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Abstract

Modern heat rejection systems, such as micro-heat sinks, are attractive because of their potential for high perfor-
mance at small size and low weight. However, the impact of microscale effects on heat transfer have to be considered
and quantitatively analyzed in order to gain physical insight and accurate Nusselt number data. The relative surface
roughness (SR) was selected as a key microscale parameter, represented by a porous medium layer (PML) model.
Assuming steady laminar fully developed liquid flow in microchannels and microtubes, the SR effects in terms of
PML thermal conductivity ratio and Darcy number on the dimemsionless temperature profile and Nusselt number were
analyzed. In summary, the PML characteristics, especially the SR-number and conductivity ratio k. /k, greatly affect
the heat transfer performance where the Nusselt number can be either higher or lower than the conventional value. The

PML influence is less pronounced in microtubes than in parallel-plate microchannels.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The compactness and high surface-to-volume ratio of
microscale fluid flow devices, such as micro-heat-sinks,
make them attractive alternatives to conventional sys-
tems. However, recent reviews of experimental and com-
putational studies of liquid flow in microchannels
pointed out that microscale effects, such as surface
roughness, are the cause for discrepancies between ob-
served and actual values of, say, the friction factor and
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convection heat transfer coefficient. For example, Koo
and Kleinstreuer [1] analyzed and classified experimental
observations of friction factors into three groups. They
suggested possible causes resulting in deviation from
the conventional, i.e., macroscale, observations, includ-
ing entrance effects, wall slip effects, surface roughness,
and viscous dissipation. The surface roughness (SR) ef-
fect, i.e., 1 < SR < 4% (see Table 1), appears to be dom-
inant, where the friction factor could either increase or
decrease depending on the SR characteristics [2]. Specif-
ically, Kleinstreuer and Koo [2] introduced a porous
medium layer (PML) model to investigate numerically
the effects of surface roughness on the friction factor
in microchannels. In more detail, Croce and D’Agaro
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Nomenclature
c specific heat [J/kg K] u dynamic viscosity [N s/m?]
¢ drag coeflicient [-] o density [kg/m’]
C constant [-] ) volume fraction [-]
d diameter [m] 0 dimensionless temperature [-]
D channel diameter [m]
Da Darcy number [-] .
h heat transfer coefficient [W/m?K] fup erseript . .
. dimensionless quantities
channel height [m]
k thermal conductivity [W/m K]
Nu Nusselt number [-] Subscripts
)4 pressure [N/m?] 0 mean inlet value
PML  Porous Medium Layer c continuous phase
Pr Prandtl number [-] d discrete phase
q heat flux [W/m?] f fluid
Re Reynolds number [-] h hydraulic
SR (relative) surface roughness [-] int at interface
T temperature [K] 1 liquid phase
Uy inlet velocity [m/s] m mass flux mean value for liquid phase
w interparticle potential [J] m mean value in PML
X axial coordinate [m] n normal component
y transversal or radial coordinate [m] s solid (wall) phase
s PML thickness
Greek symbols w wall (y =0)
p slip coefficient [-] ¢ y-coordinate of the interface between por-
K permeability [m?] ous medium layer and clear region
Table 1 elements were two dimensional (axi-symmetric), which

Typical values of relative surface roughness (4/D;, x 100[%])
Author

Relative surface Material
roughness [%0]

Pfhaler et al. [12] ~1 Silicon
Peng et al. [13] ~0.6—1 Silicon

Mala and Li [14] ~3.5 Stainless steel/fused
silica
Papautsky et al. [15] ~2 Silicon

Xu et al. [16,17] ~1-1.7 Aluminum, silicon

[3] analyzed SR-effects on the friction factor and Nusselt
number for parallel plate channels and tubes with trian-
gular and rectangular surface roughness elements. They
observed vortex structures behind the roughness ele-
ments resulting in a friction factor increase for both con-
duits. However, while the Nusselt number increased for
parallel plates it decreased for thermal flow in tubes.
Overall, they observed that the Nusselt number is less
sensitive to surface roughness effects than the friction
factor is. Unfortunately, they did not include the effect
of thermal conductivity ratio between the roughness ele-
ments and bulk fluid, subject to only the constant wall
temperature condition. Furthermore, their roughness

deviates from actual cases.

Sobhan and Garimella [4] reviewed published exper-
imental data on fluid flow and heat transfer in micro-
channels, and summarized that the possible causes of
the discrepancies in prediction could be entrance and
exit effects, differences in surface roughness in the differ-
ent microchannels investigated, non-uniformities in
channel dimensions, nature of the thermal and flow
boundary conditions, as well as uncertainties and errors
in instrumentation, measurement, and measurement
location. Morini [5] added electro-osmotic effects
(EDL) to the list of possible causes.

Kuznetsov and Xiong [6] stated that the Nusselt
number was a function of Darcy number, Forchheimer
number, Reynolds number, and interface position. Sub-
sequently, Kuznetsov [7] reported that during convec-
tion in a porous medium, there may be significant heat
transfer due to mixing of the interstitial fluid at the pore
scale in addition to the molecular diffusion of heat, an
effect called thermal dispersion.

In addition to surface roughness, wall-slip and possi-
ble two-phase effects in microchannels were discussed by
several researchers. For example, Tretheway and Main-
hart [8] observed a wall-slip velocity for water flow on
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hydrophobic walls, while Wu and Cheng [9] measured a
decrease of Nusselt number for flows in hydrophobic
channels and an increase in channels of high relative sur-
face roughness. Tyrrell and Attart [10] reported the exis-
tence of 20-30 (nm) thick air bubble gaps between wall
and bulk water using atomic force microscopy, and
Tretheway and Mainhart [11] calculated the necessary
air gap thickness to yield the velocity slip they observed.
As expected, the existence of an air gap will decrease the
heat transfer performance in channels.

Clearly, momentum and heat transfer in microchan-
nels are results of complex physical phenomena. In the
current study, the PML model employed by Kleinstreuer
and Koo [2] is expanded to investigate the surface
roughness effects on heat transfer phenomena for liquid
flow in hydrophilic conduits, i.e., microchannels and
microtubes.

2. Theory

The general governing equations for momentum and
energy transfer in conduits with PMLs read

Dii I
pE: —Vp—I—v"L’,‘/‘_ {(RC +RF|u|)u}PML (l)
DT
PCp Dt {v ) (kfvT)}clear

A7 (e an i )o))
@)

Assuming steady laminar fully developed viscous flow in
a parallel-plate microchannel with porous medium layer
(see Fig. 1), the governing equations can be presented as
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Fig. 1. Schematics of the problem.
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Eq. (3) is the momentum equation for the clear fluid
region while Eq. (4) holds for the porous region (i.e.,
the Brinkman—Forchheimer-extended Darcy equation).
Eqgs. (5) and (6) are the energy equations for the clear
fluid and porous region, respectively. The energy equa-
tion for the porous region accounts for transverse ther-
mal dispersion, while longitudinal thermal dispersion is
neglected. This is consistent with the assumption of lon-
gitudinal conduction, k,0>7/0x? being negligible in com-
parison with kyaleay
The thermal dispersion term CkgPr2™t® ‘“‘dp can be
rewritten as
Pris dp _ R _ ﬂ ﬁ
CkarH—f = Ck¢PrRe, = Ck¢PrRep, Ua Dy (7)
gs. (3)-(6) are subject to the following boundary
conditions:

6uf
—=0 aty=0 8
Oy aty (8)
or
—=0 aty=0 9
3y aty 9)
Uy po=ul,_;o aty=¢ (10)
auf auf
Hefi il v — pr aty=¢
ffay y=E40 fay y=¢—0 Kl/z
(11)
Tlyerog=Tlery aty=¢ (12)
dy\oT or
(k + ChePr P ) =ki— aty=¢
e ) l—ero Wlyeo
(13)
uy=0 aty=~¢+s (14)
tufd 6_Ti " -
(k +CkPr m )ay—q aty=<C+s (15)

For the mean (or effective) PML conductivity, Kuznet-
sov and Xiong [6] used the relation

m = Qkp + (1 — P)ks (16)
In the current study, f the slip coefficient was assumed
to be zero.

After non-dimensionalization, the governing equa-
tions read
d’0

u'Nu=—4 e

(17)
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. kem d*0
u'Nu= 4[<kf> +CPrRep} Tee (18)
where  w*=udUy, Nu=h-2Hlk, 0=(Ty—T)
(Tm — T,), Pr=plpa, and Re, = paupdy/pt. Here, Uy is
the mean velocity, % is the heat transfer coefficient, and
d,, represents the equivalent hydraulic diameter of the
surface roughness elements. For a porous-medium free,
1.e., clear part of the microchannel

Rep, dp*
=Tl () g, (19)

wO) = 4
where £* is the non-dimensionalized coordinate for the
open channel-porous medium layer interface, and u},
is the flow velocity at the interface, which depends on
the iterative solution to the PML-flow problem.

The dispersion term was found to be negligible be-
cause the velocity in the surface roughness region is very
small, implying very low particle Reynolds numbers.
Referring to Kleinstreuer and Koo [2], typical values
of 7 and Z’T‘; are in the order of @(107") and ¢(107?),
respectively. Considering typical values of C, Pr and
Rep, to be 0.1, 5 and 2000, respectively, the order of
magnitude of the thermal dispersion term is in the order
of kg, which can be usually neglected due to high ky/k¢
ratios and hence high ky/k; values. According to
Kuznetsov [7], the thermal dispersion effect is negligible
for Re, <100. For the present case, Repmax =1 and
hence the thermal dispersion effect will be neglected.
However, it becomes important for fluid flows of high
Prandtl numbers, such as oils (Pr ~ 1000).

For the clear region, Eq. (17) can be integrated with
the given parabolic velocity profile to:

Rep, dp* (1 1 5.
9: h Y S 2 =~ x4
{ 4 dr (12y 2V s

1
+5 U (2 = E7) }Nu + Oine (20)

The velocity profiles were obtained in the same way as
introduced in Kleinstreuer and Koo [2], and the Nusselt
numbers were iteratively obtained to meet the energy
balance at the interface. 300 elements were evenly dis-
tributed in the porous medium layer and 2000 elements
in the open region. The equations were solved using a
boundary-value-problem ordinary differential equation
solver routine that is provided in MATLAB 7.0.

3. Results and discussion

In order to gain a better understanding of convective
heat transfer in microchannels with measurable surface
roughness, SR = s/D;,, the dependence of the Nusselt
number on SR is established. By definition,

_hD,

where

h= q’ _ km(dT/dy)lwall
Ty —Tm Ty —Thm

(21b)

For a given relative surface roughness, Eq. (21a) and
(21b) are combined into

wall

which can be rewritten for a given thermal conductivity
ratio in the form:

kyn dO 1
N ~ Km0 : (214)
ke dy*|e .o Rep, f/6(1 — SR/2)
Of interest are the effects of SR characteristics in terms
of the Darcy number, Da = ﬁ (or, Da = % for tubes),

thermal conductivity ratio and Reynolds number on the
Nusselt number, considering first parallel plates (Section
3.1) and then tubes (Section 3.2).

3.1. Parallel plates

3.1.1. Effects of Darcy number and PML thermal
conductivity

The effect of PML thermal conductivity on the tem-
perature profile in a channel is shown in Fig. 2, where
0 = 725 The higher the PML thermal conductivity
is, the lower is the centerline temperature to yield higher
Nusselt numbers. The temperature profiles in the PML
are affected by the thermal conductivity ratio more sig-
nificantly at relatively low values compared to those at
high ones. Fig. 3 illustrates the Darcy number effect on
the temperature profiles, which turned out to be
minimal. Clearly, the PML thermal conductivity affects
temperature profiles more strongly than the Darcy
number.

Fig. 4 shows the effects of PML Darcy number and
thermal conductivity on the Nusselt number for the case
of SR =2% and Rep, = 1000. As expected, the Nusselt
number increased with an increase in PML conductivity.
The Nusselt number showed deviations from the con-
ventional laminar flow result (Nu = 8.235) between
—4% and 9% depending on the PML characteristics.
Specifically, the Nusselt number is lower than the con-
ventional result, for low Darcy number and low thermal
conductivity conditions, and it increases with elevated
PML Darcy number and thermal conductivity values.
The Nusselt number change is observed to be sensitive
in the mid-range regime, i.e., Da = 1073 to 107, Indeed,
there is a relationship between the Darcy number and
thermal conductivity, since the PML thermal conductiv-
ity depends on the void fraction which is directly related
to the Darcy number. For certain types of porous media,
the Kozeny—Carman equation could be used as the rela-

tion with void fraction, ¢, i.e., Kk = 180‘1(21"3)2, although the
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Fig. 3. Darcy number effect on the temperature profiles between parallel plates (SR = 2%).

surface roughness elements forming the PML are not ex-
actly homogeneous and isotropic. The Reynolds number
dependence is stronger in the mid-Darcy number range
compared to that in low- and high-Darcy number
ranges. The Nusselt number increases rapidly for low
PML thermal conductivities, and it increases slowly

under high thermal conductivity conditions. This indi-
cates that there exists a limiting Nusselt number when
increasing the PML thermal conductivity.

Judging from Figs. 3 and 4, the Darcy number influ-
ences convection more in the clear region than con-
duction in the surface roughness region for a given
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Fig. 4. Effects of PML Darcy number and thermal conductivity on the Nusselt number for parallel plates (Re = 1000, SR = 2%).

kumlkeratio. Specifically, the temperature profiles in Fig.
3 do not change much with the Darcy number in con-
trast to the Nusselt number (see Fig. 4).

As indicated in Eq. (21c), the Nusselt number is a
function of the conductivity ratio and the temperature
gradient at the wall. In Fig. 2, it was shown that the tem-
perature gradient is greater for the lower conductivity
cases, and it decreases fast with the thermal conductivity
ratio; that explains the high rate of the Nusselt number
increase at low thermal conductivity ratios. The temper-
ature gradient at the wall increases with the Darcy num-
ber; thus, the Nusselt number increases with the Darcy
number as shown in Fig. 4.

3.1.2. Reynolds number effect

Conventionally, the Nusselt number for laminar flow
is independent of the Reynolds number. However, a
weak Reynolds number dependence is observed for
microchannels with PMLs, as shown in Fig. 5. Although
the Reynolds number dependence is stronger in the
Darcy number mid-range, overall its influence is usually
negligible for 1 < SR < 4%.

3.1.3. Effect of relative surface roughness

Fig. 6 shows the SR effect, i.e., thickness of the PML,
on the Nusselt number, where the Reynolds number is
1000 for all cases. The Nusselt number as a function
of knlke varies only from 8.0927 to 8.5822 for
SR = 1%, while it changes from 7.6378 to 9.6486 for
SR = 4%. As the PML-thermal conductivity and surface
roughness increase, the Nusselt number quickly exceeds
the conventional value of 8.235. In more detail, for any

given SR value, the thermal conductivity ratio decreases
with the Darcy number for the cross-over point when
Nu > 8.235.

When inspecting Eq. (21d), it is evident that the con-
ductivity ratio and the temperature gradient have oppo-
site impacts, assuming a constant relative surface
roughness. In summary, the Nusselt number increases
with relative surface roughness and decreases with the
product of Reynolds number and friction factor.

3.2. Tubular flow

3.2.1. Effects of Darcy number and PML thermal
conductivity

Compared to the parallel plate cases, the Nusselt
number for tubes exceeds the conventional value of
4.365 at higher thermal conductivity ratios, as shown
in Fig. 7. Specifically, the thermal conductivity ratio
has to be increased by a factor of 10 to achieve the same
Nusselt number improvement at low Darcy numbers.
This could explain why most experimental Nusselt num-
ber data fall below the conventional value. For example,
Croce and D’Agaro [3] reported that that Nusselt num-
ber is less sensitive to the roughness height with respect
to the friction factor. Considering the friction factor
changes with surface roughness as reported by Koo
and Kleinstreuer [1] and the Nusselt number changes
now given in Fig. 7, the observation of Croce and
D’Agaro [3] can be confirmed. Furthermore, Croce
and D’Agaro [3] reported an increase in Nusselt number
for parallel plate flow and a decrease for tubular flow,
which is evident when comparing Figs. 4 and 7.
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Fig. 5. Effect of the Reynolds number on the Nusselt number for different Darcy numbers and the conductivity ratios (SR = 2%).
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Fig. 6. Effects of PML thickness on the Nusselt number (Re = 1000).

3.2.2. Reynolds number effect

A small-influence of the Reynolds number on the
Nusselt number for flow in tubes (see Fig. 8) is very sim-
ilar to the parallel plate cases (see Section 3.1.2).

3.2.3. Effect of relative surface roughness

As it was observed for the parallel plate cases, the
Nusselt number changes in tubes are greater for the high
relative surface roughness cases, as shown in Fig. 9. The

PML thickness effect can be understood in the same way
as for the parallel plate cases. One minor difference is that
the Darcy number effect for SR = 1 and 2% on the Nus-
selt number is smaller for tubular flow. This is due to the
definition of the relative surface roughness (SR = Dih). In
this study, we adopted the hydraulic diameter as the sys-
tem length scale. The height of the surface roughness
layer in parallel-plate channels is twice thicker than that
in tubes resulting in a small difference in Nusselt number.
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Fig. 7. Effects of PML Darcy number and thermal conductivity on the Nusselt number (Re = 1000, SR = 2%).
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Fig. 8. Effect of the Reynolds number on the Nusselt number (SR = 2%).

3.3. Thermal dispersion effect

As mentioned in Section 1, Kuznetsov and Xiong [6]
and Kuznetsov [7] investigated the thermal dispersion ef-
fect and concluded that it is negligible for low Reynolds
number flows. However, they considered only low Pra-
ndtl number fluids, i.e., Pr=10.25 and 0.7. Referring to
Eq. (17), the thermal dispersion effect is a function of both

Reynolds number and Prandtl number. Therefore, for
high Prandtl number (e.g., Proi ~ 1000) in a PML region
of low thermal conductivity ratio, the thermal dispersion
effect could become a very important part of the heat
transfer mechanism. Fortunately, thermal dispersion af-
fects the Nusselt number in the same way as the PML
thermal conductivity ratio. Hence, the effect could be sim-
ply absorbed in the thermal conductivity ratio term.
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Fig. 9. Effect of PML thickness on the Nusselt number (Re = 1000).

4. Conclusions

The porous medium layer (PML) model introduced
by Kleinstreuer and Koo [2] was extended to analyze
the surface roughness effect on heat transfer in micro-
channels. The effects of the thermal conductivity ratio
between the surface roughness layer and bulk fluid, the
PML Darcy number, and relative surface roughness on
temperature profile and the Nusselt number have been
discussed. The new findings are summarized as follows:

e The Nusselt number can be either higher or lower

than the conventional value depending on the

actual surface roughness conditions, i.e., PML
characteristics.

However, the surface roughness effect on heat trans-

fer is less significant than on momentum transfer.

e The most important parameter affecting heat transfer
performance for a given relative surface roughness is
the thermal conductivity ratio kp/kp i.e., between
PML and bulk fluid.

e The Nusselt number increases with the Darcy num-

— K
ber, Da = G OF

The Reynolds number effect on the Nusselt number is
negligible compared to its effect on the friction factor.
Hence any Reynolds number dependence observed in
experimentally obtained Nusselt number correlations
has to originate from effects other than surface
roughness.

Relative to the thermal parallel-plate cases, the Nus-
selt number for tubular flow is typically lower than
the conventional value.

K
r

e For high Prandtl number fluid flow in microchannels
with low PML thermal conductivity ratios, thermal
dispersion may greatly influence the heat transfer
mechanism.

Acknowledgements

The authors want to express their thanks to Dr. Jo-
seph P. Archie and Sarah Archie for the endowment
the McDonald-Kleinstreuer fellowship for Junemo Koo.

References

[11J. Koo, C. Kleinstreuer, Liquid flow in microchan-
nels:experimental observations and computational analy-
ses of microfluidics effects, J. Micromech. Microeng. 13
(2003) 568-579.

[2] C. Kleinstreuer, J. Koo, Computational analysis of wall
roughness effects for liquid flow in micro-conduits, J.
Fluids Eng. 126 (2004) 1-9.

[3] G. Croce, P. D’Agaro, Numerical analysis of roughness
effect on microtube heat transfer, Superlattices Micro-
struct. 35 (2004) 601-616.

[4] C.B. Sobhan, S.V. Garimella, A comparative analysis of
studies on heat transfer and fluid flow in microchannels,
Microscale Thermophys. Eng. 5 (2001) 293-311.

[5] G.L. Morini, Single-phase convective heat transfer in
microchannels:a review of experimental results, Int. J.
Therm. Sci. 43 (2004) 631-651.

[6] A.V. Kuznetsov, M. Xiong, Numerical simulation of the
effect of thermal dispersion on forced convection in a
circular duct partly filled with a Brinkman—Forchheimer



2634 J. Koo, C. Kleinstreuer | International Journal of Heat and Mass Transfer 48 (2005) 2625-2634

porous medium, Int. J. Numer. Methods Heat Fluid Flow
10 (2000) 488-501.

[71 A.V. Kuznetsov, Influence of thermal dispersion on forced
convection in a composite parallel-plate channel, Z.
Angew. Math. Phys. 52 (2001) 135-150.

[8] D.C. Tretheway, C.D. Mainhart, Apparent fluid slip at
hydrophobic microchannel walls, Phys. Fluids 14 (3)
(2002) 9-12.

[9] H.Y. Wu, P. Cheng, An experimental study of convective
heat transfer in silicon microchannels with different surface
conditions, Int. J. Heat Mass Transfer 46 (2003) 2547—
2556.

[10] J.W.G. Tyrrell, P. Attart, Images of nanobubbles on
hydrophobic surfaces and their interactions, Phys. Rev.
Lett. 87 (17) (2001) 1-4.

[11] D.C. Tretheway, C.D. Mainhart, A generating mechanism
for apparent fluid slip in hydrophobic microchannels,
Phys. Fluids 16 (5) (2004) 1509-1515.

[12] J. Pfhaler, J. Harley, H. Bau, J. Zemel, Gas and liquid
flow in small channels, Actuators, and Systems DSC,
Micromech. Sensors 32 (1991) 49-60.

[13] X.F. Peng, G.P. Peterson, W.B.X. Frictional, flow char-
acteristics of water flowing through rectangular micro-
channels, Exp. Heat Transfer 7 (1994) 249-264.

[14] G.M. Mala, D. Li, Flow characteristics of water in
microtubes, Int. J. Heat Mass Transfer 20 (1999) 142-148.

[15] I. Papautsky, J. Brazzle, T. Ameel, A.B. Frazier, Laminar
fluid behavior in microchannels using micropolar fluid
theory, Sens. Actuators 73 (1999) 101-108.

[16] B. Xu, K.T. Ooi, N.T. Wong, W.K. Choi, Liquid flow in
microchannels, in: Proc. 5th ASME/JSME Joint Thermal
Engineering Conference, San Diego, CA, 1999.

[17] B. Xu, K.T. Ooi, N.T. Wong, W.K. Choi, Experimental
investigation of flow friction for liquid flow in micro
channels, Int. Comm. Heat Mass Transfer 27 (2000) 1165—
1176.



	Analysis of surface roughness effects on heat transfer in micro-conduits
	Introduction
	Theory
	Results and discussion
	Parallel plates
	Effects of Darcy number and PML thermal conductivity
	Reynolds number effect
	Effect of relative surface roughness

	Tubular flow
	Effects of Darcy number and PML thermal conductivity
	Reynolds number effect
	Effect of relative surface roughness

	Thermal dispersion effect

	Conclusions
	Acknowledgements
	References


