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In this paper, a new type of a fan-integrated heat sink named a scroll heat sink is proposed and demon-
strated. The most striking feature of the scroll heat sink is that heat dissipation and fluid pumping occurs
simultaneously in the whole cooling space without requiring any additional space for a fan module. In the
scroll heat sink, the moving fins, which rotate with two eccentric shafts, are inserted between the fixed
(cooling) fins. By a relative motion between the moving fins and the cooling fins, a coolant is drawn into
the space between them, takes heat away from the cooling fins, and the heated coolant is discharged out
of the heat sink. In the present study, an experimental investigation is performed in order to demonstrate
the concept of the scroll heat sink. Average coolant velocities and thermal resistances of the scroll heat
sink are measured for various rotating speeds of the moving fins from 200 rpm to 500 rpm. Experimental
results show that measured flow rates of the coolant are almost linearly proportional to the rotating
speed of the moving fins. A theoretical model is also developed to estimate the required pumping power
and the thermal resistance, and validated using experimental results. The theoretical model shows that
optimized scroll heat sinks have lower thermal resistances than optimized plate-fin heat sinks under the

fixed pumping power condition.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Recent advances in semiconductor technology have led to a sig-
nificant increase in power densities encountered in electronic
modules or devices [1,2]. As the power dissipation from the elec-
tronic devices increases, effective cooling technology becomes
essential for reliable operation of electronic components [3,4].
For this reason, various types of cooling systems have been devel-
oped as thermal solutions. The fan-integrated heat sink is the most
widely used type of the cooling device due to its high price-perfor-
mance ratio. The fan-integrated heat sink is mainly comprised of
the two parts, the fan module for pumping the coolant and the heat
sink for enlarging the heat transfer area. Accordingly, a wide body
of research has been conducted not only on heat sinks but also on
cooling fans.

Many investigators have studied heat sinks using a number of
approaches [5-7] in efforts to improve their thermal performance.
Various types of heat sinks with distinctive shapes have been sug-
gested in addition to the conventional plate-fin and pin-fin heat
sinks [8-11]. Investigations of working conditions, such as tip
clearance [12] and direction of the coolant flow, on the thermal
performance of heat sinks have been carried out. The performance
of cooling fans has also been the subject of much attention because

* Corresponding author. Tel.: +82 42 869 3043; fax: +82 42 869 8207.
E-mail address: sungjinkim@kaist.ac.kr (S.J. Kim).

0017-9310/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijheatmasstransfer.2008.03.014

the thermal performance of the heat sink depends on the velocity
of the coolant passing through fins of the heat sink [13,14].

As noted above, considerable efforts have been aimed at making
fan-integrated heat sinks more efficient by improving the perfor-
mance of each component, the fan module and the heat sink. How-
ever, fan-integrated heat sinks currently being used in the field do
not effectively use the total cooling space. For all existing fan-inte-
grated heat sinks, the volumes for the heat sink and the fan are
separated and are regarded as inviolable spaces with respect to
each other. The spaces for the heat sink and the fan module are
only designated for dissipating heat and for pumping coolant,
respectively. If the entire space reserved for the cooling system
were used simultaneously both for coolant pumping and for heat
transfer, the heat sink size could be increased from that of fan-inte-
grated heat sink in the same cooling space. This idea led to the con-
ceptualization of a novel cooling system, namely, the scroll heat
sink [15]. In the scroll heat sink, instead of the fan blades, the mov-
ing fins are inserted between the cooling fins and pump the cool-
ant, as in the scroll compressor. The coolant flow is generated by
the relative motion between the moving fins and the cooling fins.
Coolant pumping and heat dissipation occurs simultaneously in
the whole cooling space, as the cooling fins play a double role of
coolant pumping and heat dissipation.

The aim of the present study is to propose and demonstrate a
new concept for fan-integrated heat sinks, named the scroll heat
sink, for which coolant pumping and heat transfer are combined
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Nomenclature

area, m?

distance between centers of two circles, m
hydraulic diameter, m = g p/

eccentricity of the eccentric shafts, m
height of the heat sink, m

thermal conductivity, W/m K

length of the heat sink, m

pitch between adjacent fixed (or cooling) fins, m
Prandtl number

radius of the small circle, m

radius of the large circle, m

Reynolds number = 20

maximum fin thickness, m; time, s
temperature, K

average coolant velocity, m/s

width of the heat sink, m

gc*ﬂ’*?mﬁ IS hw::m:c;g_:b

y cartesian coordinate

Greek symbols

€ porosity

u viscosity of the coolant
0 thermal resistance, K/W
p density of the coolant
Subscripts

bm bulk mean

fin fin

in inlet of the heat sink
max maximum

opt optimum value

scroll scroll heat sink

w wall

in order to make better use of the total cooling space. In the scroll
heat sink, the moving fins are placed between the cooling fins and
rotate with eccentric shafts. By the relative motion between the
moving fins and the cooling fins, the coolant is drawn into the
space between them, takes heat away from the cooling fins, and
the heated coolant is discharged out of the heat sink. In the present
study, the concept of the scroll heat sink is demonstrated through
an experimental investigation. Average coolant velocities and ther-
mal resistances of the scroll heat sink were measured for various
rotating speeds of the moving fins. From the experimental results,
we found that the average coolant velocity generated by the rela-
tive motion of fins proportionally increases with increasing rota-
tional speed of the moving fins. A theoretical model is also
developed to estimate the required pumping power and the ther-
mal resistance, and validated using experimental results. The ther-
mal performance of the scroll heat sink is optimized with the
theoretical model and compared to that of the optimized plate-
fin heat sink.

2. Working principle and design method

The schematic diagrams of the scroll heat sink are presented in
Fig. 1. The scroll heat sink features two sets of fins, moving and
cooling (fixed) fins, as shown in Fig. 1b. The moving fins and the
cooling fins are connected to a moving substrate and a fixed sub-
strate, respectively. The fixed substrate and the cooling fins are
positioned on top of an electronic component and used for dissi-
pating heat from the electronic component to the coolant. Two
eccentric shafts are integrated with a coupler link and rotate with
the same phase by an electrical motor. The moving fins rotate with
the eccentric shafts because the moving substrate and the moving
fins are connected to the coupler link.

The basic pumping mechanism of the scroll heat sink is similar
to that of scroll compressors [16]. As the name implies, the shape
of fins of the scroll heat sink is also modeled after the shape of
blades of the scroll compressor. Fig. 2 depicts cross-sectional views
of the cooling fins and the moving fins. These figures show how the
relative motion between the moving fins and the cooling fins can
generate the coolant flow in one direction. While the moving fins
rotate, the moving fins and the cooling fins come into contact at
a certain orbit angle (120°, Fig. 2¢) and out of contact at another
orbit angle (240°, Fig. 2e). During this period (120°-240°), the mov-
ing fins keep in contact with the cooling fins, and the trapped fluid
is squeezed out of the heat sink due to the relative motion between
the moving fins and the cooling fins. As the coolant is discharged,
the volume of the gaps between the cooling fins and the moving

fins increases and the pressure between them decreases. In this
period, 240°-300° of the orbit angle, cold coolant is drawn into
the gaps and is heated until it is discharged out of the heat sink.

a

Coupler link (¢)

Moving substrate

Moving fins

Cooling (fixed) fins
Fixed substrate
Eccentric shaft (/)

Eccentric shaft (s)

Electronic component

Base plate (g)

Fig. 1. Schematic diagrams of the scroll heat sink: (a) after assembling all the parts
and (b) exploded schematic diagram.
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(a) Orbit angle : 0°

(b) Orbit angle : 60°

Trapped
fluid

(c) Orbit angle : 120°

(d) Orbit angle : 180°

(e) Orbit angle : 240°

(f) Orbit angle : 300°

Fig. 2. Working principle of the scroll heat sink.

Fig. 3. Dimensions of the scroll heat sink.

There are two periods that the moving fins and the cooling fins are
not in contact during one revolution (60°-120°, 240°-300°). There
are another two periods that the moving fins and the cooling fins
are in a point contact during one revolution (120°-240°, 300°-
60°). These two types of periods occur by turns. Therefore, a series
of intake and discharge of the coolant occur twice each in one
cycle. In this manner, pumping of the coolant and dissipation of
heat occurs simultaneously in the scroll heat sink.

The shape of fins is one of the main factors influencing the
pumping and cooling efficiencies in the present system. As men-
tioned above, the shape of fins of the scroll heat sink resembles a
part of a scroll of the scroll compressor in order to increase the
pumping efficiency of the scroll heat sink. The dimensions of fins

{ Ground g |

Fig. 4. Parallelogram linkage.
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Fig. 5. Schematic diagram of the coupler link and the eccentric shaft.

a

for the scroll heat sink are presented in Fig. 3. As shown in this
figure, the shapes of the cooling fins and the moving fins are iden-
tical. The shape of fins is defined by two circles whose centers are
spaced d apart. The following geometrical relationships should be
satisfied:

d=t+R-r (1)
p=2(t+R-1) 2)

The working principle of the parallelogram linkage is applied to the
moving parts of the scroll heat sink in order to make the moving fins
rotate between the cooling fins. As shown in Fig. 4, the lengths of
the input link s and the follower link I are identical in the parallel-
ogram four-bar linkage. The orientation of the coupler link c does
not change while it rotates. In the scroll heat sink, one eccentric
shaft shown in Fig. 5 is used as the input link s and the other shaft
is used as the follower link L. The eccentricity e, the length of the in-
put link s and the follower link [, should satisfy the following rela-
tionship in order to avoid interference between the moving fins
and the cooling fins during rotation

e=R-r 3)

3. Experimental apparatus and procedure

In the previous section, the working principle and the design
method of the scroll heat sink were described. It is in order to pres-
ent experimental apparatus and procedure for demonstrating the
proposed concept. Fig. 6a shows the moving fins and the cooling
fins that are precisely fabricated using a CNC machine. The dimen-

Fig. 6. Photographs of the scroll heat sink: (a) the cooling fins and the moving fins and (b) after assembling the moving fins and the cooling fins.
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sions of fins are shown in Table 1. These fins are made of aluminum
alloy 6063 (k=171 W/m K) and no additional surface treatment is
applied.

Fig. 6b shows a photo of the scroll heat sink after assembling the
moving and the cooling fins. The heater is attached to the bottom
surface of the fixed substrate, and the thermal grease is applied be-
tween the heater and the substrate in order to reduce the contact
resistance. The heater is fabricated using Kapton coated stainless
steel with 0.25 pm thickness and is connected to a DC power sup-
ply. To reduce heat loss, the bottom surface of the heater is placed
on a 3 mm thick Teflon® (k = 0.2 W/m K) insulation block. Ten ther-
mocouples are attached to the fixed substrate and the Teflon block
for measuring the maximum base temperature of the scroll heat
sink and the heat loss through the insulation layer.

The whole system for driving the scroll heat sink is shown in
Fig. 7. An electric motor is connected to the gear box which is
linked to an eccentric shaft and makes the shaft rotate. A timing
belt under the base plate facilitates same phase rotation of the
two eccentric shafts. The rotating speed of the moving fins and
the moving substrate connected to the eccentric shafts is con-
trolled by a motor controller. From the point of view of the total
cooling space, the scroll heat sink has the advantage of not requir-

Table 1

Dimensions of the scroll heat sink (m)

Length of the heat sink, L 0.08
Height of the heat sink, H 0.03
Width of the heat sink, W 0.14
Maximum fin thickness, t 0.005
Radius of the large circle, R 0.055
Radius of the small circle, r 0.05

ing the additional space for the fan module, even though it still
requires the space for an electric motor. In the present study, the
moving fins and the moving substrate are made of aluminum
6063, which is chosen due mainly to economical and easy fabrica-
tion. For this reason, the electrical motor is somewhat large
because it has to have enough power to rotate the heavy moving
part of the assembly, as shown in Fig. 7. However, the size of the
electrical motor could be significantly reduced by manufacturing
the moving parts with a light material such as an acrylic. In this
case its size would be equivalent to that of a conventional motor.

0.7 T T T T T T T T T T T T T

=  Experimental data
Linear fit of experimental data

Average velocity (m/s)

T T T T T T T T T T T T T
200 250 300 350 400 450 500
RPM

Fig. 8. Average coolant velocities as a function of the RPM of the moving fins.

Fig. 7. Whole system for driving the scroll heat sink.
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The test procedures were as follows: The rotating speed of the
moving fins is varied from 200 rpm to 500 rpm with an increment
of 50 rpm. The desired RPM of the moving substrate is set by the
motor controller and the heater is powered up to a heat load of
80 W and allowed to be stabilized. The heat load is calculated by
measuring the voltage drop and the current through the heater.

1.1 T T T T T T T T T T T
Experimental data
1.0 B Scroll Heat Sink §
g 0.9 n
2 Ll
S 08 w i
3
% L]
§ 0.7 w T
© o
% 0.6 - n
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|_
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0.4 T T T T T T T T T T T
50 100 150 200 250 300

Reynolds number

Fig. 9. Experimental results for thermal resistances of the scroll heat sink.
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The steady-state was assumed when the temperature difference
between the maximum base temperature of the scroll heat sink
and the ambient temperature is maintained less than 0.1 °C during
2 min. The temperatures are therein measured by acquiring signals
from the thermocouples with a NI PXI. The time and area averaged
air velocities at the outlet of the heat sink are measured using a hot
wire anemometer.

From the acquired experimental results, we could obtain the
thermal performance of the scroll heat sink in terms of the thermal
resistance, which is defined by

0= (Tw,max - Tbm,in)/q (4)

The actual heat flow rate q is calculated by subtracting the heat loss
from the total heat rate supplied by the power supply.

4. Results and discussion

Average coolant velocities generated by the relative motion
between the moving fins and the cooling fins are obtained from
the experimental investigation and shown in Fig. 8. It is shown that
average coolant velocity is almost linearly proportional to the RPM
of the moving fins. This is because the coolant flow rate generated
in the scroll heat sink is given by multiplying the RPM of the mov-
ing fins with the volume of the trapped fluid between the moving
fins and the cooling fins. The cut-off frequency at which the coolant
flow is not generated in spite of the rotary motion of the moving
fins is observed to be in the vicinity of 75 rpm. The experimental

channel

> 
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Thermal resistance (K/ W)
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Fig. 10. Model for predicting the thermal performance of the scroll heat sink: (a) cross-sectional view of the equivalent heat sink and (b) predicted thermal resistances.
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results for thermal resistances of the scroll heat sink are shown in
Fig. 9. The thermal resistance of the scroll heat sink decreases as
the rotating speed increases. This is because the thermal resistance
of the heat sink decrease with increasing coolant flow rate.

We have also developed a model for predicting the pumping
power and the thermal resistance of the scroll heat sink. According
to the model, the thermal resistance of scroll heat sink is simply gi-
ven as

1 1
N -
h("IAfin + Abase) pCfQ

The details for determining the coefficients and parameters, appear-
ing in Eq. (5), are presented in Appendix A. The thermal resistances
predicted from the model are presented in Fig. 10. The thermal
resistances obtained from the model are in good agreement with
the experimental results. Therefore, the present model is suitable
for predicting the thermal performance of the scroll heat sink. By
using the model, thermal resistances of the optimized scroll and
plate-fin heat sinks under the fixed pumping power condition are
compared. The constraint of the fixed pumping power physically
means that the power required to drive the coolant through the
heat sinks is fixed. By comparing thermal resistances of the opti-
mized plate-fin and scroll heat sinks, a contour map is presented
in Fig. 11. Fig. 11 depicts the logarithm of the ratio of thermal resis-
tances of the optimized plate-fin and scroll heat sinks (10g(0opt,piate/
Ooptscron)) as a function of dimensionless pumping power and
length. In Fig. 11, in the region where the logarithm of the ratio is
positive, the thermal resistance of the optimized scroll heat sink
is smaller than that of the optimized plate-fin heat sink. On the
other hand, the thermal resistance of the optimized plate-fin heat
sink is smaller than that of the optimized scroll heat sink when
the logarithm of the ratio is negative. The contour map indicates
that optimized scroll heat sinks have lower thermal resistances
than optimized plate-fin heat sinks in practical situations. It is
worth mentioning that the additional volume required to place
the fan module is not taken into account when the thermal resis-
tances of the plate-fin and the scroll heat sinks are compared. As
mentioned before, the scroll heat sink does not require additional
space for the fan blades because the moving fins for pumping the
coolant are already integrated in the heat sink. Therefore, Fig. 11
means the thermal performance of the scroll heat sink is better even
though the size of the cooling system is smaller.
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Fig. 11. Comparison of the thermal resistances of the optimized heat sinks in terms
of dimensionless length and pumping power (ks/k¢=6.4 x 103, Pr=0.707).

It is to be noted that the scroll heat sink is superior to the equiv-
alent plate-fin heat sink in the thermal performance because of its
high heat transfer coefficient. In the case of the plate-fin heat sink,
the boundary layer becomes thicker at the fin surface along the
flow direction. Thus, the heat transfer coefficient becomes smaller
along this direction. On the other hand, in the case of the scroll
heat sink, the growth of the boundary layers is hindered by the rel-
ative motion between the moving fins and the cooling fins. There-
fore, the relative motion between the moving fins and the cooling
fins makes it possible for the scroll heat sink to have the higher
thermal performance than the equivalent plate-fin heat sink in
the smaller cooling space.

5. Conclusion

In this paper, the scroll heat sink is suggested and demonstrated
as a means of efficiently utilizing the cooling space and enhancing
the thermal performance of the heat sink for electronics cooling
applications. The most remarkable feature of the scroll heat sink
is that heat dissipation and fluid pumping occurs simultaneously
in the given space without requiring any additional space for a
fan module. In the scroll heat sink, the moving fins, which rotate
with the eccentric shafts, are placed between cooling (fixed) fins.
By the relative motion between the moving fins and the cooling
fins, a coolant is drawn into the space between them, takes heat
away from the cooling fins, and is discharged out of the heat sink.
The coolant flow generated by the relative motion between fins
moves through the heat sink in one direction. Experiments were
performed in order to demonstrate the proposed concept of the
scroll heat sink. In the experiments, the rotating speed of the mov-
ing fins varies from 200 rpm to 500 rpm. Experimental results
show that the generated coolant flow rate in the scroll heat sink
is proportional to the rotating speed of the moving fins. A theoret-
ical model is also developed to estimate the required pumping
power and the thermal resistance, and validated using experimen-
tal results. The theoretical model shows that optimized scroll heat
sinks have lower thermal resistances than optimized plate-fin heat
sinks under the fixed pumping power condition. The relative mo-
tion between the moving fins and the cooling fins enhances the
thermal performance of the scroll heat sink by periodically disturb-
ing the boundary layer development at cooling fin surfaces. Due to
its high thermal performance, the scroll heat sink is expected to be
suitable for a next generation cooling solution.
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Appendix A. Analysis of fluid flow and heat transfer in the scroll
heat sink

In this section, we explain how the required pumping power
and the thermal resistance for the scroll heat sink can be calculated.

If we try to calculate the velocity and temperature fields accu-
rately in order to obtain the pumping power and the thermal resis-
tance, modeling can be cumbersome due to the complex topology
of the heat sinks and the transient nature of the problem. Because
our main interest lies in the macroscopic quantities, it is wise to
model the complex structure as a simple one which has the same
macroscopic properties and time-averaged quantities. Therefore, in
the present study, the scroll heat sink is modeled as an equivalent
heat sink with curved fins which has the same porosity, fin surface



3274 T.Y. Kim et al./ International Journal of Heat and Mass Transfer 51 (2008) 3267-3274

area, and fin number. The cross-sectional view for the equivalent
heat sink is shown in Fig. 10a. The porosity ¢, the hydraulic diam-
eter Dy, the aspect ratio «, and the radius of the curvature of the
channel of the equivalent heat sink r. are given as

~0.5L
r=1-— _ . 2\05 _ p2 2105 B
e=1 </ R+t—r+T*—y>)” —(R*—y?) )dy)/(L(t+R )

—0.5L
(A1)
Dy=2H(t+R—1)e/(H+ (t+R—1)e) (A2)
au=H/((t+R—1)e) (A3)
resin '(0.5L/rc) = 0.5Rsin ' (0.5L/R) + 0.5rsin' (0.5L/r) (A.4)

The pressure drop between the inlet and the outlet is given as
Ap = CaypfiaRep, LU /Dy, (A.5)

where the friction factor ratio between the curved pipe and the
straight pipe y,p, the friction factor for the steady fully-developed
flow in the straight rectangular channel fy, the effective channel
length Les;, the mean velocity U, the Reynolds number Rep,, and
the Dean number K are given from

7ap = 0.108K°? (A.6)
fraRep, = 4.70 +-19.64(1 + (MAX[z, & ') %) /(1 + (MAX[or, o« '])71)?
(A7)
Legr = 21 sin ' (0.5L/r.) (A.8)
U = Q/(WHe) (A.9)
Rep, = pUDy/p (A.10)
K = Rep, (0.5Dy /1)™® (A11)

Eqgs. (A.6) and (A.7) are obtained from Refs. [17,18], respectively.
The thermal performance of the scroll heat sink can be evaluated
by the thermal resistance. The thermal resistance of the scroll heat
sink is simply given as Eq. (5), where cf and Q are specific heat and
volume flow rate of the coolant, respectively. The heat transfer coef-
ficient h, the fin efficiency 5, the total fin area Agy, the total base area
Abpase, and the Nusselt number for the steady fully-developed flow in
the straight rectangular channel Nugy are determined from

h = C3y,Nugky /D, (A12)

n = tanh(mH)/(mH) (A13)

Afn = H(Rsin™' (0.5L/R) + rsin™" (0.5L/r))W/(t + R — 1) (A.14)

Apase = Wie (A.15)

Nugy = 4.502 — 7.945/MAX[«, '] + 12.30/MAX [0, o ']?
—9.489/MAX (s, o ']? +2.912/MAX o, o~ 1)* (A.16)

. 1 s 1
. \/h(ZRsm ks(i)(.tsi/g)jr?(rlsll)(0.5L/r)) A17)

where y;, is the Nusselt number ratio between the curved pipe and
the straight pipe, C; and C; are the empirical coefficients for the fric-
tion factor ratio and the heat transfer coefficient ratio between the
real flow and the steady-state flow, respectively. y,, C; and C; can be
obtained from Refs. [17,19,20], respectively.
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