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Abstract

Heat and fluid flows characteristics for ducted longitudinal fin arrays with different
I configurations wnder forced wir-cooling have been investigated experimentally. The fins
cre atfached to a heated base plate, while their tips are insulated and fully shrouded (o avoid
leakage, The aim of the study is to investigate the effect of fin configuration on thermal
performance of fin arrays and pressure drop across them. Tests are performed on all
straight, all corrugated and mived fin arrays. The Reynolds number is ranged from 2xI107 to
£.6x10" while the fin density and heat sink volume are kept unvaried. For the heat transfer
and pressure drop mecsurements, the mixed fin array offered the best heal transfer
cogfficient with the highest-pressure drop. Over the tesied runge of airflow rates, the
enhancement of heat iransfer coefficients for the corrugated and mixed fin arrays compared
fo that of the straight fin array are found to be about 10% and 68%, while the pressure
drops per unit longitudinal length of the fin array increase by a factor of 2.6 and 3.6
respectively. The heat transfer resuits for the straight fin array fairly agreed with those
reported in literature.

Keywords:, Fin array, Enhancement of heat transfer, Cooling of electronic equipment.

Nomenclature
A, total surface area of fin array, m’ L. longitudinal length of fin array, m
Ap free flow area, m? L, corrugation pitch, m
Ay fin cross section area, m’ M  parameter, equation (6)
Dy hydraulic diameter, m m parameter, equation (7)
S eoefficient of friction Nr number of fins
h  heat transfer coefficient, W/m® K Nu Nusselt number, (ADs/ ko)
H duet height, m P pressure, Pa
k  thermal conductivity, W/m K Q  rate of heat transfer, W
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p  perimeter, m v air velocity, m/s
Pr  Prandtl number, (Cp pk,) vn  maximum velocity through the fin
Re Reynolds number, (v, Dy f0) array, m/s
S ' fin gap width, m w  fin array width, m
tr  fin thickness, m Y  pressure drop ratio, (AP/ APg)
T  temperature, K
Greek Symbols b brass, base, bulk air
S corrugation angle fc  fin cross-section
6 temperature rise, K f fin
v kinematic viscosity, m/s b hydraulic
p  density. Kg/o’ Mt ML
s  straight
Subscripts t total
a  ar L loss
av average

1-Introduction

The increase in power density of electronic equipment is requiring more
effective thermal enhancement to cool its components and to maintain its operating
lemperature at a satisfactory level. One of the most common and attractive ways is
using forced air cooling through the use of extended surface heat sinks. That is due to
its simplicity and cost effeciiveness. However, the flow field surrounding the heat
sink caused by fin geometry is very complicated. Design of such heat sink takes the
form of longitudinal fin array affixed to a base plate. To avoid diminishing of the rate
of heat transfer due to longitudinal flow leakage out of the interfin spaces into the
ambient, the heat sink should be fully shrouded.

Experimental data collected from various studies presented in literature,
utilized heat sinks with relatively thick fins and moderate fin spacing. The studies did
not elaborate on the loss of airflow from the top of the heat sink and the distribution
of airflow through the various regions of the duct. These fins are usually treated as a
conduction problem while the convection and fluid mechanic processes within the
adjacent flow to the fin and its base have not been much tackled. A coonstant heat
transfer coefficient is assumed and introduced to the conduction analysis of the fin

Laminar flow heat transfer analysis of fully and partially shrouded fin array
was numerically investigated by Sparrow et al (1978). Numerical and experimental
study of the performance of shrouded longitudinal fin arrays under forced convection
was presented by Sparrow et al (1981), Kadle et al (1986) and Sparrow et al {1986).
They reported that the lowest values of the heat transfer coefficients were at the fin
base/plate intersections and at the fin/shroud intersections and their values from
experimental data agreed with those for uniformly heated circular tube. It was
reported (in Sparrow et al (1986)} also that the heat transfer rates diminished with the
increase of shroud clearance relative 1o that of no-clearance case, and were
independent of both the airflow rate and the used fin efficiency model] in evaluating
the heat transfer coefficient.

Recently, the design and performance of fin arrays heat sinks used In cooling
of electronic equipment by forced convection have received more attention from
researchers. Bejan et al (1992} has detected tbe optimal fin spacing for maximum
heat transfer from a longitudinal fin array heat sink cooled by forced convection. In
his study of the performance of heat sink, Metrol (1993) has determined its
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dimensions by using thermal resistance according to heat dissipation and swrounding
flow velocity. The effect of bypass flow over fins due to clearance between fins tips
and duct wall has been taken into account. Wirtz (1994) studied the effect of bypass
flow on longitudinal fin array performance and reported that the overall rate of heat
transfer and the pressure drop across the fin array are reduced due to the increase of
flow bypass factor. His results agreed with that of Sparrow et al (1986).
Experimental results of Butterbaugh et al (1995) indicated the thermal resistance to
correlate strongly with the pressure drop across the ducted heat sink, while appearing
to be relatively independent of shroud clearance.

Adam et al (1997) investigated the performance and flow behavior of fully and
partially shrouded fin array heat sinks with different geometry under forced air-
cooling. In their study, they used a computational fluid dynamics code. They
reported that the increased rate of heat transfer was mainly due to the increased
surface area available for heat transfer to the fluid with dense fin array. However, as
observed by Writz et al (1994), much of gain in the overall heat transfer rate is offset
by reduction i heat transfer coefficient occurred due to the accompanied mcrease of
flow bypass. Adam et al (1997) also noticed that the effect of flow bypass on local
heat transfer coefficient diminished beyond a certain shroud clearance as well as
along the fin array. The latter notice was related to the boundary [ayer development
from the entrance towards the exit. Regarding pressure drop across fin armays, Adam
et al (1997) ubserved that its magnitude increased with fin density and decreased with
the increase of both Reynolds number and flow bypass. They related the discrepancy
in friction factor compared with that of flat plate to the undeveloped flow across the
fin arrays heat sinks.

Suzana et al (2000) studied the performance of a ducted rectangular plate fin
heat sink. They reported that the thermal resistance decreased with the increase of
both flow rate and fin density and independent of heat input. However, the pressure
drop increased and became more pronounced with high mass flow rate. Their
experimental results, numerical results using CFD code and analytical predictions
based on Holman et al (1996) model have the same trend and few discrepancies
between them have been noticed. In-line and staggered parallel-plate fin arrays were
investigated, both numerically and experimentally, by Sathyamurthy et al (1996). It
was found that the thermal performance of the staggered fin configuration was better
than that of the planer fin configuration over the power and flow ranges examined.
The enhanced thermal performance however, was realized at the expense of an
additional pressure drop. The effects of geometry of parallel-plate fin heat
exchangers were also investigated by Zhang et al (1997).

The fin geometry effects on the heat transfer and flow behavior are
investigated on interrupted fin surfaces by Hatada et al (1984), Webb et al (1990) and
Delong et al (1999). These interrupted surfaces consisted of flat plates either aligned
‘with the main flow or at an angle of attack as in louvered-fin designs, and convex-
louvered fin arrays. They reported that the improvement in thermal performance over
that of continuous fins is due to the restart of thermal boundary layer and its thinning
as well as the mixing and unsteadiness flow promoted at some critical Reynolds
number,

Although results for fully and partially shrouded straight fin arrays as well as
interrupted louvers and convex-louver geometries over a range of fin pitches and
Reynolds numbers have been reported in the literature, Little work has been directed
at the continuous corrugated and mixed fin geometries. The aim of the present work
is to investigate the performance of fully shrouded longitudinal arrays which have
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different fin geometries. These arrays works under forced air cooling where Reynolds
number ranges from 2x10* up to 4.6x10".

2- Experimental Setup
2.1.Test Loop

The open loop wind tunnel with its main components used in experiments is
depicted in Fig. 1. It is provided with a flow control gate , blower, the test section, the
power supply, temperature and flow measurements devices. The entrance section of
the tunnel of a rectangular cross section preceding the test section was made of wood
and long enough to assure undisturbed and fully developed flow upstream of the test
section.

14
10 13 13

Fig.l. Test Rig

1- Electric motor, 2- Suction air blower, 3- Air flow control gate, 4- Air stream out,

5- Wooden duct, 6- Temperature probes, 7- Bell mouth, 8- Air in, 9- Test section,

10- Digital temperature recorder, 11-Autotransformer, 12- Manometer, 13- Voltmeter
14- Ammeter 15, Blower operating switchboard.

2-2. The Test Section

The test section dimensions of 107 x225x51 mm allow to
accommodate the three different geometries of fin arrays. Its details are shown in
Fig.2. As can be seen, it mainly consists of fin array, a heated base plate and a
wooden shroud. The entire array can be mounted in that test section in the wind
tunnel to facilitate good thermal contact between its surface and the heating source,
and to expose the fins to a nearly uniform air flow having a variable velocity ranged
from 1.5 up to 30 my/s.

The fins are made of brass because of easy machinability and welding
processes to the upper face of the fin base plate which is also made of brass and has
an external dimensions of 3 x 107x 225 mm. An electrical resistance wire, which
provides heat to the fin array, is sandwiched by two mica sheets and placed in contact
with the base plate of the fin array heat sink and fitted into a wooden box containing a
block of Styrofoam. With the exception of the block, which is in contact with the fin
array, the heat unit is completely insulated on all sides. This insulation is assumed to
direct all heat transfer into the fin array.

The closure of the fin gaps flow passages of the heat sink is accomplished by the U-
shaped cross section wooden shroud, which is attached to the fin base plate at its
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outboard edges and sealed as well with the top edges of the fin array. This helped to
minimize heat losses by conduction from the base plate through the shroud and

prevent air leakage.

(2} &

Fig. 2. Test Secrion, {a) view of test section, ( b) cross secticnal view at AA

As can be noticed in Fig. 2, there are a total of 7 fins. The shroud-adjacent
side passages are half as wide as the interior passages.

The wind tunnel is run in suction mode. Air is drawn from the laboratory
through its developing entrance length, then passed a calibrated velocity meter into
the test section. From there, the air is sucked through a rectangular duct by a
centrifugal fan followed by a graduated control airflow gate.

2-3. Heating Process and Instrumentation

The power is supplied to the heater by a regulated AC source viz an
autotransformer to control the voltage. The heater voltage drops and the current are
measured by a multi-meter.  The voltage settings for the heater arc guided by the
inserted thermocouples in the test section. Tests are carricd out on three different fin
arrays. The details of these arrays are shown in Fig. 3.

A 9 copper-constantan (type T) thermocouples are embedded into one-mm

diameter 9 holes drilled in the bottom surface of the base plate.
Another 10 thermocouple probes are also positioned longitudinally along the surface
of the central fin in the array and covering the distance from base to tip. 6 of them are
inserted at half of its height and the rest at its tip. Al thermocouple probes are
assured to be in good contact with the fin and base-plate surfaces. To measure the
temperature of infet and outlet air, 4 thermocouples are inserted [00-mm up-stream of
the test section, and another 4 thermocouple probes 60-mm downstream of it
respectively. Temperatures are recorded by connecting thermocouples to a digital
temperature recorder of 0.1°C resolution and with an accuracy of +{.5°C (model
3087).

The graduated gate at the wind tunnel exit controlled airflow rates. A
calibrated hot wire anemometer and a traversing mechanism, 150-mm ahead of the
test section measured the mean air velocity. The actual veiocity of the air stream
through the fin arrays is evaluated taking into account the blocked area due to the
presence of fins. For all tested fin arrays, this blocked area is about 7% of that of the
fin array cross sectional area.
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Two static pressure taps are located up-stream and downstream of the test
section to measure the pressure drop across the fin array by connecting them to a U-

tube water manometer.

(a)

e e

()

Fig. 3. Tested Fin Arrays Geometry and their Top Views,
{(a) Straight fin array, (b) Corrugated fin array, {¢) Mixed fin array

3-Test Procedure and Data Reduction

3-1. Procednre

The dimensional values used in the study are summarized in Table 1. Each fin
array is described in terms of its dimensions and corrugation angle £.

Table 1: Geometrical Parameters of Tested Fin Arrays.

Parameter j(_ Range
Straight Cormgatedj Mixed
Fin Array Fin Array Fin Array
A,; finarray surface area | 0.183m> [ 0.188 m’ 0.185 m*
A /Ay, area ratio 1.0 1.07 1.03
N¢; number of fins 7 7 4 straight, 3
ty; base plate thickness 3 mm 3 mm corrugated
tr; fin thickness I mm 1 mm 3 mm
L. ; longitudinal tength 225 mm 225 mm I mm
L¢; fin length L. L/cos B 225 mm
Ly; corrugation pitch - LJ/2 L, L/cos B
w; fin array width 107 mm 107 mm L2
Hg fin height 51 mm 51 mm 107 mm
S; fin gap width 13 mm 13 mm 51 mm
A ; corrugation angle t [ 14° 6rom-20mm
X 14°
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The investigation covers three fin arrays of 7 fins, all straight fin array, all corrugated
fin array, and mixed (straight with corrugated) fin array. All arrays have equal volume
and the total surface area of eack of them is also calculated to be nearly equal. They
are tested for three power puts, 48 W, 100 W, and 150 W at different airflow rates
in terms of Reynolds number.

During runs, a heat balance test for the heated base plate of the straight fin
afray with its environment at the maximurn power input of 150 W was carried out. It
was observed that the heat leakage rate from the outer surface of the fin base
insulation assembly was about 1.5 W which represents 1% of the total power input,
indicating that the heat leakage rate can be ignored.

Heat transfer and pressure drop results are parameterized by conventional
rectangular duct Reynolds number based on the hydraulic diameter D, defined as

Re.__iol (1)
v
Where v, is the maximum velocity through the fin array and Dj is the hydraulic

diameter, given by

2

Where L. is the core length of the fin array and 4 is the free flow area expressed as

A.=(w-Ny)H, 3)

For the straight fin array, 4, is given by:

A= LN H b LN, 1 @

The total surface area of corrugated fins among the other two arrays is calculated
using the above equation with longitudinal fin length of L./ cos .

The fin array was installed in its position inside the test section Adjusting the
input voltage and the electric current via an auto-transformer controlled the input
power to the base plate. To attain a steady state condition, the system was injtially
run for about one hour until constant values of the recorded temperatures of both the
bulk air and the array surface at the points of measurements are observed.

3-2. Data Reduction

Air with uniform upstream velocity v and temperature t,, is flowing through
the ducted fin array exchanging heat transfer with it. The test section was completely
insulated so that heat transfer from fin array to ambient can be neglected. The rate of
heat dissipated to airr from the fin array by conduction as well as by forced convection
can be described as

Where,

M= fhp k4,6, (6)
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e P )
V&4,
And 8, is the excess temperature of the fin array base plate
The parameters 3 and m are related to each one of the tested fin arrays and
0, described by equation (5) is also given by

Q}‘ =0, _'Q,fb_QL (3) .

Where Q,is the power input to the fin array, Q, is the rate of heat transferred by
convection from the base plate area represented by gaps between the fins, defined as

Op =hL(w-N )6, ©)

and Oy is the rate of heat loss which is being neglected. Substituting equations (5)
and (9) with the parameters m and M into equation (8), then

hp
O =hByL (w-N 1, )+ N, Jhp k4,0, tanh ‘kf,;, H, (10)
c

Heat transfer results for the tested fin arrays are represented in terms of My,
which is

_hD,

= 1
Nu p (11}

a

The ability of each of these fin arrays in transferring a given quantity of heat,
where the fin temperature varies from its base-to tip is measured by fin efficiency.
This term 15 defined as the ratio of the heat dissipated from the fin to the maximum
heat transfer rate that would exist if its entire surface were at the base temperature.
Considering one-dimensional heat flow (conduction modet), the finefficiency is

N tanhmH),
- mH

g (12)

The values of heat transfer coefficient (£} are obtained by iteration from the
experimental data using a simple computation program to solve equation (10). The
iteration was continued until convergence, and then used as an input to equation (t1)
and (12).

Ariother “quantity “charatierizing -the flow across the fin array is the total
pressure drop per unit longitudinal length of the fin array (AP /L. ), which interpreted
using the conventional definition

2
AP/ _ P ;
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4. Results and Discussion

Average Nusselt Numbers, Figure 4 shows the variation of the average Nusseit
number with Reynolds number for the straight fin array at 3-power inputs, 48 W, 100
W and 1506 W. At constant power input, it is seen that Nu increases with Re. It is
also poticed that a little change in heat transfer coefficient with varying power input,
especially at high air mass flow rate. The Jatter notice agrees what has been reported
by Suzana et al (2000). For the corrugated fin array, as shown in Fig. 5, the increase
of Reynolds number has the same effect on heat transfer coefficient as in the straight
fin array with negligible effect for power input variation. It is also noticed from Fig.6
that for the mixed fin array, the heat transfer coefficient is insensitive to the variation
of power input and tremendously increases with the increase of Reynolds number.

Comparing the results for the three fin array configurations, it is seen from
Fig. 7 that the mixed fin array has the highest heat transfer coefficients over the entire
range of Reynolds number, That enhancement in heat transfer coefficients may be
due to the higher flow velocity at sections of small area between the corrugated fins
and the straight ones and because flow acceleration thins the boundary layer. The
values of Nu number for the corrugated fin array are generally lie between those of
straight and mixed fin arrays. It is also seen from Fig. 7, that the discrepancies
between the values of Nu numbers for all arrays decrease with the increase of
Reynolds number.

Figure 8 shows the percentage increase in Nusselt number due to fin
configuration. It is observed that for 7000<Re<25000, the increase in Nusselt number
for corrugated and mixed fin arrays related to that of straight fin array is about 40%
and 85% respectively. For Re> 25000 up to 47000, that increase is about 20% and
50% respectively. The reduction in enhancement of heat transfer coefficient at high
Reynolds number may be attributed to the increase of flow unsteadiness due to flow
separation through the passages of both mixed and corrugated fin arrays. The
unsteadiness flow is more pronounced with the mixed fin array. As reported by
Delong et al (1999) based on flow visualization study, this flow unsteadiness begins
at downstream locations and progressively moves upstream as the Reynolds number
increases.

It is also noticed from Fig. 8 that with the increase of Reynolds number, the
thermal performance of both corrugated and mixed fin arrays movces towards that of
the straight fin array. This indicates that the effect of fin corrugation decreases with
the increase of Reynolds number.

Fin Efficiency, The values of fin efficiency evaluated from equation (12) for the
three-fin arrays are plotted in Fig. 9. For a specific fin array geometry, it is observed
that the fin efficiency decreases with the increase of Reynolds number. This reflects
the Reynolds number related increase in convective heat transfer coefficient and the
domination of convection heat transfer mode rather than conduction one. The
measured data showed that, at certain flow rate, the mixed fin array has the highest
temperature gradient along the fin height. This results in a reduction in the rate of
conducted heat transfer through the fins of that array. At constant Reynolds number,
therefore the mixed fin array of highest heat transfer coefficients has the lowest fin
efficiency, which is based on conduction model.

Pressure Drop, The pressure drop component (AP / L_) across the tested fin arrays
as a function of Reynolds number is shown in Table 2 and plotted in Fig. 10.
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Table 2. Pressure drop per uxit core length as a function
of Re for the three fin arrays.

Straight  Fin | Corrugated Fin | Mixed Fin Array
Array Array Ny=7,85=6-20 mm
Ny=7,S=13 mm, | Ny =7, $=13 mm, | #=14°L, = 1125
L. =225 mm. f=14°L, = 1125 | mm
i
Vm, | Rex10 | AP/L.(Pa/m) AP /L, (Pa/m) AP /L, (Pa/m)
(ms) ’ |
16 | 25 5 9 15
4.8 75 34 45 65 ]
10.2 16.0 98 , 283 530
177 | 278 280 1 818 1680
252 | 397 542 i 1267 2750
29.5 | 46.4 720 | £510 3460

It is observed from Fig. 10 that the pressure drop increases dramatically for all
three geometries with the increase of Reynolds number. The highest-pressure drops
belong to the mixed fin array. This may be urged to the increased flow acceleration
resufted from the change in flow cross section among that mixed fin array and the
occurred flow separations. However, as can be seen in Fig. 11, the ratio (Y = AP/
APg) of pressure drop across the corrugated and mixed fin arrays and that of the
straight one decreases with the increase of Reynolds number and the performance of
both corrugated and mixed fin arrays seems to move towards that of the straight one.
This indicates that the effect of corrugation is expected to diminish at higher values of
Reynolds numbers,

Comparison with Others, A comparison between the present heat transfer results of
the straight fin array and the reported data from literature 15 shown in Fig. 12. It can
be noticed that the present results are fairly close to that reported by Kadle and
Sparrow (1986) over their tested range of Reynolds number (up to 30000) and show a
slight difference for higher Reynolds number. The small discrepancies may be due to
the differences i flow passage geometry. The resuits also have the same trend as
those represented by Petukhov-Popov equation (in Holman, J. P.. 1981} for fully
developed turbulent flow in a uniformly heated circular tube for Re> 10000.

CONCLUSION

An experimental investigation has been carried out to investigate the effect of
fin configuration and flow regimes on thermal performance of ducted fin arrays and
pressure drop across them. The heat transfer coefficients for all three tested fin arrays
are found to increase tremendously with increasing air velocity and invariant with
power input. The parabolic dependence of the pressure drop across all fin arrays on
air velocity is also seen. The mixed fin array offered the highest values of heat
transfer coefficients accompanied with the highest-pressure drops. This may be
attributed to the promoted vortices and flow separations. Over the tested air flow
range, the percentage increase in Nu for both corrugated and mixed fin arrays related
to that of the straight one is about 30% and 68% respectively, while the pressure drop
ratio (Y=AP/AP.)} increases hy a factor of about 2.6 and 5.6. Based on these results,
the enhancement in thermal performance accompanied with fin corrugation at the
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expense of pressure drop is dependent on Reynolds number. The effect of corrugation
seems to diminish at higher values than the tested range of Reynolds number. Heat
transfer results for the straight fin array fairly agree with those reported in literature,
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