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ABSTRACT

Experimental testing has been performed on two plate fin
heat sinks in order to examine flow bypass phenomenon. The
present study examines pressure drop and thermal resistance as
well as flow velocitieswithin the heat sinks. Tests are performed
for bypass channel/fin height ratios of 0.25, 0.5, 0.75 and 1 with
approach velocities from 2to 8 m/s.

By examining flow behavior within the heat sinks and the
bypass channel, a model for predicting flow bypass is presented
that incorporates only the significant pressure drop mechanisms
that affect the flow path. This model allows for a simple pre-
diction of flow bypass for plate fin heat sinks based solely on
geometry. For al of the heat sinks tested the agreement between
model and experimental datais F 8%.

NOMENCLATURE
Aq  duct area, n?
Ans heat sink frontal area, m?
A heat sink leakage area, n?
b heat sink base plate thickness, m
Cb  bypass channel width, m
dnp  heat sink channel hydraulic diameter, m
dng duct hydraulic diameter, m
f friction factor
H fin height, m
I effective frictional flow length, m
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L heat sink length, m

Q energy transfer or flow rate, W or m®/s
R thermal resistance, °C/W

Re.  heat sink channel Reynolds number
Rey  duct Reynolds Number

S fin separation, m

t fin thickness, m

Tag average baseplate temperature, °C
Tanw  ambient temperature, °C

Ua approach velocity, m/s

Un heat sink average velocity, m/s

Uk  heat sink average leakage velocity, m/s
Us stagnation velocity, m/s

AP pressure drop, Pa

Greek Symbols

p mass density, kg/m?
v kinematic viscosity m?/s

Subscripts
a approach
h  heat sink
Ik leakage
d duct
b bypass
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INTRODUCTION

As power dissipation levels increase in eectronics applica
tions the role of heat transfer enhancements, such as heat sinks,
serve a much more important role in thermal management strate-
gies. While many models are available for predicting thermal
behavior in plate fin heat sinks, most are constrained to shrouded
conditions at the external boundaries to eliminate flow bypass.
Although this assumption simplifies the analysis procedure it is
not representative of most heat sink configurationsfound in elec-
tronics applications. Analyses employing this assumption tend
to over estimate thermal performance resulting in an undersized
heat sink. Most existing models for flow bypass do not accu-
rately predict flow conditions, but rather focus on determining
the pressure drop associated with the problem in order to back
out the thermal resistance from the zero bypass pressure drop
curve. Other models depend on knowing the bypass associated
with the problem in order to determine the flow conditions.

The effects of flow bypass on heat sink thermal performance
have been investigated experimentally, numerically and analyti-
caly intheliterature.

Experimentally, Sparrow and co-workers [1-3] investigated
the effects of tip bypass on the pressure drop characteristics and
thermal performance of plate fin and pin fin heat sinks. Lau and
Mahajan [4] examined tip bypass in rectangular and convoluted
fins. Lee et d. [5] considered thermal performance in plate fin
heat sinks with both tip and lateral clearance. Azar and Man-
drone [6] studied the effects of pin fin density on thermal resis-
tance under flow bypass. Shaukatullah and Gaynes [7] examined
the thermal resistance of pin fin heat sinks in open flow. Wirtz
et a. [8] investigated plate fin heat sinks with tip bypass and
developed a correlation which relates the heat sink flow rate to
the approach rate and heat sink fin density. Chapman et a. [9]
considered plate fin, strip fin and elliptical pin fin heat sinks in
open flow. More recently, Jonsson and co-workers [10-12] stud-
ied plate fin, pin fin and strip fin heat sinks and developed an em-
pirical bypass correlation. In general, most experimental studies
involved measuring only the pressure drop and thermal resistance
associated with aparticular problem. Thisstudy will examine the
actual flow patternsgenerated within the heat sink and the bypass
channel in order to accurately characterize the flow domain.

Analytically, Lee [13] and Simons and Schmidt [14] devel-
oped models based on momentum and mass balance to predict
bypass performance. Butterbaugh and Kang [15] and Jonsson
and Palm [ 12] devel oped pressure balance modelsto predict ther-
mal performance based on pressure drop.

Barret and Obinelo [16] examined the ability of numerical
methods to predict bypass performance. Sataet al. [17], Obinelo
[18], Radmehr et a. [19] and Prstic et a. [20] investigated plate
fin thermal performance under bypass conditions numerically.

In this paper, the results of an experimental and analytical
investigation of the thermal performance of two heat sinksin the
presence of tip bypassare investigated. Tip bypasswas examined

for the bypass channel widthto fin height ratios (Cb/H) from 0.25
to 1 for free stream approach velocitiesfrom 2 to 8 m/s. Velocity
measurements were made across the heat sink channels and into
the bypass channel at various points along the heat sink in order
to compare the actual heat sink flow ratesto those estimated from
thermal resistance comparisons at zero bypass. It was determined
that estimating average flow through the heat sink by using zero
bypass thermal resistance data is satisfactory. Also, a physical
bypass model based on that devel oped by Butterbaugh and Kang
[14] and modified to reflect the observations seen in the measured
flow patternsis put forth and compared to experimental data.

EXPERIMENTAL PROCEDURE
Test Samples

Two heat sinks were examined in this study. The heat sinks
produced by R-Theta of Mississauga, Ontario were constructed
by swaging copper sheets into a copper baseplate, both with a
thermal conductivity of approximately 300 W/mK. A schematic
diagram of a genera, plate fin heat sink, representative of the
heat sinks used in this study, isshownin Fig. 1.

Figure 1. GENERAL HEAT SINK

The relevant dimensionsfor each of the heat sink samplesin
this study are shownin Table 1.

All references to heat sinks 1 and 2 will correspond to sam-
ples 1 and 2, respectively as givenin Table 1.

Test Apparatus

In order to minimize heat losses and accurately measure
heat dissipation from the heat sink, matching pairs of each heat
sinks were configured in a back-to-back configuration as shown
inFig. 2. The heat sinkswere firmly bolted to heater plates using
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Table 1. TEST SAMPLE DIMENSIONS (mm)
Sample H L S t b
1 498 127 21 12 127
2 503 127 42 12 127

four countersunk machine screws at an equal distance from the
center of the heater plate, as represented by the schematic in Fig.
3.

Figure 2. HEAT SINK BACK TO BACK CONFIGURATION

Each of the boltsweretorquedto 2.25N - m (20in - Ibs) us-
ing a consistent bolting pattern for all of the tests. The heat sinks
were bolted together using six countersunk machine screws at
equal intervals on the extruding edges of the assembly. A three
sided phenolic spacer was bolted between the heat sinksto mini-
mize convection from the heater plates, as shownin Fig. 2. Four
200 W cartridge heaters were press fitted into four wells drilled
into the heater plates, showninFig. 4.

Thermal grease was used in the interface between the heat
sinks and the heater plates. Because of the symmetry of the as-
sembly, it was assumed that the heat dissipated by the cartridge
heaters was equally distributed between the two heat sinks. The
heaters were powered using a Xantrex 150-7 DC power supply
and typical line voltages of 120V at a current of approximately
6.6 A were supplied to the heaters.

Temperature measurements were performed using 5 mil T-
type copper-constantan thermocouples with Teflon coating con-
nected to aKeithley 2700 data acquisition system. Because of the
small diameter of the thermocouplewires and the relatively large
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Figure 3. HEAT SINK AND HEATER PLATE

v

Figure 4. HEAT SINK AND HEATER PLATE

values of overall power dissipation, conductive losses through
the leads were assumed to be negligible. Ambient tempera-
turesin the test section were monitored using two thermocouples
mounted just outside the main flow corridor.

It was assumed that the spreading resistance between the
heater plate and base plate was negligible and the heater plate
temperature was taken as the base plate temperature. The heater
plate temperature was measured infour interior locationson each
of the heater plates indicated by locations T1-T4 in Fig. 5. The
thermocouples were located on the heater plate so that an arith-
metic average of their measured values would provide a repre-
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sentative value for the mean plate temperature.

T1 T2
L O .
O O
. o .
T3 T4

Figure 5. HEATER PLATE THERMOCOUPLE LOCATIONS

In order to vary the tip bypass, the heat sink assembly was
placed inside a specially designed Plexiglas shroud, as shownin
Fig. 6. The two walls facing the fin tips were easily movable to
allow a bypass channel from 0 to 50 mm. The side dimensions
of the shroud were set to approximately one channel width larger
than the heat sink on al sides. The shroud and heat sink assem-
bly were suspended at the center of a450 mm x 450 mm vertical
wind tunnel and the space between the outside of the shroud and
the wind tunnel walls was blocked to control airflow through the
assembly. The approach velocity to the heat sink assemblies was
measured using a Dantec hot wire anemometer placed approx-
imately 80 mm upstream of the leading edge of the heat sink
assembly.

The pressure drop across the heat sinks was measured ap-
proximately 25 mm upstream from the leading edge to 25 mm
downstream from the trailing edge using two Dwyer differen-
tial pressure transducers. The first transducer measured pressure
drops between 0 and 250 Pa and the second measured pressure
drops between 0 and 1250 Pa. The second transducer was only
used when the pressure drop exceeded 250 Pa.

In order to measure inter-fin velocities throughout the length
and width of the heat sink, asmall dlit was cut into the shroud and
a400 mm linear translation station was mounted on the outside,
as shown in Fig. 6. 90° angled pitot probes of five different
lengths were mounted on the transl ation station and were used to
determine velocity profiles at theinlet, exit, at 25 mm from both
theinlet and exit and at the midpoint of the heat sink.

The overall uncertainty of experimental results was esti-
mated using a procedure outlined by Moffat[21] and Helmes [22]
and the influence on reported results is shown in Table 2.

Test Procedure

Experimental testing was performed for free stream ap-
proach velocities of 2, 3, 4, 5, 6, 7 and 8 m/s for bypass channel
tofinheight ratiosof 0, 0.25, 0.5, 0.75and 1 of finheight. At2, 4
and 6 m/s approach velocities at bypass ratios of 0.5 and 1, pitot

Traversing Mechanism

Figure 6. HEATER PLATE THERMOCOUPLE LOCATIONS

Table 2. Experimental Uncertainty

Reported Result  Max Error (%) RMSError (%)
R (°C/W) 1.35 0.94
Re 3.32 2.96
Us 3.58 2.95
Interfin Velocities  24.85 12.02

probe traverses of the fin channel and into the bypass channel
were made at 0, 20, 50, 80 and 100% of the heat sink’slength.

Air was the working fluid in the testing and a steady state,
steady flow condition was assumed while measurements were
taken. Steady state was assumed once all of the thermocouples
had reached a convergence of less than a 0.1°C change in tem-
perature over 20 time steps (200 seconds) and no observable tem-
perature trend existed.

RESULTS AND DISCUSSION
Expressions

In the following sections, a non dimensional Reynolds duct
number is used in order to present the datain a normalized form,
this Reynolds number is expressed as:

_dd‘Ua
Ty
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where,

_ 4-ductarea
"~ duct perimeter

2

d

Inter-fin Velocities

Inter-fin velocities are in general only known at the zero by-
pass condition. By assuming that for equal thermal resistance
for a particular heat sink under different bypass conditions that
an equal average inter-fin velocity exists, we are able to estimate
the average inter-fin velocity for each test case. These results
were compared to the average inter-fin velocities determined by
the pitot probe flow traverses. This comparison can be seen in
Figs. 7 and 8 for heat sinks 1 and 2, respectively.

From these figures, we can see that the pitot probe traverse
and thermal resistance determination of the inter-fin velocities
arein good agreement, with the largest difference being 8% with
the average difference around 3%. This indicates that backing
out the average inter fin velocity from the zero bypass resistance
curve is an adeguate assumption for the average flow through the
heat sink under bypass conditions.

"
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Figure 7. INTER FIN VELOCITY COMPARISON - SAMPLE 1

BYPASS MODEL
The following model is a modified version of the pressure
balance model presented by Butterbaugh and Kang [15].
Butterbaugh and Kang presented a model in which all pres-
sure drop contributions along the bypass channel are equated to
all of the pressure drops along the heat sink path. More specif-
ically, the sum of the stagnation pressure rise and the heat sink

| = Cb/H=0.5 - Resistance |

‘ = Cb/H=0.5 - Pitot Probe‘

' ‘ + Cb/H=1 - Resistance ‘
— Cb/H=1 - Pitot Prabe

g 3

g

Inter Fin Velocity (m/s)
w (23]
(4]
=1

2 g

350+

290 39000 49000 59000 69000 79000 89000
Reynolds Number Rey;,

Figure 8. INTER FIN VELOCITY COMPARISON - SAMPLE 2

inlet, frictional and exit pressure drops were balanced with the
inlet, frictional and exit pressure drops along the bypass chan-
nel and the frictional pressure drop associated with flow from the
heat sink into the bypass channel. The idea of this model was to
predict the pressure drop across the heat sink in order to deter-
mine the thermal resistance from the zero bypass case.

In the current model, we recognize that the largest contribu-
tor to flow entering the bypass channel is the pressure drop asso-
ciated with flow through the heat sink. Inlet and exit effects are
neglected and a pressure drop balance between the flow passing
through the heat sink and the flow leaking through the top of the
heat sink into the bypass channel isused to determine the average
flow though the heat sink.

At the heat sink inlet, the flow is subject to three pressure
changes, the stagnation pressure rise associated with the reduc-
tionin area, and the pressure drops associated with the heat sink
and bypass channel entrances. In general, the pressure change
due to stagnation is much higher than either of the entrance ef-
fects. For this reason, we will assume that the entrance velocity
into both the heat sink and bypass channel is the stagnation ve-
locity.

_ Ua-Ag
-~ Ad—Ans

Us 3

The measured values of the entrance vel ocitiesfrom the pitot
probe traverses support this assumption.

Air entering the leading face of the heat sink can follow one
of two paths, through the channels formed by the plate fins or
through the top surface of these channels and into the bypass
region. By equating the pressure drops associated with each path
we are able to determine the amount of flow that continuesto the
trailing edge of the heat sink and the amount of flow that leaks
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into the bypass channel.
Given the governing equations for the mass balance and
pressure balance;

Qa = Qn+ Qik (4)

AR, = ARy + AR ©)

Solving Egs. 4 and 5 givesthe average heat sink velocity Uy,
and the average leakage velocity Uk, where the frictional pres-
sure drops are given by:

1f-1-p-U?
and thefriction factors are given by:
2 if Re < 2300
Re
1/4
0.1268\* [ 24\*

f = I—— — [ == i
[( R > <Re> ] if 2300 < Re < 5000
0.1268 :
RP3 if Re > 5000

The Reynolds number, Reis calculated as:
Re= IU ™

\%

where the hydraulic diameter for the bypass channel was given
by equation [1] and the hydraulic diameter through the heat sink
is:

dhpn=2-s 8)

In solving the pressure balance, we need to determine | and
U for the heat sink, and both portions of the bypass flow paths.

For the flow through the heat sink, we make | = L and
U — Uhs.

Using geometry, we can express the average path length of
the bypass flow through the heat sink as:

2
O T Ly
lon = (ﬁ U;,j;uus) +<ﬁ> ©

and determine a corresponding velocity of:

2

Uik

Ub,h - w + U|2k (10)
2/2 s

and for the flow into the bypass channel, we have:

= L— = (12)

N

and,

Upp = (2+ «/5) Up— (1+ «/i) -Us (12)

In solving the mass balance equation we set:

Qa = duct height- duct width- U, (13)
Qn=Up-s-N-H (14)
and
Qik = Uik~ Ak (15)
where,
Ax=s (N-1)-L (16)
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Attheheat sink exit, there are pressure drops associated with
the heat sink and bypass channel exits as well as the pressure
drop associated with the increase in flow area. All of these pres-
suredropsare quitesmall in comparison to the frictional pressure
drop through the heat sink and as a result have a negligible effect
on the flow paths.

Evaluation of Bypass Model

The bypass model previously described has been compared
to the experimental data as well as to the physical bypass model
described by Jonsson and Palm [12]. This comparison can be
seen in Figs. 9to 12. Results are given for bypass channel to fin
height ratios of 0.25 and 0.75.

215
e Experimental Values

205 ~ Jonsson Bypass Model |

1.85 -=- Current Bypass Model

185 —————e——
P . / . :
=1.75 *
= ——

" -

1.65 /,_.. S — -

1.55

1.45

1.35

16000 26000 36000 46000 56000 66000
Duct Reynolds Number (Rey)

Figure 9. MODEL EVALUATION - SAMPLE 1 -%’ =0.25
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Figure 10. MODEL EVALUATION - SAMPLE 1 -%b =0.75
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Figure 11. MODEL EVALUATION - SAMPLE 2 -%b =0.25
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Figure 12. MODEL EVALUATION - SAMPLE 2 -%b =0.75

From these results, we can see that for both heat sinks, the
model accurately predicts the experimentally obtained data with
amaximum and RM S error of 8% and 5%. For Jonsson’smodel,
we can see varying degrees of agreement with the experimen-
tal data. Generally, Jonsson’s model predicts within 25% of the
experimentaly obtained data.

CONCLUSIONS

In this report an experimental study was performed to ex-
amine flow bypass. A simple bypass model based solely on heat
sink geometry is proposed in order to predict average flow ve-
locities through a heat sink subject to flow bypass. The model
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isable to predict flow distribution under the test cases examined
within 8% accuracy.
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