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Abstract

In this work, single layered (SL) and double layered (DL) flexible microchannel heat sinks are analyzed. The defor-
mation of the supporting seals is related to the average internal pressure by theory of elasticity. It is found that sufficient
cooling can be achieved using SL flexible microchannel heat sinks at lower pressure drop values for softer seals. Double
layered flexible microchannel heat sinks provide higher rate of cooling over SL flexible microchannel heat sinks at the
lower range of pressure drops. Single layered flexible microchannel heat sinks are preferred for large pressure drop
applications while DL flexible microchannel heat sinks are preferred for applications involving low pressure drops.

© 2005 Elsevier Ltd. All rights reserved.

Keywords: Microchannel; Heat sink; Heat transfer; Seals; Single layer; Double layer

1. Introduction

The rapid development of microelectronics has cre-
ated a need for large integration density of chips in dig-
ital devices such as VLSI components. These devices
require increased current-voltage handling capabilities
leading to large amount of dissipated heat within a small
space. Microchannel heat sinks are one of the proposed
methods that can be used to remove this excessive
heating.

Microchannels have a very high heat transfer coeffi-
cient. Early works on microchannel heat sinks [1] had
shown that parallel micro passages with 50 um wide
and 302 um deep had thermal resistances as low as
9% 107K W~ m~2. This value is substantially lower
than the conventional channel sized heat sinks [2-4].
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Microchannel heat sink devices can be used as single lay-
ered (SL) micro passage such as those illustrated in the
works of Lee and Vafai [5] and Fedorov and Viskanta
[6]. Double layered (DL) microchannel heat sinks were
introduced for the first time in the work of Vafai and
Zhu [7] to provide additional cooling capacity for the
microchannel and to decrease the axial temperature gra-
dients along the microchannel. Single layered micro-
channel heat sinks can be either single channel system
such as those analyzed in the work of Harms et al. [8]
or multiple channel system [5].

One of the drawbacks of microchannel heat sinks is
the increased temperature of the coolant as large
amount of heat is carried out by a relatively small
amount of coolant. As such, new technologies developed
in the works of Vafai and Zhu [7] and Khaled and Vafai
[9-11] provide new solutions for cooling of electronic
components utilizing microchannel heat sinks. The work
of Khaled and Vafai [9-11] is based on utilizing flexible
soft seals. The resulting microchannel heat sink system is
referred to as “flexible microchannel heat sink”. Khaled
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Nomenclature

B microchannel length [m]

cp specific heat of the coolant [J kg~' K]

w width of the microchannel [m]

F fixation parameter defined in Eq. (9)

Fiiiticar  critical fixation parameter defined in Eq.
(19)

H microchannel thickness [m)]

H, reference microchannel thickness [m]

he convective  heat  transfer  coefficient
[Wm2K]

K effective stiffness of the seal [N m™']

k thermal  conductivity of the fluid
Wm™ K™

M dimensionless delivered coolant mass flow
rate defined on Eq. (29)

m dimensional delivered coolant mass flow
rate [kgm ™' s7!]

Nu lower plate’s Nusselt number defined on Eq.
(16)

Pr Prandt]l number puc,/k

V4 fluid pressure [N m 2]

q heat flux at the lower plate [W m ']

Re Reynolds number, pu,,H/u

(Re)criticar Critical Reynolds number defined in
Eq. (20)

Rey dimensionless pressure drop, pun,Hy/u

(Reg)s. dimensionless pressure drop for single lay-
ered flexible microchannel

(Rep)pL dimensionless pressure drop for double lay-
ered flexible microchannel

T, T, temperature in fluid and the inlet tempera-
ture [K]

U dimensionless axial velocities, u/uy,

u dimensional axial velocities [m s™']

U average axial velocity [ms™']

Ur uncertainty in mean bulk temperature with
respect to F defined in Eq. (14)

Uge, uncertainty in mean bulk temperature with

respect to Rey defined in Eq. (13)
X dimensionless axial coordinates, x/H
X dimensional axial coordinates [m]
Y dimensionless normal coordinates, y/H
y dimensional normal coordinates [m]

Greek symbols
€ perturbation parameter, H/B
&eritical  Critical perturbation parameter defined in

Eq. (21)

€ reference perturbation parameter, Hy/B

Y friction force ratio defined in Eq. (29)

Km mean bulk temperature ratio defined in Eq.
(25)

Kw heated plate temperature ratio defined in
Eq. (26)

u dynamic viscosity of the fluid

0 dimensionless temperature, (7' — T)/(qH/k)

O dimensionless mean bulk temperature,
(T — T)(qHIK)

Ow dimensionless temperature at the heated
plate, (Tw — T1)/(qHlk)

0* temperature normalized with reference con-
ditions defined in Eq. (10)

p density of the fluid

and Vafai [9] demonstrated that additional cooling can
be achieved if flexible thin films including flexible micro-
channel heat sinks are utilized. In this work, the expan-
sion of the flexible thin film including flexible
microchannel heat sink is directly related to the internal
pressure. Khaled and Vafai [10] have demonstrated that
significant cooling inside flexible thin films can be
achieved if the supporting seals contain closed cavities
which are in contact with the heated surface. They re-
ferred to this kind of sealing assembly as “flexible com-
plex seals”. Moreover, Khaled and Vafai [11]
demonstrated that flexible complex seals along with thin
films have important applications in design and control
of the flow and thermal characteristics of these types of
systems.

In this work, the enhancement in the cooling process
inside SL and DL flexible microchannel heat sinks is

investigated. The theory of linear elasticity applied to
the supporting seals is utilized to relate the average inter-
nal pressure to the thickness of the flexible microchannel
heat sinks. The resulting equations are then solved
numerically and analytically to determine the effects of
the pressure drop, softness of the supporting seals, the
Prandtl number and the coolant mass flow rate on the
thermal characteristics of both SL and DL flexible
microchannel heat sinks.

2. Problem formulation

2.1. Single layered flexible microchannel heat sinks

Consider flow inside a two dimensional microchannel
heat sink with a height A and axial length B. The x-axis
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Fig. 1. Schematic diagram and the coordinate system for the
proposed single layered flexible microchannel heat sink: (a)
front view, and (b) side view.

is aligned along the channel length while the y-axis is
in the traverse direction as shown in Fig. 1. The fluid
is taken to be Newtonian with constant average proper-
ties. Using the following dimensionless variables:

_x 7 " _r-n
X_B’ Y_H’ U_um’ T gH/k (1)
leads to the following dimensionless energy equation:
a0 0

where ¢, 71 and Re are the heat flux at the heated plate,
the inlet temperature and the Reynolds number (Re =
(pumH)/ 1), respectively. Pr and ¢ are the Prandtl number
(Pr=vlo) and the perturbation parameter (¢ = H/B).
The mean velocity is related to the pressure drop across
the channel, Ap, through the following relation (assum-
ing fully developed laminar flow conditions):

_ 1 Ap ,
thm = 12u B (3)

where p is the dynamic viscosity of the coolant.

For microchannel heat sinks supported by flexible
soft seals, the separation between the microchannel’s
plates can be expressed according the following assum-
ing that the seals are linear elastic materials:

“4)

where Hy, W and K are a reference thickness of the
microchannel heat sink, the width of the microchannel
heat sink and the stiffness of the supporting seal, respec-
tively. As such, the Reynolds number and the perturba-
tion parameter can be expressed according to the
following relations:

Re = Rey(1 + RegF)’ (5)

8:8()(1 +R€0F) (6)

where Reg and ¢ are the Reynolds number and the per-
turbation parameter evaluated at the reference micro-
channel thickness and the parameter F is the fixation
parameter. These parameters are defined as

_p Ap,,

Reo*lzyzf 0 (7)
H

80:?0 (8)
612B> W

F="0"0 )
PKH,

The parameter Re, can be interpreted as the dimen-
sionless pressure drop parameter. The temperature nor-
malized with respect to the reference parameters, 0* is
defined as follows

A
qH,/k

(10)

The normalized mean bulk temperature, obtained
from the solution of integral form of Eq. (2) is
X

(0*)m = 3
PI'R@()S()(I + ReoF)

(11)

The uncertainty in (60%*),,, 4(0%),,, is

Uy, = A(07),, = Uge,AReg + UrAF (12)
where Uy, and U are defined as
o0 1 4 4RegF)X
Uta = zgR)m:* P LT (13)
€o PrRegen(1 + RegF)
oo 3X
UF — ( )n‘l — ; (14)
or Preg(1 4 RegF)

2.2. Boundary conditions

The lower plate is assumed to have a uniform wall
heat flux and the upper plate is considered to be insu-
lated. As such the dimensionless boundary conditions
can be written as

30(X,0)
oY

30(x,1)
oY

0(0,Y) =0, =1, =0 (15)

The Nusselt number is defined as

hHy 1 1
Nu=20 _ 16
k (0 )W - (0 )m ( )

0'(X,0) — (0")
where (6%)yw is the heated plate temperature normalized
with respect to the reference parameters. Under fully
developed thermal conditions, Nusselt number ap-
proaches the following value:

_hHo 269 1
Tk 1+ReF (M) — (00,

m

Nu

(17)

where (6*)w is the dimensionless lower plate tempera-
ture under fully developed thermal conditions. Thus, it
can be expressed according to the following:
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()l = ol 5
wifd 2.69 PrRegey(1 + Re‘oF)3

(18)

Minimizing this temperature at the exit results in the
following value of the fixation parameter
o[(0" 1.685 1
P T S BN

oF (Re() Pl”{lo) ! /4R€0 Re()

As such, the corresponding Reynolds number and
the perturbation parameters are

1/4
(Re) igieas = 4784 Rey 3 (20)
(PI’S())
& 1/4
0) eritica] = 1-685 0 21
(So)crltlcal (Re() Pr) ( )

2.3. Double layered flexible microchannel heat sinks

Fig. 2 shows the proposed two layered (DL) flexible
microchannel heat sink with counter flow as proposed
by Vafai and Zhu [7]. The governing energy equations
for both layers are

20, %0,
Rey Preg(1 + RegF) U(Y ) 0 = —o 22
ey Preog(1 + ReoF) U ( ')aXl or (22)
30, 8%,
Rey Preg(1 + ReoF) U(Y = 2
() 8()( + (<)) )U( 2)6X2 aY% (3)

where the subscripts 1 and 2 are for the lower and the
upper layers, respectively.
The corresponding boundary conditions are

00, (X
0,(X1 = 0,7) = 02(X> = 0, Y) = 0, %: 1
1
691(X1,1)_692(X2:17X1,0) 692()(2,1)_0
oY, oY, ' oY,
(24)
Soft seals
q=0 %
B Roye—— Xz"’,ﬁ 9 v
W Xp, U —Flc‘w H 7| v

TTTTH VJ

B W
(a) (b)
Fig. 2. Schematic diagram and the coordinate system for the

proposed double layered flexible microchannel heat sink: (a)
front view, and (b) side view.

The intermediate plate is taken to be made from a
highly conductive material like copper such that temper-
ature variation across this plate is negligible. The follow-
ing parameters are introduced in order to compare the
performance of the DL flexible microchannel heat sink
compared to SL flexible microchannel heat sink:

00 = Dl
i = T = Dl 23)
Kw = [(O:V)AVG}DL (26)

[(O:V)AVG}SL

Lower values of the cooling factors k,, and xyw indi-
cate that DL flexible microchannel heat sinks are prefer-
able over SL flexible microchannel heat sinks.

Another factor that will be considered is the ratio of
the total friction force in DL flexible microchannel heat
sinks to that for SL flexible microchannel heat sinks
delivering the same flow rate of coolant. It can be shown
that this factor is equal to

(Friction force),;  2(Ap)p HpL
( =

(
Friction force)g; (Ap)g Hst
_ 2(Reg)py (1 + (Reg)p )
~ (Re)s (1+ (Reo)s, F) (27)

where (Reg)pr and (Regp)sp are related through the
following:
(Reg)py (1 + (ReO)DLF)3 = 2(Rep) (1 + (ReO)SLF)3
(28)

As such, the delivered dimensionless mass flow rate
by both SL and DL flexible microchannel heat sinks is
m  (2punH)
It It

where m is the dimensional mass delivered by both flex-
ible microchannel heat sinks.

M= = 2(Reo)py (1 + (Reo)p F)’ (29)

3. Numerical analysis

Egs. (2), (22) and (23) were descritized using three
points central differencing in the transverse direction
while backward differencing was utilized for the temper-
ature gradient in the axial direction. The resulting tri-
diagonal system of algebraic equations at X = AX was
then solved using the well established Thomas algorithm
[12]. The same procedure was repeated for the consecu-
tive X-values until X reached the value of unity. For Egs.
(22) and (23), the temperature distribution at the inter-
mediate plate was initially prescribed. Eqgs. (22) and
(23) were solved as described before. The thermal
boundary condition at the intermediate plate was then
used to correct for intermediate plate temperatures.
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The procedure was repeated until all the thermal bound-
ary conditions were satisfied.

In most of the cases considered here, the minimum
value of Re was taken to be 50 while the maximum Re
value was allowed to expand to 2100 for Rey = 50 and
F=0.05. The maximum Re corresponded to a micro-
channel heat sink that was substantially expanded due
to the presence of soft seals. The thickness for the latter
limiting case (Re = 2100) was found to be 3.5 times the
thickness of the former limiting case (Re = 50). The
maximum fixation parameter was taken to be 0.05. This
represented a thin film microchannel heat sink filled with
water, having B=60mm, W=20mm, /Ay = 0.3 mm,
and K = 1000 N/m.

4. Discussions of results

4.1. Effects of fixation parameter and pressure drop on
the thermal behavior of SL flexible microchannel heat
sinks

Figs. 3 and 4 illustrate effects of the fixation parame-
ter F and the dimensionless pressure drop Rey on the
mean bulk temperature at the exit and the average
heated plate temperature for SL flexible microchannel
heat sinks, respectively. As the seal become softer, the
fixation parameter increases allowing for further expan-
sion of the microchannel at a given dimensionless pres-
sure drop, Rep. Thus, the mean bulk temperature is
further reduced as shown in Fig. 3 and the heated plate
is further cooled as shown in Fig. 4 due to an increase in
the coolant flow rate. As seen in Fig. 4, relatively low
pressure drop is capable of producing efficient cooling
compared to that at larger pressure drops for larger F
values.

Convective heat transfer coefficient is reduced as F
increases at low dimensionless pressure drops as shown

1.50
q=0
| | | > Pr=6.7
1.25- £,=0.01
| TTTTrT
1.004{%
= 075
S
0.50
0.254
0.00 T . :
10 20 30 40 50
Re
Fig. 3. Effects of the pressure drop (Rey = # %’Hé on the

dimensionless exit mean bulk temperature for a single layer
flexible microchannel heat sink.

2.00
Pr=6.7
1.75 1 £,=0.01
1.50 .
. F=0.0, 0.01, 0.05
1.25 1
g
<
73 1.00 1
K3
0.75 -
0.50 - ———
| =0 T ——
0251 TARRRT
0.00 . . T
10 20 30 40 50
Re,
Fig. 4. Effects of the pressure drop (Rep :# %HS) on the

dimensionless average lower plate temperature for a single layer
flexible microchannel heat sink.

in Fig. 5. This is because coolant velocities decrease near
the heated plate as F increases. However, for larger pres-
sure drops, flow increases due to both an increase in the
pressure drop and the expansion of the microchannel as
F increases resulting in an increase in the thermal devel-
oping region effects. As such, the convective heat trans-
fer coefficient increases as F increases for larger Re, and
F values as illustrated in Fig. 5. Fig. 6 shows that the
mean bulk temperature becomes less sensitive to the
dimensionless pressure drop Reg and the fixation param-
eter F as both F and Re, increase.

Fig. 7 demonstrates that flexible microchannel heat
sinks operating at lower Reynolds numbers possess
lower heated plate temperature at the exit as F increases.
This is not seen when these heat sinks are operated at
higher Reynolds number values. As such, the enhance-
ment in the cooling process using flexible microchannel

42
404 —— F=0.05
3.8
3.6
3.4
3.2
3.0
2.8
2.6
2.4
2.2
2.0 T T T T

Nuaye

Re,

Fig. 5. Effects of the pressure drop (Rey :# %H%) on the
dimensionless average convective heat transfer coefficient for a

single layer flexible microchannel heat sink.
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Fig. 6. Effects of the pressure drop (Rey = 12‘112 A{Hg) on U,

and Uy for a single layer flexible microchannel heat sink.
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F

Fig. 7. Effects of the fixation parameter on the fully developed
heated plate temperature at the exit for a single layer flexible
microchannel heat sink.

heat sinks is not significant at large pressure drops as
illustrated in Fig. 4.

4.2. Effects of fixation parameter and Prandtl number
on thermal behavior of SL flexible microchannel heat
sinks

Fig. 8 illustrates the effects of the fixation parameter
F and Prandtl number Pr on the average heated plate
temperature for SL flexible microchannel heat sinks.
As seen in Fig. 8, sufficient increase in the cooling effect
can be achieved by increasing F as Pr decreases. This is
mainly due to an increase in the coolant flow rate as F
increases. On the other hand, convective heat transfer
coeflicient is reduced as F increases at low Pr values as
shown in Fig. 9. This is because coolant velocities de-
crease near the heated plate as F increases. As seen in
Fig. 9, for large Pr values, thermal developing region ef-
fects increase causing the convective heat transfer coeffi-
cient to increase as F increases.

1000

g=0 Re 0=1 0

L1 £,=0.01

0.1 T T
0.1 1 10 100

Pr

Fig. 8. Effects of Prandtl number on the dimensionless average
lower plate temperature for a single layer flexible microchannel
heat sink.

Re,=10

— £,=0.01

Nuave

0.1 1 10 100
Pr

Fig. 9. Effects of Prandtl number on the average convective
heat transfer coefficient for a single layer flexible microchannel
heat sink.

4.3. Effects of fixation parameter and pressure drop on
thermal behavior of DL flexible microchannel heat sinks

Fig. 10 describes the axial behavior of the mean bulk
temperature for two different DL flexible microchannel
heat sinks having different fixation parameters. Addi-
tional cooling is achieved by introducing the secondary
layer which can be seen in Fig. 10 for the case with
F=0.01. This plot shows that the maximum coolant
temperature occurs before the exit unlike SL flexible
microchannel heat sinks where this temperature occurs
at the exit. As F increases, convection increases in the
main layer while conduction to the upper layer de-
creases. This is due to an increase in the convective heat
transfer and an increase in the expansion of the main
layer. As such, the increase in the cooling capacity of
DL flexible microchannel heat sinks becomes insignifi-
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Fig. 10. Effects of the fixation parameter on the mean bulk
temperature inside the double layered flexible microchannel
heat sink.
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Fig. 11. Effects of the pressure drop (Rey = e %H%) on K,
and K.

cant at both large values of the pressure drop and the
fixation parameter. This fact is clearly seen in Fig. 11
where the heated plate temperature for DL flexible
microchannel heat sinks are almost the same as that
for the SL flexible microchannel heat sinks with
F =0.05 for a wide range of Rey. Note that «, is the ra-
tio of the mean bulk temperature at the exit for DL flex-
ible microchannel to that for SL flexible microchannel
heat sink. The parameter iy is the ratio of the average
heated plate temperature for DL flexible microchannel
to that for SL flexible microchannel heat sink.

4.4. Comparisons between SL and DL flexible
microchannel heat sinks delivering the same coolant flow
rates

Fig. 12 shows the effect of the fixation parameter F
and the dimensionless pressure drop for DL flexible

22 — 14
mg=mp ]
Apg /App - —_— F=0.05]
20{===t - F=0.0 13

Apg, /Apy,

(Re)or

Fig. 12. Effects of the pressure drop ((Rey)p. = 13z (A’ZDL H})
on the pressure drop ratio and the friction force ratio between

single and double layered flexible microchannel heat sinks.

microchannel heat sinks on the pressure drop and fric-
tion force ratios between SL and DL flexible microchan-
nel heat sinks. These microchannel heat sinks are
considered to deliver the same coolant flow rate. As Fin-
creases, the pressure drop in SL flexible microchannel
heat sinks required to deliver the same flow rate as for
the DL flexible microchannel heat sinks decreases. This
value is further decreased as the pressure drop in DL
flexible microchannel heat sink increases. Meanwhile,
as F increases, the ratio of the friction force encountered
in the proposed DL flexible microchannel heat sink to
that associated with the SL flexible microchannel heat
sink increases. This indicates that SL flexible microchan-
nel heat sinks delivering the same flow rate as for DL
microchannel heat sinks having the same F value
encounter fewer friction losses.

Fig. 13 demonstrates that SL flexible microchannel
heat sinks can provide better cooling attributes com-
pared to DL flexible microchannel heat sinks delivering
the same coolant flow rate and having the same F values.

1.6
Dt_)uble Layer Pr=6.7
Mlcrochannel £ =0.01
1.4 — — —- Single Layer °
Microchannel
1.2
o F=0.0,0.01,0.05
g \
5 1.0 \ F=0.05
5 N :
0.8- N
~ —_——
064 ~ — —_—
F=0.0,0.01 T
0.4 T T T T T T T T

Fig. 13. Effects of the delivered coolant mass flow rate on the
average heated plate temperature for both single and double
layered flexible microchannel heat sinks.
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However; note that rigid DL microchannel heat sinks
provides better cooling than rigid SL microchannel heat
sinks when operated at the same pressure drop as shown
in Fig. 11. It should be noted that Fig. 13 shows that
microchannel heat sinks with stiffer seals provide addi-
tional cooling over those with softer seals delivering
the same flow rate. This is because the former are thin-
ner and have larger velocities than the latter microchan-
nel heat sinks. As such, convective heat transfer for rigid
microchannels will be higher than that for flexible micro-
channel heat sinks delivering the same flow rate.

5. Conclusions

Heat transfer inside SL and DL flexible microchannel
heat sinks have been analyzed in this work. The defor-
mation of the supporting seals was related to the average
internal pressure by theory of linear elasticity. Increases
in the fixation parameter and the dimensionless pressure
drop were found to cause enhancements in the cooling
process. These enhancements are significant at lower
pressure drop values. Moreover, DL flexible microchan-
nel heat sinks were found to provide additional cooling
which were significant at lower values of pressure drop
for stiff seals. It is preferred to utilize SL flexible micro-
channel sinks over DL microchannel heat sinks for large
pressure drop applications. However, at lower flow rates
the DL flexible microchannel heat sink is preferred to be
used over SL flexible microchannel heat sinks especially
when stiff sealing material is utilized.
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