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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 (TT—:o)z/ 3(TS — To) rather than
(Ts — To) 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 u dimensional axial velocities .............. ms~!
Cp specific heat of the coolant .......... Jkg~'K™! U average axial velocity.................... ms~!
F, dimensionless expansion (or fixation) parameter X dimensionless axial coordinates, x/ H
Fr dimensionless thermal expansion parameter x dimensional axial coordinates ................ m
H microchannel thickness or insulation thickness. m Y dimensionless normal coordinates, y/H
H, reference microchannel thickness............. m dimensional normal coordinates .. ............ m
h,h. convective heat transfer coefficient. .. .. Wm2K
k thermal conductivity of the fluid. . ... Wm~K™! Greek symbols
Nu lower plate’s Nusselt number .
£ perturbation parameter, H/B
Pr Prandtl number, pc)/k )
. 2 o reference perturbation parameter, H,/B
P fluidpressure. ..., Nm L . .
q heat flux at the lower plate .............. Wm—2 n dynamic viscosity of the fluid
Re Reynolds number, put, H /1 0 dimensionless temperature, (T — T7)/(gH/ k)
Re, dimensionless pressure drop, pum, Hy /it Om dimensionless mean bulk temperature,
T,T) temperature in fluid and the inlet temperature .. K (T —T1)/(qH k)
Ts surface temperature ...............ooovennn.. K Ow dimensionless temperature at the heated plate,
Too free stream temperature (Tw —T1)/(gH/k)
U dimensionless axial velocities, u/u,y, P density ofthefluid..................... kg m-3
. . . A
In this work, thermal characteristics are analyzed in three I;
expandable devices: single layer insulator, convective systems N\
with ex.panding sphericgl surfaces and micro.channels supported $ % Gas (m, R, P)
by flexible seals including both soft and flexible complex seals. o
The governing equations for flow and energy fields are properly \ r
non-dimensionalized and reduced into simpler equations. The @ !
resulting equations are then solved. The controlling parameters o
are obtained and the appropriate range of operation of these ]]'f”';j Ts
expandable systems is established. -
—_—
—_—
2. Problem formulations — *
_
2.1. Expandable insulating systems
. . . . (b)
Con'51de.r an expandable horizontal layer containing a gas as Flexible seals
shown in Fig. 1(a). The temperature at the lower surface of the _(on)
layer is T} and the upper surface of the layer is kept at a tem- =0 Flecibisconplex;sels
perature T>. The heat transfer through the layer is equal to i
: EE— il v
A -7 ) T" ‘u Flow f
q= 7} .
where k, A and H are the thermal conductivity of the gas, sur- ’ T T Tq T T T ’
face area of the layer and the thickness of the gas layer, respec- | | >
tively. Utilizing Ideal gas formulation, the gas layer thickness is B W

related to the average temperature in the gas layer through the
following relation
_ mR(Th +T7)
- 2PA

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

_<£><2PA2)([T1/T21—1> 3
T=\®)\ " )\in/ 1+ 1

H 2

©

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 7 =373 K and p =1 atm
Main gas k P R k/R

Wm™ K] [kgm™]  pkgT'K7! [kgm~!sTh
Xenon 0.0068 43 64.05 1.06 x 104
Krypton 0.011 2.75 99.78 1.102 x 1074
Helium 0.181 0.13 2077 8.714 x 1073
Neon 0.0556 0.66 412.1 1.35x 1074
Argon 0.0212 1.3 209 1.014 x 1074
Air 0.028 1.2 287 9.76 x 107

2.2. Expandable convective systems

2.2.1. Heat transfer from balloons

Consider a spherical balloon of outer radius r, 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 g and it is subject to convection with
the surrounding fluid with a convection coefficient /# and free
stream temperature of T, . The convective heat transferred is
equal to

q = h(4nr2)(Ts — Txo) 4)

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

_ T — [3}1/3 (5)

TolTg=Ts T

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

Ts

2/3
TOJ (Ts — To) (6)

q= 47T(ro|T5_Too)2h|:

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
aT  3*T .
PR = gy (7)

where T, p, ¢, 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

slG)-GE) o

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

y u T—Tl

U=—, 0=
H, Um qH,/k

&)

leads to the following dimensionless energy equation:
H, > 290 0%
U

RePre| — —_— =
H X 9Y?

where g, T and Re are the heat flux at the heated plate, the
inlet temperature and the Reynolds number (Re = (pu,, H)/ 1),
respectively. Pr and ¢ are the Prandtl number (Pr = v/«) and
the perturbation parameter (¢ = H/B). The mean velocity is
related to the pressure drop across the channel, Ap, through the
following relation:

2

um=i£H3(£> (1)
12u B H,

where p 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]:

(10)

H
Fo =1+ FnReg (12)
H
— =1+ Fr(Ow)ave (13)
H,

where F,, and Fr 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

1 A
Re, = B(F%HOZ>HO (14)
n\ 121
H,
‘90:? (15)

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

H\?
Re =Re,[ — 16
e e"(m) (16)
il (17)
e=¢g,| —
[2 H,
As such Eq. (10) reduces to
Re,Pre H 2U 86 _ 8% (18)
eoPr — — =
"\ H, axX  ay2

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

X [(H)\’
= |z (19)
PrRe,e, \ H

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

O (X) =

90(X,0)
Yy

90(X, 1)

6(0,Y)=0,
0,Y) 57

0 (20)

’
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The Nusselt number is defined as
h.H, _ 1 _ 1
ko 0w(X)—60,(X)  6(X,0) — 0 (X)

where 0y (X) is the heated plate dimensionless temperature.

Nu=

@

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

H, 3%0

20V = — 22

(7)v =5 @)

Eq. (22) has the following solution

ocx. =T (LT (H) Ly oy
T \w) Ve  12\H v

The dimensionless mean bulk temperature is then equal to

. (X)_fOH/H”UGdY_ 13/ H w0 o4
T Ry gy 35 H,) Y

As such

Ow) -9 (A 3+E A (25)
WAVG = b Re,e0 \ H 35\ H,

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

h.H, 1 (Ho)
Nu = = =2.69( — (26)
k Ow (X) — O (X) H

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

dow (X = 1) o
dF (B
1.685 1
= (Fy)opt = 227)

(Re,Pre,)'*Re,  Re,
The minimum dimensionless exit temperature is then equal to
0.835

(Re,Pre,)l/4

And the ratio of Oy (X = 1) to [Ow (X = 1) ]min 18
Ow (X =1)

[Ow (X = D)]min

1.197

T (PrReye,)/* (1 + FyRe,)’

+0.445(Re,Pre,) 4 (1 + FyRe,) (29)

[ow(X=1] . = (28)

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):

0.5
PrReye,(1+ Fr(Ow)avec)?

13
+ 5(1 + Fr(0w)ave) (30)

Ow)ave =

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 = AX
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 7>/ T across
the expandable single layered insulation system on the heat
transfer. The conduction heat transfer increases as 7/ 7T in-
creases and it approaches the value of ¢ = (%)(2’;—’42) for large
values of T,/ T}. 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/ Tno)?/3((Ts/ Tso) — 1) rather than ((Ts/Tno) — 1) when
the balloon is rigid indicating that expandable surfaces may be
utilized to augment heat transfer.

1.00 -

0.80 ]

& 060
km/[2P4?))

0.40 1

0.20 1

0.00 - —— ‘
1 10 100
T,/T>

Fig. 2. Effect of temperature ratio across the expandable insulation layer 77/ T,
on heat transfer ¢.
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Fig. 3. Effect of the balloon temperature s on heat transfer q.
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Thermally fully developed conditions

Pre,=0.01,0.1,1.0

Re,

Fig. 4. Effect of Re, and Pre, on the critical dimensionless expansion para-
meter F, for thermally fully developed conditions.

Uniform Inlet Temperature

Pre,=0.1,1.0,10,100

T B R A S A S A A AT AN A AR W

0 10 20 30 40 50 60 70
Re,

Fig. 5. Effect of Re, and Pre, on the critical dimensionless expansion parame-
ter Fy with uniform inlet temperature.
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0.50 -

0.00 T T T
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40

Fy

Fig. 6. Effect of the dimensionless expansion parameter F; 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 Re,, the Prandtl number and the reference as-
pect ratio ¢, on the critical dimensionless expansion parameter
(Fy)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 Fj, increases un-
til F, reaches the value of (F},)opt after which the temperature
starts to increase with an increase in F,, as shown in Figs. 6

2.00 6.00
Uniform Inlet Temperature
5.00
1.60 Pr=6.7
&=0.01
4.00
1.20
(gu ),m, L 3.00 (Nu),m;
0.80
2.00
0.40 - [ 4.00
Re,=5,10,50
0.00 T T T T T 0.00

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
Fy

Fig. 7. Effect of F;; and Re, on the dimensionless average lower plate temper-
ature and average Nusselt number with uniform inlet temperature.
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0.00 +—"———"—

000 025 050 075 1.00 125 150
Fr

1.75 200

Fig. 8. Effect of the thermal dimensionless expansion parameter Fr on the di-
mensionless lower plate temperature for thermally fully developed conditions.
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@ ) 200 Re,Pre,=0.1,1.0,10,100
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1.00 |

0.50

0.00 T T H T : T .
0.00 0.10 0.20 0.30 040 0.50 0.60 0.70 0.80 0.90 1.00
Fr

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

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

Fig. 8 illustrates the effects of the thermal expansion parame-
ter Fr 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 Fr increases until Fr reaches
a critical value after which that temperature starts to increase.
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3.00
250 ] Region with Region with
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2,00 ]
Fr 1.50 a(ew ),41/'(; ~0.1
Region OF T
1.00 1 ofoperation of F, = 2.314Exp(~ 0.835Re, Pre,)
0.50 | MCs supported by R =098
flexible complex scals
0.00 T T T T v T T T
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Fig. 10. Recommended values of Re,Pre, and Fr 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 Fr and Re,Pr¢,. 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
(TT—;)Z/ 3(TS — Two) rather than (Ts — Tso) 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].
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