1cm and centerto-center horizontal spacing of
2.6 cm. The increase in the diameter and decrease in the
spacing lead tolower COPr for both the materials. However,
for the maximum COPy army, the armmay heat transfer
coefficient is only 22 er}-K (35% of optimum) for the PPS
polymer and 41 Wid-K (21% of optinum) for the
aluminum. For the optimum array design having pin fn
diameter 0.9cm and spacing lcm, the COPRy value for PPS
polymer is approximately 5.2, or 5 times greater than the
- aluminum array COPr value of 5.2. As may be seen in
Figure 12, the highest values of the mass based heat transfer
cocfTicients appear to lic within the fin density domain of the
Aihars et al [2] correlation. The mass based hest transfer
coefficient vs. pin fin density plot for the optimumsheight pin
fins lndn:ltes that for smeHer diameter and pin fin density the
value is maximuim and it decreases almost linesrly with the
incrense in the pin fin density for a fixed diameter pin fin
array (Fig. 9). As the pin fin spacing increases the pin fin
density decreases for fixed diameter that results in incresse of
the mass based heat transfer coefficient (W/kg-K) and hence
the COPr linearly with pin fin density, Since the invested
energy in natural convection arrays depends exclusively on
the required mass, the highest mass based hest transfer
coefficient array wlll als0 be the highest COP:destg:n.

Experlmentnl Study

Apparatus; Expmmemal vcnﬁcninn of the thermal
performance capability of the commercially availsble,
thermally enhanced PPS polymer heat sinks [1] was
performed. . A 2m x 2m x 2m wooden enclosure was used
to isolate the experimental setup from rest of the lab. " The
inside walls of the' wooden enclosure were painted blsck to
establish a known surface emissivity of 0.8 for the
detennmmonofdiendlmwhutmaferﬁwnlhetmheu
sinks, * The room temperature {~25 °C) was used s a
reference tempersture. Commercial £ type thermocouples,
- having an accuracy of =+ 0.5 °C, were used with a copper
. themnocouple junction box kept st room temperature scrvmg
as a reference hlock. For data acquisition, a switching unit
(Agilent 3499 A) and digital multimeter (Agilent 34401 A)
with Windows 2000-installed desktop computer were used.
A Minco HR5590R11L12B thin film beater, having Nickel
wirc clement of electrical resistance (11 ohms) with a
siliconc rubber covering, was uscd as the heat source in the
experiments. An identical guard heater to minimize heat 1oss
fram the back of the heat sink was also used. The resistance
heaters covered nbout 51% of the beat sink base cross
sectional area
The experimental plan was to test and verify the performance
of the thermally conductive (k=20 W/m-X) PPS heat sinks
available from CoolPoly [1]. For this purposs, use was made
of a heat sink configuration, as shown in Fig 12, which was
close to the optimum pin fin armay configurstion for base
plate dimensions of 5.6 cm by 5.6 cm. The pin fin length is
18 mm and the diameter of this tapered fin is 0.398 cm at the
buelnd029cmllthetrp It is to be noted that,

at

Mt Trasler Covllstunt {Wal. 1)
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unfortunately, at 1.39fins/en?, this beat sink falls
significantly below the parametric range of the Aihara et al
(Eq. 7) correlation. Three distinct heat ginks, labeled A, B, C
foc identification and convenience, were individually tested
inside the test chamber at different power levels.

PPS polymer heat sink expecimental resulis: The individual
beat sink results, expressed in terms of the armay heat transfer
coefficient, are shown and compared in figure 13. The
oversll average uncertainty for all experiments was
calculated to be about 3%.

s

Fig 12. PPS Pin Fin Heat Sink [1].

CFD Sirpmlation: To heip validate the experimental results
discussed above, CFD simulation of the thermo- fluid
bebavior of the PPS polymer hemt sink was performed for the
plastic pin fin armay, using the CFD software Icepack (Fluent
Inc.). Identical geometry and boundary conditions were used
in the mamerical models as in the experimental setup. In
these computations, the emissivity of the PPS polymer heat
sink material was set equai 10- 0.8 a3 had been determined
experimentally with an infrared camera in the laboratory. It is
significant 1o note that the numerical simulation of the hear
sink petformance revealed that in the specified test chamber
thermal radiation contributed about 30-35% of the total heat
transfer from the heat sink.

Figure 13 below shows the cxperimental-analytical
comparison for convection-only hest transfer cocfficient
values (obtained after subtracting the numencally-dewmmed
radiation contribution).
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Fig 13. Array heat transfer coefficient vs. power supplied
Analytical Experimental comparison for polymer pin fin
array (20 W/mK)
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The experirnental were found to follow the trend of the
Aihara correlation but to reach only 65-80% of the
analytically predicted values. It is believed that this
discrepancy is associated with the tested hest sink
configuration falling well outside the fin density range of the
Aibara et ni comrelation. However good analytical and
numerical agreement was obtained for pln fin array that has
pin fin density of 8.62 fins/en?® strictly in Aihara range [2]
shown in fig. 14 below,

Hond ‘Frasmths Coticirt (V' -4
.

Fig 14. Array heat transfer coefficient vs. power supplied
Analytical-Numencal comparison pin fin n:"-:! (20 Wim-
K} in Aibara fin density range of 8.62 fins/!

CONCLUDING REMARKS

The present study appears to provide the first reported
systematic study of the thermal performance of an air-cooled
heat gink fabricated of a refatively high thermal conductivity
PPS polymer. The Aihara correlation for a staggered pin fin
array has been used for the design and optimization of these
aircooled, natural convection heat sinks. A PPS heat sink
configuration in which the fin diameter was approximately
equal to the optimum, centerto-center fin spacing wes found
to provide the highest thermal performance at every fin
diamecter, as first encountered in optimum arrays of
aluminum plate fins. An optimum array, consistng of
individual fins of the “least-material” height, placed at the
"optimum centerto-center distance was found to closely
approximate the best echievable pin fin ammay performance.

For the conditions examined, the PPS polymer heat sink (20
W/m-K} is predicted to provide pesk heat transfer rates at

0.9cm diameter and horizontal centerdo-center spacing of
Yom for fin heights of 15 ¢m, atteining h, values of 73 W/nf-
K or some 15 times better than natural convection on a bare
surface. The PPS polymer heat sinks were found to provide

comparable thermal performance to those achieved with

aluminum heat sinks up to fin iengths of approximately 5 cm,
but yield approximately 50% higher mass-based heat transfer
soefficients 5-6 times higher COPr values in that height

ange.Results of the experimental testing and numerical

hermofluid simulation of polyphenylenc sulfide (PPS) hest
inks are presented.
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Subcategory: Aluminum Alloy; Metal; Nonferrous Metal; Pure Element

Aluminum, Al

Close Analogs: Over 1175 Al alioys are listed in MatWeb. Aluminum 1199 is the highest

purity (99.99% Al min.) commercially available in structural form.

Component Wt %

Al 100

Material Notes :This listing for pure aluminum.

Metric English Comments
Physical Properties
Density 2.6989 g/cc 0.0975 Ibfin®
Mechanical Properties
Hardness ,Vickers 15 15 Annealed
Modulus of Elasticity 68 GPa 9860 ksi
Shear Modulus 25 GPa 3630 ksi
Electrical Properties
Electrical Resistivity 2.7 x 10° ohm-cm 2.7 x 10° ohm-cm
Magnetic Susceptibility 6x 107 6x 107 cgs/g
Critical Magnetic Field 101.9-107.9 101.9-107.9
Strength,Oersted
Critical 1.73-1.77 K 1.73-1.77 K
Superconduction
Temperature
Thermal Properties
Heat of Fusion 386.9 J/g 166 BTU/Ib
CTE.linear 20°c 24 m/m-="C 13.3in/in - °F Over the range

20-100 °C




CTE, linear 250°c 25.5m/im =°C 14.2 infin - °F Over the range
20-300°C

CTE, linear 500°c 27.4 m/m -°C 15.2 infin - °F Over the range
20-500 °C

Specific Heat Capacity 0.9J/ig-°C 0.215 BTU/b - °F

Thermal Conductivity 210W/m-K 1460 BTU-in/hr-ft-°C

Melting Point 660.37 °C 1220°F

Optical properties

Emissivity(0-1) 0.2-0.3 0.2-0.3 Strongly oxidation

Emissivity(0-1} 0.05 0.05 Polished 50-500 °C

Reflection Coefficient 0.9 0.9 Tungsten light

References are available for this material.
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