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Abstract

Convective heat transfer in a rectangular microchannel under slip flow and H1 boundary condition is studied. Integral transform method is
applied to derive the velocity and temperature distributions and thus the average Nusselt number. It is found that rarefaction has a decreasin
effect on heat transfer for most engineering microchannel applications, with any aspect ratios. However, an increase in heat transfer with
rarefaction is investigated when the influence of temperature jump on solid boundaries is weak. It is also found that the effect of wall
temperature on the heat transfer is negligible. The results of paper for the special case of non-slip flow coincide with the results of previous
studies.

0 2005 Elsevier SAS. All rights reserved.
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1. Introduction near solid boundaries. In other words, a slip flow and a tem-
perature jump (non-equilibrium thermodynamics) will be
The need for high heat fluxes in small electronic and other present at solid boundaries, which are major effects of rar-
devices has caused the microscale heat transfer to be thefaction and change in the physics of flow.
subject of studies in the past few years. As of today, more  The slip flow problem in microtubes has been widely
studies and attention are required to develop the microscaleconducted by investigators [1-8]. However, slip flow in mi-
heat transfer field. As the size of devices falls in the order of crochannels has not been conducted as much as the slip flow
a few 100 microns, the physics of fluid flow and heat transfer in microtubes. Since the slip flow in microchannels requires
in such devices changes substantially. Slip flow is an exam-a two-dimensional approach, its solution is relatively diffi-
ple of such change in the physics of the microscale fluid flow cult compared to that of the slip flow in microtubes. Some
and heat transfer problems. of the slip flow studies in microchannels are summarized
A gaseous flow at low pressure or in a very small passagehere. Yu and Ameel [9] studied slip flow heat transfer in
does not obey the classical continuum physics. Contrary to microchannels and found that heat transfer increases, de-
the fluid flow in continuum physics, such a flow exhibits a creases, or remains unchanged, compared to non-slip flow
nonzero flow velocity at solid boundaries and a nonzero dif- conditions, depending on two dimensionless variables that
ference between temperatures of solid boundaries and flowinclude effects of rarefaction and the fluid/wall interaction.
Kavehpour et al. [10] have conducted the effects of com-

- pressibility and rarefaction in microchannel heat transfer
Corresponding author. Tel.: +90-212-2931300 (2452), fax: +90-212-

2450795 under slip flow. They found that compressibility and rarefac-
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Nomenclature
a long side of microchannel u nondimensional fluid velocity
A, constant defined by Eq. (37) v dependent variable defined by Eq. (20)
b short side of microchannel x,y,z hondimensional coordinates
B, constant defined by Eq. (38
cp Specific heat vEa-(9) Greek symbols
Cy constant defined by Eq. (49) o thermal diffusivity
c constant defined by Eq. (50) B nondimensional variable defined by Eq. (58)
Dy, hydraulic diameter B: nondimensional variable defined by Eq. (3)
D, constant defined by Eq. (54) By nondimensional variable defined by Eq. (4)
F; thermal accommodation coefficient y aspect ratio
F, tangential momentum accommodation coeffi- Ampp ~ mMolecular mean free path
cient m eigenvalues
k thermal conductivity 0 density
K kernel 6 dependent variable defined by Eq. (21)
Kn Knudsen number 7] transformed dependent variable defined
Nu Nusselt number by Eq. (46)
p fluid pressure £,n,¢ coordinates
P normalized pressure gradient :
Pr Prandtl number Subscripts
q' thermal power per unit length of microchannel b bulk property
R specific heat ratio m mean value
S1, S2, 83, S4 constants introduced for simplicity n index
T temperature s fluid property near the wall
T nondimensional temperature w wall value
u fluid velocity 0 inlet property

Vasudeviah and Balamurugan [11] studied incompressible 2. Problem statement
convective heat transfer in a microchannel with respect to
rarefied gas flows and found analytical expressions for the

mean Nusselt number. Tunc and Bayazitoglu [12] studied . .
steady flow in a rectangular microchannel. If the flow pres-

microchannel heat transfer under slip flow and H2 boundary . ) . .
. . . sure is low, or, the microchannel sizes are very small, which
condition (constant axial and peripheral heat flux) and found ' . . .
. . . ; is supposed to be the case in this paper, a slip flow oc-
that increasing the rarefaction shows a decreasing effect on : . oo
curs. Different from non-slip flow, the flow velocity is no
the heat transfer. : .
. . i .. longer zero at microchannel walls under slip flow. A molec-
The purpose of this paper is to find the temperature distri-

buti 4 thus th N | ber | i h Iular flow with nonzero velocity at microchannel boundaries
ution ap thus the mean Nusselt num ; (_ar In a microc aqne occurs. Apart from nonzero flow velocity at the boundaries,
under slip flow and H1 boundary condition (constant axial

. X "“" anonzero difference between the temperatures of the bound-
heat flux and uniform peripheral wall temperature). The in- 5 jes and the flow near the boundaries occurs as well. The
tegral transform method is applied to solve the MOMEeNtUM e ot of rarefaction on flow properties is quantified by intro-
and energy equations. An explicit expression is found for cing the Knudsen number, which is defined as the ratio of
the mean Nusselt number, which is a function of the as- the mean free molecular path to the characteristic length of
pect ratio, the wall temperature and the rarefaction including fiow field. The Knudsen number equal to zero corresponds
the effects of thermal and momentum accommodation fac- ¢ non-slip flow with zero flow velocity and zero differ-
tors. ence between the temperatures of the boundaries and adja-

The results of the paper for the special case of non-slip cent flow. As the Knudsen number takes a nonzero value,
flow (Kn= 0) coincide with the results of Morini [13] who  a slip flow with nonzero flow velocity at the boundaries
solved the non-slip flow in ducts under H1 boundary con- and nonzero temperature difference between the boundaries
dition. The numerical values of Nusselt number found in and adjacent flow takes place. The higher Knudsen number
this paper are also in good agreement with the numerical causes higher rarefaction effects, namely, higher flow veloc-
values of the “developed” Nusselt number found by Yu and ity and temperature jump at the boundaries. Beskok and Kar-
Ameel [9]. niadakis [14] give the classification to differentiate the flow

Consider a hydrodynamically and thermally developed
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types. In this paper the concentration is on the slip flow with g, = 2-F Z_Ri (3)
108<Kn<101, Fr 1+RPr

The flow is governed by the Navier—Stokes equations B, = 2—F, 4)
if the continuum condition (very low Knudsen number, " F,

Kn < 1073) is satisfied. The continuum form of flow does The parameters,

not exist in a microchannel under slip flow. Therefore the oficient and tangential momentum accommodation coeffi-
slip flow solution by using the Navier-Stokes equations may gjent respectively. For real walls some molecules reflect

result in no negligible deviations in the hydrodynamic and i¢rsjvely and some reflect specularly. These coefficients
thermal properties of the flow. However, the general be- 50 yefined as the fraction of molecules reflected diffu-
lief of the investigators is that the Navier—Stokes equations sively [15]. Depending on the fluid, the solid and the surface
may be used for slip flow solution with high accuracy pro- finish these coefficients vary from 0 to 1

vided the boundary conditions are modified according to the Egs. (1) and (2) will guide us to set tHe modified thermal
slip flow characteristics. Modification of the boundary con- and hy.drodynamic boundary conditions of the flow at the
ditions (r_10nzero flow velocity and- temperature jump at the walls. The local temperature and velocity of the flow near the
boundaries) removes the error raised by not properly USING walls will be integrated along the walls and averaged over

the Nav_ier—StoI_<es e_quations in _slip flow solution. The pro- the perimeter to set the thermal { and hydrodynamici,)
cedure is explained in the following sections. boundary conditions at the walls, respectively.

The governing Navier—Stokes equatiopsdjrection mo-
mentum and energy equations) for a hydrodynamically and
thermally developed flow are

and F, are thermal accommodation co-

3. Governing equations and modified boundary
conditions
. . o 3%u n 9%u _lop (5)
The geometry of the microchannel is shown in Fig. 1. 982 T 92 T wac

The H1 boundary condition implies that the wall temper- 9
0°T 0T u(,n)dT

atureT,, is uniform along perimeter at a specifieecross R T (6)
section of microchannel and it increases linearly witfrhe g2 a2 a  9¢
H1 boundary condition will be matched with slip flow prop-  The modified hydrodynamic and H1 thermal boundary con-
erties to determine the modified boundary conditions. ditions according to the S||p flow assumption are

If the problem under consideration was a non-slip flow,
the temperature of the flow near the wall would be equalto u=u;, até =0, §=a, n=0,n=0> ©)
the wall temperaturd’, and the velocity of the flow near —T, até=0 E=a, =0, n=>h @)

the wall would be equal to zero. Since the problem under
consideration is a slip flow, the temperature of the flow near The axial variation of fluid temperature is approximated in
the wall is no longer equal to the wall temperature and the the following form by providing an energy balance for an
velocity of the flow near the wall is no longer zero. The local arbitrary differential ¢ segment of the microchannel
temperature and velocity of the flow near the bottom wall are 9T 7

given by Barron et al. [1], as — = 9)
a¢  pcpumab
oT . . S
I,6) =Ty + ﬂzkmfpa—‘ 1) whereu,, represents the mean fluid velocity, which is de-
1 =0 fined as
ou
us(§) = ,Bv)\mfpa ‘n=0 2 1 ba
=— ,mdéd 10
here = [[utc o c (10)
00
The momentum and energy equations and the modified
74 boundary conditions are nondimensionalized by introducing
the following nondimensional variables.
x:é, 0<x«l1 (12)
b a
b
4 y=2 o<y<y=- (12)
a a
- u(&,n)
2 g ix,y) === (13)
~ T —Tp
Fig. 1. The geometry of microchannel. T= (14)
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The nondimensional momentum and energy equations andd =T, — T, atx=0, x=1 (32)
associated boundary conditions are found as =0 aty=0, y=y (33)

25 2o
% U, (15) The system above will be solved in two steps. First, the
dx2 ~ 9y? momentum equation (Egs. (28)—(30)) will be solved to deter-
92T azf 1 mine the velocity distribution. The velocity distribution will
w2t Z = M(x y) (16) be used to solve the energy equation (Egs. (31)—(33)) in the

L next step. Integral transform method is applied to solve both
u=us atx= 0’ x=1y=0y=y (17) the momentum and energy equations.
T=T, atx=0, x=1, y=0, y=y (18)
where the normalized pressure gradinis defined as 4. Solution of the momentum and energy equations
po @ 19

Um b O (19) The momentum equation in slip flow is already solved

Each of the nondimensional momentum and energy equa-PY TUnc and Bayazitoglu [12]. Applying a similar procedure

tions contain four nonhomogeneous boundary conditions. gives the velocity distribution as
The nonhomogeneous boundary conditions of the nondi- ~

mensional momentum and energy equationg-girection ux,y)= I s > e Y 4er” " ZK(/L,,, y)
are homogenized by means of change of dependent variables te
defined, respectively, as 5 {Bn[Slnthx —Slnh,u,,(x -1l ﬂ} (34
V(. y) =i, y) — iy(y) (20) sinhyy i
0(x,y)=T(x,y) = Ty(y) (21) ~ Where
where the auxiliary one directian, (y) andfy (y) functions K (pn, y) = 2 sinu,y (35)
satisfy the following differential equations and the same 14
boundary conditions for the nondimensional momentum and . _0 _nm 1923 36
energy equations at= 0 andy = y, respectively. Sty =8 OL flp =70 B=553,. (36)
iy, 21 T
——5 —iy=0 (22) Ay =[-(-D"+1 ——(P—#> 37
@ ~T,=0 (23) 2 P[-(=D"+1]

dy2 y= By= |- ———— (38)

Y Hy
~ ~ Y
uy=1u; aty=0, y=y (24) P:i V2 — i, 2(e” — Dy + 85, (39)
~ ~ 851 1+e”
Ty=T, aty=0, y=y (25) S5 y
The solutions of system above are found as Us =5 o1 it 4¢ (Sa_ S (40)
y $1 Z[ZyﬂvyKn 1+cV (1+ ) S (Sg - S_:lg)]
S M oy vy >, 2tanhuo,—1/2 — pon—
uy_1+ey(e + ') (26) 5= hM2n51/ M2n—1 (a1)
,IQ n=1 Hop_1

T, = Vper Y 27 00

y = 1+ 14 ( te ) ( ) S _ . 1 ; (42)
By applying the change of dependent variables as defined o Mo (L5, )
above the governing nondimensional momentum and energy © 2tanhu /2—
equations and associated boundary conditions take the fol-s3 = 2 AE” ot (43)
lowing form, respectively. n=1 Han—1
& + & =P iy (ey + e’ y) (28) S4= i ; (44)
3x2  9y? 1+er Hl+pd,
v=u,—u, atx=0x=1 29 A

Y (@9) iy Ao (45)

v=0 aty=0, y=y (30) Dy,
920 920 T The integral transform and inversion formula to be used

1
4y Y 4V 31 : . .
952 + 3y2 ulx,y) — 1+ v (e” +e" ™) (31) in solution of the energy equation are
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Integral transform

Y
6’_(Mn,X)=/K(Mn,y)9(x,y) dy (46)
0
Inversion formula
00, y) =Y K(tn, )0 (1tn, ) (47)

n=1

The kernelskK (1, y) and the eigenvalueg, are those
given by Egs. (35) and (36), respectively.

Applying the operatorf]’ K (11,, y) dy on Eq. (31) leads
to the transformed form of the energy equation as

926 (tan,
% - /’Lne(u’l’lﬂx)
=C, + C) coshu,(2x — 1)/2 (48)
where
2 1
=[-(-D"+1],/=
1\? - P iu%
X[(”;) (o) 1) )
n / 2 P
- [_(_l) * l] I’Ln COSMn/Z (50)

The boundary conditions at= 0 andx = 1 are also trans-

formed as
Y ~
_ [2 T [—(=D)" +1]
O(un, 0= | K(un, )OO, y)dy= | = 2—— =
(n, 0) 0/ (1n, )6(0, y)dy (At 12)
(51)
Y ~
_ 2T, [—(—-D)" +1]
Oy, D)= | K(up, (L, ydy= | —————
(n, D) O/ (in, y)O(1, y)dy ,/y (Lt 12)
(52)

The transformed form of the energy equation, Eq. (48), is an
ordinary differential equation the solution of which accord-

ing to the boundary conditions, Egs. (51) and (52), is

3( - D, coshu,(2x —1)/2 C sinhp,x
Hons 2= coshu, /2 4, cOShut, /2
C/ xsinhp,(2x —1)/2  C,
nx sinhu, ( )/2 & (53)
2/in M
where
21 P
Dn = _(_1)n + 1 a2 2 <ﬁv - _> (54)
[ ]V 3 us 2

Applying the inversion formula results in

0Cx, )= K(tn,y)

n=1

5 D, coshu,(2x — 1)/2 C) sinhp,x
coshu,, /2 4, coshu, /2
C!/xsinhu,(2x —1)/2 C
4 Crxsinyn e = 1)/2_ Co (55)
2/1/}1 /’Ln

Finally, the nondimensional temperature distribution is
found by substituting Egs. (27) and (55) into Eq. (21) as

T(x,y) =

o
(€ +e" )+ > K(un.y)
n=1

8 [Dn coshu,(2x — 1)/2 B Cy sinhp,x
coshu,, /2 4u, coshu, /2
C/xsinhp,(2x —1)/2  C,
21t - F}

N
1+ev

(56)

The only unknown, nondimensional slip temperatlfm
may now be determined by nondimensionalizing Eq. (1),
which gives the local nondimensional slip temperature at the
bottom wall, and adapting to the other walls as

- - 2yBBKnaT
Ty(x,0)=T, M_
(1+y) dyly=0
- - 2yBBKNAT
Ty(x,y)= _ ﬂ_
d+y) ayly=y
~ . 2yBBKnaT
T,0,y)=T _
5(0,y) w+ (1+7) ox lx=0
~ . 2yBB,KnaT
Ty1L,y)=Ty— ——— 57
s(1,y) w (1+7) ox lr=t ( )
where the parametér is defined as
B
= — 58
B 5 (58)

Integrating the local nondimensional slip temperatures along
the walls, considering the uniform slip temperature and con-
stant wall temperature (H1 boundary condition) along the
walls, and averaging over the perimeter of microchannel give

the average nondimensional slip temperatﬁras

Iy =

1 1
|:ff”(x O)dx+ff(x,y)dx

0

Y Y
+/ T, (0, y)dy+/
0

X [2(1 + )/)]

s(1,y) dy]

(59)

Since partial derivative of the temperature with respect

involvesfv term, the equation above is implicit iﬂ Eval-
uating the integrals above and solving for the average nondi-
mensional slip temperature result in its explicit form.
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3,70

So far, the nondimensional velocity and temperature dis-

tributions are found, we may also determine the Nusselt
number as 3,30
i
Nu< Pn _ q Dn % 3,30
k (2a +2b)(Ty — Tp) k v‘g
1
== A (60) &30
A+, -1, i
~ E 2,90
where the bulk or average nondimensional temperafiyre ’
is defined as
2,70
1 ¥
Ty== // i(x, )T (x, y)drdy (61)
y 2,50 T T T T T 1
00 0 200 400 600 800 1000
Nondimensional wall temperature
5. Resultsand discussion Fig. 2. Variation of the Nusselt number with wall temperature.

The analysis above shows that the Nusselt number is a 7,00

function of the wall temperatur@w, the aspect ratig, the
parametep and the rarefaction represented gy Kn). All
the numerical calculations are done using “Mathematica 5"  §,00

package with the wall temperature maintained at= 0. 5 5,50

The aspect ratigr varies from 1 (square microchannel) .o~
to zero (flat plate). The grougs,Kn), representing the rar- 5,00
efaction effect, ranges from 0.001 to 0.1 in slip flow. The E

—

parameterg is a function of the thermal accommodation %4,513

coefficientF;, the tangential momentum accommodation co- =

6,50

tlitteiss

R e
o000 o 0o
— b L) B LACH - 00D

| 1 I 1

efficient F,, the specific heat rati® and the Prandtl number 4400
Pr. For most of engineering applications both thg and 3,50
F; can be taken equal to unity, which leaddé 1.667 for

R = 1.4 andPr = 0.7 [9]. Theoretically,8 may vary from 3,00
zero to high values such as 100. The particular case when

2,5D 1 T T 1 T 1

B = 0 implies that the velocity slip at the solid boundaries is
taken into account but the temperature jump is not. 0 0,02 0,04 006 0,08 0.1
The wall temperature dependence of the heat transfer in ﬁTKn

the microchannel is shown in Fig. 2. The constant Nus-
selt line (Nu = 3.61) in this figure corresponds to non-slip
flow 8,Kn =0, which does not show any variation with the
wall temperature. As the rarefaction increases by increasingany aspect ratio. The decrease for low aspect ratios is sharper
(ByKn), the linear dependence of the Nusselt number on the than that for high aspect ratios. The effect of microchannel
wall temperature increases. Comparing the slop of the linessize on the heat transfer can be well seen in Fig. 4. The figure
in Fig. 2 shows the increasing effect of the wall temperature shows that the heat transfer decreases with increasing aspect
on the Nusselt number with increasing rarefaction. However, ratio. However, the rate of decrease slows down for aspect
the wall temperature dependence of the Nusselt number isratios higher than 0.5, specially at high rarefactions.
very weak. Fig. 2 shows that going from zero nondimen-  Fig. 5 shows the rarefaction effect on the Nusselt number
sional wall temperature to 1000, causes only a maximum when the temperature jump on the solid boundaries is not
%3.4 decrease in the Nusselt number. Therefore, the wallconsidered § = 0). Excluding the temperature jump on the
temperature dependence of the Nusselt number may be nesolid boundaries results in an increase in the heat transfer
glected in microchannel heat transfer under slip flow and H1 with increasing rarefaction for any microchannel size. In-
boundary condition. creasing rarefaction causes an increase in slip velocity on the
Fig. 3 shows the rarefaction effect on the Nusselt num- boundaries that in turn causes an increase in heat transfer in
ber for 8 equal to 1.667, which is a characteristic value for the absence of temperature jump. As the temperature jump
most of engineering microchannel applications. A decreaseon the solid boundaries becomes slightly effective (low val-
in heat transfer with increasing rarefaction is investigated for ues ofg), the rate of increase in heat transfer with rarefaction

Fig. 3. Effect of the rarefaction on the Nusselt numberfes 1.667.
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7,00
i £ =1.667 MR 03 12 ¥
6,50 =1L —a—0 Kn=001 i —=—y =
’ —a— ) K =002 L i
6,00 ——f3,Kn=0.03 ——y = 0.6
— —=—4, En=004 36’00 i ?e—y=05
o 5,50 +ﬁvKn = 0.05 sl ——y = 04
'g —o—f,Kn=0.06 5,50 - —7=03
5,00 ——0 FKn=1007 = =Ry
E — 2 K =008 2500 - rocp=0d
%4,50 q Edm
50 <
H= 4,00
4,00 4
3,50 T T T T T 1
1] 0,02 0,04 0,06 0,08 0,1
2,50 T T T T T T T T 1 Kn

¥
001 02 03 04 05 06 07 08 09 1
Aspect ratio

Fig. 6. Effect of the rarefaction on the Nusselt numberdes 0.5.

Fig. 4. Effect of the aspect ratio on the Nusselt numbepfer 1.667.

6,20 4 ——y=1
8,50 ——r=1 2 —a—y =038
2 00 —=—y=09 5280 ——y = 07
’ ——)" - 03 - D 6
’ r—a—y=104 b1 —a—y =l
v, 7,00 —e¥=035 o480 —o—y=04
B ; ——y=04 §43I:l —a—yr=03
£ 650 +rjg-% 28 —y=02
Sem o010 R —ey=01
] w: 330
@ 5,50 E
Z 500 2,20
450 4 2,30
1,80
400
k 1,30
3,50
0 0,02 0,04 0,06 0,08 0,1 0,50
P Kn 0 0,02 0,04 0,06 0,08 0,1

Kn

Fig. 5. Effect of the rarefaction on the Nusselt numberfdez 0. Y

Fig. 7. Effect of the rarefaction on the Nusselt numberdes 10.
slows down. Fig. 6 shows this effect for a relatively low in-
fluence of temperature jumps (= 0.5). At high values ofg
arapid decrease in heat transfer with rarefaction is expected.
Fig. 7 investigates such an effect for= 10. > A

The cumulative influence of temperature jump on the heat %0 3
transfer can be seen in Fig. 8, which shows the variation of 400
Nusselt number witl$ for a microchannel witly = 0.5. The 350 -
straight line on the top of figureN = 4.12) corresponds to TR

the case when both the velocity slip and temperature jump &, o, | —8,Kn=01
. . ) %2,
on the solid boundaries are absent (non-slip flow). The heatz, |
transfer, in general, decreases with increasing effect of the
temperature jump (increasimt). However, the figure shows 1501
that for 8 < 0.5 the heat transfer increases and, for 0.5 1,00 1 :
the heat transfer decreases with rarefaction. 0,50 — T
Setting 8,Kn = 0 in the calculations recovers the clas- 01 2 3 4 5;3 6 7 8 9 10

sical non-slip flow in ducts. The numerical values found
for the Nusselt number witlg,Kn = 0 agrees exactly with  Fig. 8. variation of the Nusselt number with for a microchannel with
those found by Morini [13] who solved the non-slip flow v =05.
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in ducts under H1 boundary condition. On the other hand, [3] R.F. Barron, X. Wang, R.O. Warrington, T. Ameel, Evaluation of the
the numerical values of Nusselt number found in this pa- eigenvalues for the Graetz problem in slip-flow, Internat. Commun.

per are in good agreement with the numerical values of the __Heat Mass Transfer 23 (4) (1996) 563-574. .
[4] F.E. Larrode, C. Housiadas, Y. Drossinos, Slip-flow heat transfer in

U_'eve'oped Nusselt number found by Yu _and Ameel [9] circular tubes, Internat. J. Heat Mass Transfer 43 (15) (2000) 2669—
Finally, it should be noted that the numerical calculations 2680.

in this paper benefits of the fast convergence of the series [5] H. Zhao, The numerical solution of gaseous slip flows in microtubes,
that appear in the velocity and temperature distributions in Internat. Commun. Heat Mass Transfer 28 (4) (2001) 585-594.

microchannel. Compared with the works leading to a dou- [6] M. Vasudeviah, K. Balamurugan, Stokes slip flow in a corrugated pipe,
P 9 Internat. J. Engrg. Sci. 37 (12) (1999) 1629-1641.

ble infinite series, thg present solution |s_advan_tageous iN" 7] R.E. Barron, X. Wang, T.A. Ameel, R.O. Warrington, The Graetz prob-
terms of calculation time due to the relatively simpler al- lem extended to slip-flow, Internat. J. Heat Mass Transfer 40 (8) (1997)
gebraic form of the series and appearing of a single infinite 1817-1823.
series. [8] Y.-P. Shih, C.-C. Huang, S.-Y. Tsay, Extended Leveque solution for
laminar heat transfer to power-law fluids in pipes with wall slip, Inter-
nat. J. Heat Mass Transfer 38 (3) (1995) 403-408.
[9] S. Yu, T.A. Ameel, Slip-flow heat transfer in rectangular microchan-
Acknowledgements nels, Internat. J. Heat Mass Transfer 44 (22) (2001) 4225-4234.
[10] H.P. Kavehpour, M. Faghri, Y. Asako, Effects of compressibility and

P . rarefaction on gaseous flows in microchannels, Numer. Heat Transfer
The authors express deep appreciation to the reviewers A 32 (1997) 677696,

for tr_‘e” constructive Comm?ntsv suggestlons and criticisms [11] m. vasudeviah, K. Balamurugan, Heat transfer of rarefied gases in a
that improved the presentation of this paper. corrugated microchannel, Internat. J. Thermal Sci. 40 (5) (2001) 454—
468.
[12] G. Tunc, Y. Bayazitoglu, Heat transfer in rectangular microchannels,
Internat. J. Heat Mass Transfer 45 (4) (2002) 765-773.
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