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Abstract

In this work, heat transfer through various expandable thermal systems is analyzed theoretically. These systems include single layered expand-
able insulation system, expandable surfaces like balloons and microchannels supported by flexible seals including both soft seals and flexible
complex seals. It is found that heat transfer in expandable thermal insulation decreases as the ratio of the thermal conductivity of the gas to its
gas constant (k/R) decreases. Heat convection over expanding spherical surfaces is found to be proportional to (

TS
T∞ )2/3(TS − T∞) rather than

(TS − T∞) for rigid spherical surfaces and that flexible microchannels, especially those supported by flexible complex seals are preferred to be
used at lower values of Reynolds number, Prandtl number and aspect ratio with uniform temperature at the inlet. Finally, expandable thermal
systems can pave the way for a new class of thermal devices with favorable thermal characteristics.
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Electronic devices especially those with large integration
density of chips in digital devices have increased current-
voltage handling requirements. As such, they require removal
of large amount of dissipated heat. Microchannel heat sinks are
one of the proposed methods to remove this excessive heating
[1–8].

One of the important drawbacks of microchannel heat sinks
is that coolant temperature becomes very large as large amount
of heat is carried out by a relatively small amount of coolant.
As such, the new technologies developed in the work of Khaled
and Vafai [9–12] provide new methodology for cooling of elec-
tronic components utilizing microchannel heat sinks. In sum-
mary, this new technology is based on utilizing flexible soft
seals to separate the microchannel plates in contrary the use
of rigid systems. Khaled and Vafai [9,11] demonstrated that
additional cooling can be achieved if flexible thin films includ-
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ing flexible microchannel heat sinks are utilized. In this work,
the expansion of the flexible thin film including flexible mi-
crochannel heat sink is directly related to the internal pressure.
Khaled and Vafai [12] have also demonstrated that significant
cooling inside flexible thin films including flexible microchan-
nel heat sinks can be achieved if the supporting seals contain
closed cavities which are in contact with the heated surface.
They referred to this kind of sealing assembly as “flexible com-
plex seals”. Moreover, Khaled and Vafai [12] demonstrated that
flexible complex seals along with thin films can be used in
different designs to achieve optimal flow and thermal charac-
teristics thermal devices.

Expandable systems are used in the work of Khaled and
Vafai [13] to improve the insulating properties of an insulator.
Their methodology is built on taking advantage of the volu-
metric thermal expansion property of gases. Their results have
paved the way for construction of compact insulating assem-
blies that enhance insulating properties especially at high op-
erating temperatures. The proposed expandable systems consti-
tutes a new technology which requires additional investigation
in order to explore its advantages.
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Nomenclature

B microchannel length . . . . . . . . . . . . . . . . . . . . . . . . . m
cp specific heat of the coolant . . . . . . . . . . J kg−1 K−1

Fn dimensionless expansion (or fixation) parameter
FT dimensionless thermal expansion parameter
H microchannel thickness or insulation thickness . m
Ho reference microchannel thickness . . . . . . . . . . . . . m
h,hc convective heat transfer coefficient . . . . . W m−2 K
k thermal conductivity of the fluid . . . . . W m−1 K−1

Nu lower plate’s Nusselt number
Pr Prandtl number, μcp/k

p fluid pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . N m−2

q heat flux at the lower plate . . . . . . . . . . . . . . W m−2

Re Reynolds number, ρumH/μ

Reo dimensionless pressure drop, ρumHo/μ

T ,T1 temperature in fluid and the inlet temperature . . K
TS surface temperature . . . . . . . . . . . . . . . . . . . . . . . . . K
T∞ free stream temperature
U dimensionless axial velocities, u/um

u dimensional axial velocities . . . . . . . . . . . . . . m s−1

um average axial velocity . . . . . . . . . . . . . . . . . . . . m s−1

X dimensionless axial coordinates, x/H

x dimensional axial coordinates . . . . . . . . . . . . . . . . m
Y dimensionless normal coordinates, y/H

y dimensional normal coordinates . . . . . . . . . . . . . . m

Greek symbols

ε perturbation parameter, H/B

εo reference perturbation parameter, Ho/B

μ dynamic viscosity of the fluid
θ dimensionless temperature, (T − T1)/(qH/k)

θm dimensionless mean bulk temperature,
(Tm − T1)/(qH/k)

θW dimensionless temperature at the heated plate,
(TW − T1)/(qH/k)

ρ density of the fluid . . . . . . . . . . . . . . . . . . . . . kg m−3
In this work, thermal characteristics are analyzed in three
expandable devices: single layer insulator, convective systems
with expanding spherical surfaces and microchannels supported
by flexible seals including both soft and flexible complex seals.
The governing equations for flow and energy fields are properly
non-dimensionalized and reduced into simpler equations. The
resulting equations are then solved. The controlling parameters
are obtained and the appropriate range of operation of these
expandable systems is established.

2. Problem formulations

2.1. Expandable insulating systems

Consider an expandable horizontal layer containing a gas as
shown in Fig. 1(a). The temperature at the lower surface of the
layer is T1 and the upper surface of the layer is kept at a tem-
perature T2. The heat transfer through the layer is equal to

q = kA

(
T1 − T2

H

)
(1)

where k, A and H are the thermal conductivity of the gas, sur-
face area of the layer and the thickness of the gas layer, respec-
tively. Utilizing Ideal gas formulation, the gas layer thickness is
related to the average temperature in the gas layer through the
following relation

H = mR(T1 + T2)

2PA
(2)

where m, R and P are the mass of the gas, the gas constant and
the absolute pressure of the gas, respectively. As such, the heat
transfer through the layer (Eq. (1)) can be written as

q =
(

k
)(

2PA2 )( [T1/T2] − 1
)

(3)

R m [T1/T2] + 1
(a)

(b)

(c)

Fig. 1. (a) Expandable single gas layer insulation system. (b) Expandable heated
balloon subject to convection heat transfer. (c) Expandable microchannel sup-
ported by flexible or flexible complex seals.

Insulation systems that have minimum k/R ratio are preferred
to be used in expandable insulating systems. Helium and air
are the most preferable gases from Table 1 as they possess the
smallest k/R values.
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Table 1
Various properties of proposed different gases at T = 373 K and p = 1 atm

Main gas k

[W m−1 K−1]
ρ

[kg m−3]
R

[J kg−1 K−1]
k/R

[kg m−1 s−1]

Xenon 0.0068 4.3 64.05 1.06 × 10−4

Krypton 0.011 2.75 99.78 1.102 × 10−4

Helium 0.181 0.13 2077 8.714 × 10−5

Neon 0.0556 0.66 412.1 1.35 × 10−4

Argon 0.0212 1.3 209 1.014 × 10−4

Air 0.028 1.2 287 9.76 × 10−5

2.2. Expandable convective systems

2.2.1. Heat transfer from balloons
Consider a spherical balloon of outer radius ro containing a

gas as shown in Fig. 1(b). The balloon along with the gas has
a temperature TS . The surface of the balloon absorbs thermal
radiations at a rate of qs and it is subject to convection with
the surrounding fluid with a convection coefficient h and free
stream temperature of T∞ . The convective heat transferred is
equal to

q = h
(
4πr2

o

)
(TS − T∞) (4)

Utilizing the Ideal gas formulation, the radius of the balloon
is related to the balloon’s temperature through the following
relation

ro

ro|TS=T∞
=

[
TS

T∞

]1/3

(5)

under constant pressure expansion approximation. Therefore,
the heat transfer can be written as

q = 4π(ro|TS=T∞)2h

[
TS

T∞

]2/3

(TS − T∞) (6)

2.2.2. Expandable microchannels
Consider flow inside a two-dimensional flexible microchan-

nel heat sink with a height H and axial length B . The x-axis is
aligned along the channel length while the y-axis is in the tra-
verse direction as shown in Fig. 1(c). The fluid is taken to be
Newtonian with constant average properties. The energy equa-
tion for this configuration can be written as

ρcpu
∂T

∂x
= ∂2T

∂y2
(7)

where T , ρ, cp and k are the temperature, fluid density, fluid
specific heat and thermal conductivity, respectively. The veloc-
ity field u in the channel is taken to be fully developed. As such,
the velocity profile is expressed as

u

um

= 6

(
Ho

H

)((
y

Ho

)
−

(
y

Ho

)2(
Ho

H

))
(8)

where um and Ho are the mean flow speed and a reference
height of the microchannel. Non-dimensionalizing Eq. (7) with
the following dimensionless variables:

X = x
, Y = y

, U = u
, θ = T − T1 (9)
B Ho um qHo/k
leads to the following dimensionless energy equation:

Re Pr ε

(
Ho

H

)2

U
∂θ

∂X
= ∂2θ

∂Y 2
(10)

where q , T1 and Re are the heat flux at the heated plate, the
inlet temperature and the Reynolds number (Re = (ρumH)/μ),
respectively. Pr and ε are the Prandtl number (Pr = υ/α) and
the perturbation parameter (ε = H/B). The mean velocity is
related to the pressure drop across the channel, 	p, through the
following relation:

um = 1

12μ

	p

B
H 2

o

(
H

Ho

)2

(11)

where μ is the dynamic viscosity of the coolant.
For microchannel heat sinks supported by flexible soft

seals or flexible complex seals, the separation between the
microchannel’s plates can be approximated according the fol-
lowing, respectively [12]:

H

Ho

= 1 + FnReo (12)

H

Ho

= 1 + FT (θw)AVG (13)

where Fn and FT are the dimensionless expansion parame-
ters for the flexible seal and the flexible complex seal, respec-
tively. The elongation in the channel’s height is considered to
be proportional to the average dimensionless wall temperature
when flexible complex seals are supporting the plates of the
microchannel. The reference Reynolds number and reference
perturbation parameters are defined as

Reo = ρ

μ

(
1

12μ

	p

B
H 2

o

)
Ho (14)

εo = Ho

B
(15)

As such, the Reynolds number and the perturbation parameter
can be expressed according to the following relations:

Re = Reo

(
H

Ho

)3

(16)

ε = εo

(
H

Ho

)
(17)

As such Eq. (10) reduces to

ReoPr εo

(
H

Ho

)2

U
∂θ

∂X
= ∂2θ

∂Y 2
(18)

The dimensionless mean bulk temperature as obtained from the
solution of integral form of Eq. (18) is

θm(X) = X

Pr Reoεo

(
Ho

H

)3

(19)

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

θ(0, Y ) = 0,
∂θ(X,0) = −1,

∂θ(X,1) = 0 (20)

∂Y ∂Y
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The Nusselt number is defined as

Nu = hcHo

k
= 1

θW (X) − θm(X)
= 1

θ(X,0) − θm(X)
(21)

where θW (X) is the heated plate dimensionless temperature.

2.2.2.1. Solutions for thermally fully developed conditions
For thermally fully developed conditions, axial temperature
gradients is equal to the gradient of the mean bulk tempera-
ture. As such, Eq. (18) reduces to(

Ho

H

)
U = ∂2θ

∂Y 2
(22)

Eq. (22) has the following solution

θ(X,Y ) = 6

(
Ho

H

)2(
Y 3

6
− Y 4

12

(
Ho

H

))
− Y + θW (X) (23)

The dimensionless mean bulk temperature is then equal to

θm(X) =
∫ H/Ho

0 Uθ dY∫ H/Ho

0 U dY
= −13

35

(
H

Ho

)
+ θW (X) (24)

As such

(θW )AVG = 0.5

Pr Reoεo

(
Ho

H

)3

+ 13

35

(
H

Ho

)
(25)

Under fully developed thermal conditions, Nusselt number has
the following value:

Nu = hcHo

k
= 1

θW (X) − θm(X)
= 2.69

(
Ho

H

)
(26)

2.2.2.1.1. Microchannels supported by flexible seals When
flexible seals support the plates of the microchannel, the mini-
mum exit wall temperature occurs when the expansion parame-
ter is

dθW (X = 1)

dF

∣∣∣∣
(Fn)opt

= 0

�⇒ (Fn)opt = 1.685

(ReoPr εo)1/4Reo

− 1

Reo

(27)

The minimum dimensionless exit temperature is then equal to

[
θW (X = 1)

]
min = 0.835

(ReoPr εo)1/4
(28)

And the ratio of θW (X = 1) to [θW (X = 1)]min is

M = θW (X = 1)

[θW (X = 1)]min

= 1.197

(Pr Reoεo)3/4(1 + FnReo)3

+ 0.445(ReoPr εo)
1/4(1 + FnReo) (29)

2.2.2.1.2. Microchannels supported by flexible complex seals
When flexible complex seals support the plates of the mi-
crochannel, the dimensionless average temperature of the lower
plate is calculated from the following expression, Eq. (25):
(θW )AVG = 0.5

Pr Reoεo(1 + FT (θW )AVG)3

+ 13

35

(
1 + FT (θW )AVG

)
(30)

3. Numerical analysis

Eq. (18) was descritized using three points central differenc-
ing in the transverse direction while backward differencing was
utilized for the temperature gradient in the axial direction. The
resulting tri-diagonal system of algebraic equations at X = 	X

was then solved using the well established Thomas algorithm
(Blottner [14]). The same procedure was repeated for the con-
secutive X-values until X reached the value of unity.

4. Discussion of the results

Fig. 2 illustrates the effects of temperature ratio T2/T1 across
the expandable single layered insulation system on the heat
transfer. The conduction heat transfer increases as T2/T1 in-
creases and it approaches the value of q = ( k

R
)( 2PA2

m
) for large

values of T2/T1. Favorable insulating behavior for the proposed
system is obtained when the layer is filled with larger masses of
the gas at a lower pressure possessing a lower value of k/R.
Fig. 3 shows that the convection heat transfer is proportional
to (TS/T∞)2/3((TS/T∞) − 1) rather than ((TS/T∞) − 1) when
the balloon is rigid indicating that expandable surfaces may be
utilized to augment heat transfer.

Fig. 2. Effect of temperature ratio across the expandable insulation layer T1/T2
on heat transfer q .

Fig. 3. Effect of the balloon temperature TS on heat transfer q .
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Fig. 4. Effect of Reo and Pr εo on the critical dimensionless expansion para-
meter Fn for thermally fully developed conditions.

Fig. 5. Effect of Reo and Pr εo on the critical dimensionless expansion parame-
ter Fn with uniform inlet temperature.

Fig. 6. Effect of the dimensionless expansion parameter Fn on the dimension-
less lower plate temperature ratio at the exit wall for thermally fully developed
conditions.

Figs. 4 and 5 illustrate the effects of the dimensionless pres-
sure gradient Reo, the Prandtl number and the reference as-
pect ratio εo on the critical dimensionless expansion parameter
(Fn)opt for thermally fully developed flow and for a case where
inlet thermal effects are considered, respectively. The average
temperature of the lower plate decreases as Fn increases un-
til Fn reaches the value of (Fn)opt after which the temperature
starts to increase with an increase in Fn as shown in Figs. 6
Fig. 7. Effect of Fn and Reo on the dimensionless average lower plate temper-
ature and average Nusselt number with uniform inlet temperature.

Fig. 8. Effect of the thermal dimensionless expansion parameter FT on the di-
mensionless lower plate temperature for thermally fully developed conditions.

Fig. 9. Effect of the thermal dimensionless expansion parameter FT on the
dimensionless lower plate temperature ratio with uniform inlet temperature.

and 7. The value of (Fn)opt decreases as Reo, Pr and εo in-
creases while inlet effects increase the value of (Fn)opt. This
indicates that cooling in microchannels supported by flexible
soft seals can increase as seals become softer for a wider range
of Reo.

Fig. 8 illustrates the effects of the thermal expansion parame-
ter FT on the dimensionless average temperature of the heated
plate for thermally fully developed flow starting from the in-
let of the microchannel. The average temperature of the heated
plate is shown to decrease as FT increases until FT reaches
a critical value after which that temperature starts to increase.
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Fig. 10. Recommended values of ReoPr εo and FT for the operation of mi-
crochannels (MCs) supported by flexible complex with uniform inlet tempera-
ture.

This phenomenon is not observable when the fluid enters the
microchannel at a uniform temperature as shown in Fig. 9. This
figure shows that the effect of thermal expansion parameter is
significant at lower values of FT and ReoPr εo. As such, the op-
erating conditions for microchannels are of the curve shown in
Fig. 10.

5. Conclusions

Heat transfer through several expandable thermal systems
were analyzed theoretically in this work. These were single
layered expandable insulation system, expandable surfaces and
microchannels supported by flexible seals and flexible complex
seals. It was established that expandable thermal insulations
reduce heat transfer as the ratio of the thermal conductivity
of the gas to its gas constant (k/R) decreases and that con-
vection over expanding spherical surfaces is proportional to
(

TS

T∞ )2/3(TS − T∞) rather than (TS − T∞) for rigid spherical
surfaces. Finally, microchannels supported by soft and flexi-
ble complex seals were found to be preferable for use at lower
values of Reynolds number, Prandtl number and aspect ratio
with uniform inlet temperature. Finally, the finding that better
thermal performance can be achieved by putting more freedom
to change the configuration of thermal devices is in agreement
with constructal theory, where “freedom is good for design” is
one of the recurring trends [15].

References

[1] D.B. Tuckerman, D.B. Pease, High-performance heat sinking for VLSI,
IEEE Electron Device Letters EDL-2 (1981) 126–129.

[2] L.J. Missaggia, J.N. Walpole, Z.L. Liau, R.J. Philips, Microchannel heat
sinks for two-dimensional high-power-density diode laser arrays, IEEE
Journal of Quantum Electronics 25 (1989) 1988–1992.

[3] M.B. Kleiner, S.A. Kuhn, K. Haberger, High performance forced air cool-
ing scheme employing micro-channel heat exchangers, IEEE Transactions
on Components, Packaging and Manufacturing Technology Part A 18
(1995) 795–804.

[4] V.K. Samalam, Convective heat transfer in micro-channels, Journal of
Electronic Materials 18 (1989) 611–617.

[5] D.Y. Lee, K. Vafai, Comparative analysis of jet impingement and mi-
crochannel cooling for high heat flux applications, International Journal
of Heat and Mass Transfer 42 (1999) 1555–1568.

[6] A.G. Fedorov, R. Viskanta, Three-dimensional conjugate heat transfer in
the microchannel heat sink for electronic packaging, International Journal
of Heat and Mass Transfer 43 (2000) 399–415.

[7] K. Vafai, L. Zhu, Analysis of a two-layered micro channel heat sink con-
cept in electronic cooling, International Journal of Heat and Mass Trans-
fer 42 (1999) 2287–2297.

[8] T.M. Harms, M.J. Kazmierczak, F.M. Gerner, Developing convective heat
transfer in deep rectangular microchannels, International Journal of Heat
and Fluid Flow 20 (1999) 149–157.

[9] A.-R.A. Khaled, K. Vafai, Flow and heat transfer inside thin films sup-
ported by soft seals in the presence of internal and external pressure
pulsations, International Journal of Heat and Mass Transfer 45 (2002)
5107–5115.

[10] A.-R.A. Khaled, K. Vafai, Cooling enhancements in thin films supported
by flexible complex seals in the presence of ultrafine suspensions, ASME
Journal of Heat Transfer 125 (2003) 916–925.

[11] A.-R.A. Khaled, K. Vafai, Control of exit flow and thermal conditions
using two-layered thin films supported by flexible complex seals, Inter-
national Journal of Heat and Mass Transfer 47 (2004) 1599–1611.

[12] A.R.A. Khaled, K. Vafai, Analysis of flexible microchannel heat sinks,
International Journal of Heat and Mass Transfer 48 (2005) 1739–1746.

[13] A.R.A. Khaled, K. Vafai, Control of insulating properties using flexible
soft seals, International Journal of Heat and Mass Transfer 47 (2004)
1297–1304.

[14] F.G. Blottner, Finite-difference methods of solution of the boundary-layer
equations, AIAA Journal 8 (1970) 193–205.

[15] A. Bejan, S. Lorente, The constructal law and the thermodynamics of
flow systems with configuration, International Journal of Heat Mass Trans-
fer 47 (2004) 3203–3214.


