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Abstract

A flow and heat transfer numerical simulation was performed for a 2D compressible gas flow through a microchannel in the slip
regime to investigate the effects of wall roughness. The wall roughness is simulated by rectangular microelements. This effect is examined
for gas flows under inlet Mach number ranging from 0.0055 to 0.202. The numerical results demonstrate that the roughness elements
have a significant impact on the flow characteristics. For rarefied gases, it is found that roughness effect leads to an increase in the Poiseu-
ille number with increasing roughness height and decreasing element spacing. The surface roughness has a more significant effect on the
flow with a lower inlet Kn. Compressible gas flow is also sensitive to the height of the wall roughness elements. In addition, an increase of
the relative roughness height leads to a pronounced decrease in the local heat flux for both rarefied and compressible flow. The average
Nusselt numbers have a much more significant reduction for a rarefied flow than a compressible flow. The influence of wall roughness on
the average heat transfer rate is smaller than that on the Poiseuille number.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Applications of microtechnology must utilize compo-
nents or systems with microscale fluid flow, and heat and
mass transfer. Many reported experiments [1–9] indicate
that remarkable differences and conflicts exist in the micro-
channel flow and heat transfer characteristics compared
with those in conventional size channels. For example,
Choi et al. [5] found that the Poiseuille number, fRe (prod-
uct of the friction factor f and Reynolds number Re), for
laminar nitrogen gas flow in microtubes having diameters
smaller than 10 lm was about 53, that is lower than the
conventional value of 64. But Wu and Little [1,2] reported
that the Poiseuille number for very rough microchannel
flow was much higher than 64. There may be several main
factors responsible for the inconsistency:
0017-9310/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.ijheatmasstransfer.2005.10.011

* Corresponding author. Tel.: +1 352 392 9607; fax: +1 352 392 1071.
E-mail address: jnchung@ufl.edu (J.N. Chung).
(1) Compressibility effect. The compressibility is signifi-
cant when the Mach number approaches unity. In a
microchannel, the high Mach number and large pres-
sure drop can be reached even at low Reynolds num-
bers. As a result, the variation of gas density and
acceleration can occur along the channel, which will
lead to an increase in friction factor [10]. Guo et al.
[11,12] demonstrated that for a gas flow through a
microchannel, the local friction factor was not a con-
stant but increased with increasing local Mach num-
ber if the inlet Mach number was sufficiently high
(Ma > 0.2). In addition, the local Nusselt number
increased along the channel due to the compressibil-
ity effect.

(2) Rarefaction effect. If the Knudsen number (Kn = k/H,
ratio between the gas mean free path and the length
scale) is in the range from 0.001 to 0.1, the flow can-
not be considered as a continuum flow. Velocity slip
and temperature jump occur at the wall surface
[13]. Such rarefaction effect leads to a reduction in
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Nomenclature

cp specific heat (J/kg K)
Dh hydraulic diameter (m)
e relative roughness height (%)
f friction factor
H channel height (m)
K thermal conductivity (W/m2 K)
L channel length (m)
~n unit inward normal vector from channel walls
P static pressure (Pa)
r roughness height (m)
R gas constant (J/kg K)
s roughness spacing (m)
T temperature (K)
u stream velocity (m/s)
v normal velocity (m/s)
w roughness width (m)
C Poiseuille number
Kn Knudsen number
Ma Mach number
Nu Nusselt number
Pe Peclet number

Pr Prandtl number
Re Reynolds number
U, V dimensionless velocity
X, Y dimensionless coordinate variables

Greek symbols

a thermal diffusion coefficient (m2/s)
l viscosity (m2/s)
h dimensionless temperature
q density (kg/m3)
rT energy accommodation
rv momentum accommodation
n ratio of channel height to channel length

Subscripts

i inlet
0 stagnation
w wall

Superscript

* dimensionless variable

1330 Y. Ji et al. / International Journal of Heat and Mass Transfer 49 (2006) 1329–1339
the friction factor and heat transfer coefficient with
increasing Kn number. For air under the standard
atmospheric condition, the rarefaction effect becomes
important if the hydraulic diameter of a microchan-
nel is less than 67 lm.

(3) Surface roughness. At the microscale level, it is impos-
sible to obtain a completely smooth wall surface.
According to the traditional knowledge for macrosys-
tems, when the relative roughness is less than 5%, its
effect on the friction factor is negligible. But for
microscale channels, previously reported experimen-
tal and computational results have drawn a conclu-
sion that surface roughness has a significant
influence on flow and heat transfer [1,2,14–19]. For
example, the experiment by Kandlikar et al. [14] indi-
cated that for a 0.62 mm tube with relative roughness
of 0.355%, the effect of roughness on the friction fac-
tor and heat transfer was significant. Mala and Li [8]
observed that for rough channels with diameters
ranging from 50 to 254 lm (relative roughness height
0.7–3.5%), the pressure gradient was higher than that
predicted by the classical theory and the friction fac-
tor increased when the Re number was increased. In
addition, an early transition from laminar to turbu-
lent flow occurred at the Reynolds number less than
2300. They concluded that these phenomena can be
well explained due to the surface roughness effects.

However, for a rarefied gas flowing in a microchannel,
the roughness effect is more complex and difficult to mea-
sure [9,19–26]. Experimental investigation by Sugiyama
[19,20] demonstrated that the conductance of an unsteady
rarified flow between two flat, rough plates decreased sig-
nificantly with decrease in Kn when Kn > 1. It reached
the minimum value around Kn = 0.5, and with further
decrease in Kn, the conductance increased rapidly. Their
calculation also showed that a pronounced effect of the
wave angle on the flow conductance, when Kn = 1 and
Kn = 0.1. They did not investigate the roughness effect on
rarefied flow in the slip regime (0.001 < Kn < 0.1). Similar
qualitative results also were obtained by Davis et al. [21].
Recently, Turner et al. [7] experimentally studied the
roughness effect on the rarefied flow. Their experiments
indicated that when the range of relative surface roughness
was 0.1% < e < 6%, there was no clear effect on the friction
factor for laminar flows. They pointed out that this result
might come from a higher inherent uncertainty of experi-
ment (uncertainty is estimated at 4.7–10.2%). Therefore,
it is an experimental problem to exactly estimate to what
extent the surface roughness influences the rarefied flow
characteristics. In addition, it is difficult to experimentally
evaluate the effect of roughness on heat transfer due to
small-scale dimensions.

In modeling of roughness effect on rarefied flows, Usami
et al. [22] studied rarefied gas flow through a 2D channel
using a DSMC method by varying the surface roughness
distribution and the Kn number. The reduction of flow con-
ductivity caused by surface roughness was obtained in the
transition regime. Sun�s study [23] by using a DSMC
method found that the roughness element size had a signif-
icant effect on the friction factor of rarefied flows when
0.01 < Kn < 0.1. Karniadakis et al. [24] applied a more
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accurate gas flow model and found that the roughness
effect becomes more significant on rarefied flows when
the Kn number was increased. However, to our knowledge,
no previous investigations have been reported to study the
effect of surface roughness on heat transfer in a rarefied
flow. In the present study, a flow and heat transfer model
is developed to investigate the roughness effect on rarefied
gas flow in microchannels. We will address three following
issues: (1) For the gas in slip region (0.001 < Kn < 0.1) as
the Knudsen number increases, whether or not the rough-
ness effect becomes weaker and critically depends on the
shape and size of the roughness? (2) For compressible
gas, whether or not the roughness effect becomes more sig-
nificant? (3) To what extent does the effect of different
rough elements on the heat transfer?
2. Model development

2.1. Problem statement

We consider a pressure-driven gas flow between two
long parallel flat plates. Fig. 1 shows a schematic of the
2D flow through a channel with length L and height H.
Elemental microslabs with a rectangular cross section of
height r and width w are attached to the inner surfaces of
the plates and perpendicular to the flow direction to simu-
late the wall roughness. These elements are uniformly and
symmetrically distributed on the top and bottom surfaces
to represent local obstructions similar to those in the study
of Hu et al. [16]. Although, this geometry is not exactly the
same as the actual rough surface, it is considered as a close
approximation to investigate the roughness effect on the
flow field and pressure distribution. The distance between
the two plates is designated as H, which is also the charac-
teristic length of the flow system. The inlet pressure, density
and temperature of the gas flow are Pi, qi, Ti, respectively.
The channel surfaces are isothermal and set at Tw which is
different from Ti. For the rough elements, the center-to-
center spacing between adjacent elements is s. A parameter
called ‘‘relative roughness height’’ is defined as e = r/H. In
most microfluidic systems, the relative roughness heights
are estimated at 0.1–6%. We adopt this roughness height
range for the study.
Fig. 1. Schematic and coordinate system of a gas flow through a 2D micro
elements is not the actual number.)
Furthermore, other assumptions and limitations inher-
ent to the current model must be pointed out: (1) The flow
is limited in the Reynolds number regime of 0.001 <
Re < 100 which is expected in most microfluidic systems.
(2) In general, the microchannel characteristic lengths are
in the range of 1–100 lm. From the above discussion, we
know that the rarefaction effect cannot be neglected. In
addition, for the pressure driven gas flow, when the channel
length is much larger than the channel height (i.e., L � H),
even in the low Reynolds number range, the Mach number
can reach a higher value due to small hydraulic diameter
and higher pressure drop. The compressibility effect
becomes more significant. In the current study, these two
effects have been taken into account among different cases.

2.2. Governing equations

As we know, the Navier–Stokes equation is the first
order approximation to the Chapman–Enskog solution
and can be extended to the slip flow region with the Max-
well�s slip boundary condition. A steady laminar flow of
compressible fluid with constant thermophysical properties
is considered. For the compressible flow, the continuity
equation, momentum equations, energy equation and the
gas state equation are
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channel with simulated wall roughness elements. (The number of rough
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P ¼ qRT ð5Þ
where T, q, P, u and v and are the gas temperature, density,
pressure, streamwise velocity, and normal velocity, respec-
tively. cp, l and K are the specific heat, viscosity and ther-
mal conductivity of the gas, which are taken as constant.
The above equations are non-dimensionalized with respect
to the channel height H, inlet mean velocity �ui, inlet tem-
perature Ti, inlet mean density �qi and inlet pressure Pi.
The dimensionless temperature h, inlet Rei number, inlet
Mai, inlet Pei number, inlet Kni and other variables are de-
fined as

h ¼ T � T w

T i � T w

; Rei ¼
�qi�uiH
l

; Mai ¼
�uiffiffiffiffiffiffiffiffiffiffi
cRT i

p

Pei ¼
�uiH
ai

; Kni ¼
ffiffiffiffiffi
pc
2

r
Mai
Rei

; n ¼ H
L
; X ¼ x

L

Y ¼ y
H
; q� ¼ q

qi

; P � ¼ P
P i

; U ¼ u
�ui

V ¼ v
�ui
; c�p ¼

cp
cpi

; K� ¼ K
K i

Therefore, Eqs. (1)–(4) are non-dimensionalized as
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2.3. Boundary conditions

The gas flow is driven by a given pressure difference
between the inlet and the outlet of the entire channel length
L. The wall temperature is set at a constant temperature
Tw, which is higher than the gas flow inlet total tempera-
ture T0. The entire microchannel of length L is taken as
the computational domain to investigate the effect of
roughness on the flow field and heat transfer. To reduce
the computation work, only one half of channel is consid-
ered due to the symmetrical conditions that are applied at
Y = 0.5. So the boundary conditions for this rough channel
model are

X ¼ 0 : P � ¼ 1; V ¼ 0; h ¼ 1 ð10Þ
X ¼ 1 : P � ¼ P out=P i ð11Þ

On the rough wall:
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V jw ¼ 0 ð14Þ

Here, the second order slip conditions suggested by Beskok
and Karniadakis [27] are adopted. Ujw and Vjw are velocity
components which are parallel and normal to wall.~n is the
unit inward normal vector from channel walls. rT is energy
accommodation coefficient and rv is momentum accommo-
dation coefficient. Both rT and rv vary from 0 to 1.0
depending on the surface roughness, temperature and
working medium [28,29]. Here, the two values are set at
0.9 and 0.9, respectively. The inlet stagnation pressure P0,
inlet stagnation temperature T0 and exit static pressure Pout

are given. In fact, the inlet pressure and inlet temperature
are determined by the following expressions under isentro-
pic conditions:
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Based on the above boundary conditions, both the flow
and heat transfer start to develop from the entrance. In
fact, the pressure drop is not linear and therefore the flow
cannot reach a fully developed state due to compressible
and rarefaction effects in a rough microchannel.

2.4. Additional equations

A parametric study was designed and conducted to
investigate the effects of roughness on the gas flow charac-
teristics. The hydraulic diameter Dh, friction factor f, local
Re number, Poiseuille number C and average Nusselt num-
ber, Nu, are defined as the following:

Dh ¼
4A
l

¼ 2H ð17Þ

fRe ¼ �2ðdP=dxÞ � D2
h

l�u
ð18Þ

k ¼
ðfReÞrough
ðfReÞsmooth

ð19Þ
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Re ¼ �qi�uiDh

l
ð20Þ

C ¼ f � Re ð21Þ

Nu ¼ Q00
totalDh

DT � k ð22Þ

where Q00
total is the total heat flux, and DT is the average

logarithmic temperature difference.

3. System parameters and numerical solution details

Our simulation is based on six cases as shown in Table 1.
As stated above, unlike the liquid flows, the rarefaction and
compressibility effects play important roles in gaseous flows
and lead to different flow characteristics and heat transfer
behavior. These effects are closely related to the microchan-
nel dimensions, inlet Mach number, and the roughness ele-
ments, etc. We divided the six basic cases into two groups,
group RE and group CE. For the two cases in group RE,
the rarefaction effect is dominant due to a small inlet Mach

number. On the other hand, for the four cases in group CE,
the compressibility effect is dominant due to high Mach
numbers. Nitrogen is chosen as the working gas. The inlet
flow total temperature is 300 K. The wall temperature is set
at 350 K.

The governing equations with appropriate boundary
conditions are solved by employing the SIMPLEC algo-
rithm, a finite volume method [30]. The entire microchannel
length is taken as the computational domain to investigate
the effect of roughness on the flow field and heat transfer.
The grids are refined near the wall region to obtain highly
accurate numerical solutions around the roughness ele-
ments. The roughness elements have been integrated with
the flow region as a part of the computational domain.
The interior of roughness elements is considered as a ‘‘vir-
tual flow region’’, a gas with an extremely high viscosity.
While, on the surface of the rough elements, the slip bound-
ary conditions are implemented. To evaluate the grid size
effect on the accuracy of numerical solutions, grid-indepen-
dence tests were performed as the grid size was refined until
acceptable differences between the last two grid sizes were
found. For example, we have used the following five grid
sizes: 32 · 16, 64 · 16, 64 · 32, 96 · 32 and 128 · 40 for
Case 1 with e = 0.75%. The maximal difference in fRe

between 96 · 32 and 128 · 40 grid is 1.73%. By balancing
Table 1
Base cases for simulation

Group Case Kni Mai
a/Ma0 L H

RE 1 0.033 �0.006/�0.0066 5 2
RE 2 0.0083 �0.0055/�0.006 5 2
CE 3 0.014 �0.0234/�0.0289 100 4
CE 4 0.0103 �0.094/�0.159 100 4
CE 5 0.008 �0.152/�0.319 100 4
CE 6 0.0044 �0.202/�0.527 100 4

a The inlet Ma numbers are values for smooth channels. For different relati
b N denotes number of roughness element.
between the computation time and accuracy, the grid size
96 · 32 was selected.

4. Results and discussion

In this section, the effects of wall roughness are investi-
gated for rarefied gaseous flows (group RE: Cases 1 and 2)
and compressible gaseous flows (group CE: Cases 3–6)
according to the classification shown in Table 1.

4.1. Flow field

The flow streamline patterns inside the rough microchan-
nel for Case 1 are shown in Fig. 2. It is noticed that the pres-
ence of roughness elements obviously perturbs the local
flows near the channel wall. For the roughness element with
a larger spacing s = 50%H, there is almost no recirculation
region between each two elements (Fig. 2(a) and (b)). As
the spacing between elements decreases, the recirculation
region occurs and grows for larger element heights
(Fig. 2(c) and (d)). Further calculations demonstrate that
the sizes of recirculation regions for Cases 3–6 are relatively
small due to the larger element spacing. Therefore, the for-
mation of recirculation is closely related to the shape of
rough elements. Fig. 3 shows the pressure contour and near
wall velocity distribution for Case 1. FromFig. 3(b), it can be
seen that the slip velocity on the bare wall surface is sharply
smaller than that on the surface of a rough element. In addi-
tion, it is found that under an equal pressure driving poten-
tial, the mass flow rates will be 24.24%, 16.9% and 10.67%
less than that of a smooth channel for Case 1 with roughness
levels of e = 6.0%, e = 2.98% and e = 0.75%, respectively,
because of the obstruction effect. The gas is compressed in
the narrower space and expanded in the wider space, which
results in the velocity filed experiencing a periodical expan-
sion–compression cycle. Fig. 3(a) shows that the pressure
has sharp drop near entrance (0 < x < 2.55 · 10�7 m). Along
the surface of roughness element, the pressure gradient is not
monotonically negative (dP/dx < 0) like a smooth channel,
but has a significant local vibration (dP/dx < 0 or dP/
dx > 0). As a result, this pressure vibration leads to the gen-
eration of recirculation zones. As we have expected, the
above results indicate that wall roughness exerts a remark-
able surface friction effect on the gas flow field. Such an effect
will further influence the heat transfer characteristics.
e (%H) s (%H) w (%s) Nb

0, 0.75, 1.49, 2.98, 6.0 50, 25, 10 67 5, 10 , 25
0, 0.75, 1.49, 2.98, 6.0 50 67 5
0, 0.75, 2.98, 6.0 200 67 12
0, 0.75, 2.98, 6.0 200 67 12
0, 0.75, 2.98, 6.0 200 67 12
0, 0.75, 2.98, 6.0 200 67 12

ve roughness height in each case, the values are different.
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4.2. Pressure drop and Poiseuille number

4.2.1. Rarefaction effect
In this section, we focus on the effects of roughness in

conjunction with rarefaction condition on the gas flow.
Cases 1 and 2 are designed to address these two effects
together. Fig. 4(a) shows the local friction factor for the
smooth channels with different inlet Kn numbers. It is clear
that fRe is significantly lower for the flow with a higher Kn
than that with a lower Kn number. However, near the
entrance, the values of fRe decrease sharply for both cases.
Then, the downstream values of fRe decrease slightly along
the flow direction. This small change in the Poiseuille num-
ber along the channel results from an insignificant increase
of the Kn number. Beskok and Karniadakis [27] recom-
mended a simple equation fRe = 96/(1 + 6Kn) to evaluate
the Poiseuille number for the rarefied flow with a first order
boundary condition and an accommodation coefficient of
unity. Comparing results from Beskok and Karniadakis
[27] with our results indicates a similar trend except near
the entrance region, where our results show an entrance
effect. In general, our results are slightly lower. This comes
mainly from the lower momentum and energy accommoda-
tion coefficients. The lower Poiseuille number is expected,
since the slip condition implies less shear stress against the
wall and a higher Kn means larger slip. Therefore, the flow
near the entrance is sensitive to the geometry and fRe results
in high values, while downstream from the entrance, the fRe
shows smaller decreases.

The average fRe for a rough channel is plotted against
the relative roughness height in Fig. 4(b). The average
fRe is evaluated based on the non-entrance region. For
the flow with a higher inlet Kn number (Case 1), the aver-
age fRe increase by 11.4%, 14.6%, 18.5%, and 25.8% com-
pared with a smooth channel for relative roughness
element heights of 0.75%, 1.49%, 2.98% and 6%, respec-
tively. There is a similar tendency as Kn number decreases.
However, the surface roughness has a more significant
effect on a lower Kn flow. For larger relative roughness
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heights (e P 2.98%), the increase in fRe under a lower Kn
number is more significant than that under a higher Kn

number. This is because that for lower Kn number flows,
the collisions between rough walls and gas molecules are
more often than those for the higher Kn number gas flow.
For the gas with a lower Kn number, the stagnation region
between roughness elements causes a greater pressure drop
and a higher increase in fRe. Similar results can also be
found in the study of Sun [23]. Their calculations indicated
that when the Kn number increased from 0.02 to 0.08, fRe
significantly decreased.

4.2.2. Roughness shape effect

As stated above, the roughness elements are an idealized
simulation of the actual wall roughness. It is necessary to
investigate how the detail dimensions of such geometry
influence the rarefied flow characteristics. Fig. 5 shows
the effect of different spacing between the roughness ele-
ments on the average fRe for three different relative rough-
ness heights in Case 1. It is found that the more elements
per unit area, the more increase in the average fRe. When
the element spacing decreases from 0.5H to 0.1H, the fRe

increases substantially. This is basically due to the increase
in the rough element density causing more flow expansion
and compression between the roughness elements. Conse-
quently, the pressure drop per unit length increases
between the elements and the average fRe also increases.
In addition, the increase in fRe is more pronounced with
higher relative roughness heights. However, the roughness
spacing, s, is only one of the geometric parameters that
affect the flow field, other factors such as the shape of ele-
ment, width and irregularity also have important impacts
on the flow field. Croce and Agaro [18] pointed out that
the friction factor is very sensitive to the detail structure
of the roughness shape. It should be careful to compare
the numerical results with the experimental data because
there are many higher magnitude uncertainties in experi-
ments at such a small scale level.

4.2.3. Compressibility effect

In this section, we will examine the effect of wall rough-
ness together with the gas compressibility. Cases 3–6 were
designed to highlight the compressibility importance.
Fig. 6(a) demonstrates that the dependence of the local
fRe on the local Ma number for the compressible flow.
The Reynolds number stays constant along the channel
but the Mach number increases due to the acceleration of
the gas flow. After the entrance region, local fRe increases
along the smooth channel for a compressible flow. For
example, when the Mach number increases from inlet at
0.202 to outlet at 0.527, fRe at outlet reaches to 138. Asako
et al. [10] suggested a local fRe correlation for a developing
compressible flow: fRe = 96 � 4.55Ma + 274.8 ·Ma2. For
Case 6, our results of local fRe is lower than that obtained
from this expression. This is because the rarefaction effect,
that is included in the current model but not in Asako et al.
[10]. The rarefaction alleviates the friction effect of the wall
on the gas flow.

In addition, the increase in average fRe for rough chan-
nels depends on the inlet Ma number as shown in Fig. 6(b).
For the incompressible flow, the Poiseuille number stays
constant with a very large Reynolds number for a given rel-
ative roughness height [18]. However, for a compressible
flow, the average fRe shows significant increases. The
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increase in the average fRe is most significant in a rough
channel with a larger Ma number and the highest rough-
ness element. This is because the Mach number represents
the magnitude of compressibility of a gas flow. The higher
the Mach number is, the more the velocity profile deviates
from the parabolic shape and the larger the Poiseuille num-
ber becomes. Therefore, the compressible gas is still sensi-
tive to the rough surface. However, the experimental
result by Turner et al. [7] demonstrated that when the range
of relative surface roughness was 0.1% < e < 6%, there was
no clear effect on the friction factor for rarefied and com-
pressible flows. The increase in fRe appeared to be quite
small and is within 2–6%. They pointed out that this result
might come from no statistical difference between smooth
and rough channels and a higher inherent uncertainty of
experiment. The present model is based on a 2D and ideal-
ized rough elements, so the effect of roughness on flow
could be slightly overestimated.

4.3. Heat transfer

In this section, the effect of wall roughness on the heat
transfer is investigated. To provide a basis for comparison,
the local flow bulk temperatures and heat fluxes from the
wall of smooth channels for Cases 3–6 are plotted in
Fig. 7(a) and (b). For the flow at a low inlet Mach number
(Case 3), the bulk temperature rises very quickly and then
asymptotically approaches the wall temperature of 350 K.
Accordingly, the heat flux sharply decreases from a large
value at the inlet to a diminishingly small quantity in a rel-
atively short distance. For the gas flow with a higher inlet
Mach number, the bulk temperature falls near the exit
because much thermal energy converses into the kinetic
energy. Accordingly, the local heat fluxes at the wall do
not decrease monotonously along the channel, but increase
near the outlet.

The effect of wall roughness on the heat transfer for a
rarefied flow is shown in Fig. 8(a) and (b). For the gas flow
with a larger inlet Kn number, the rarefaction effect is
stronger and the local heat flux is much lower than that
with a smaller Kn number in the region close to the
entrance as shown in Fig. 8(a). The gas temperature on
the wall is lower. This mainly results from the fact that
the thermal transport by collision between the gas mole-
cules and the wall is less often and hence less energy is
transferred to the gas flow. As seen from Fig. 8(b), an
increase of the relative roughness height leads to a pro-
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nounced decrease of the local heat flux on the bare wall
surface portion. The reduction in bulk velocity and
increase in the height of recirculation region make the flow
field well mixed locally and thus cause the temperature gra-
dient near the wall to decrease. Therefore, the heat transfer
rate at this region is lower, especially at the region near the
element corner. However, on the surfaces of the roughness
elements, the local heat transfer rate is higher due to a
higher velocity. With an increase of the inlet Mach number,
the compressibility effect becomes more prevalent and the
rarefaction effect is relatively weaker. Local heat flux on
the wall increases as the inlet Mach number is increased
for a given relative roughness height as shown in
Fig. 8(c). For the gas flow with a weak compressibility
(Case 3), there is almost no difference in the local heat flux
between at the ‘‘valley’’ and at the ‘‘peak’’ of roughness ele-
ments. While for the gas flow with a high compressibility
(Case 6), this difference becomes significant. By comparing
Fig. 8(d) with Fig. 8(b), it can be seen that the reduction in
the local heat flux on the bare wall surface portion for a
high compressible flow is much more pronounced than a
rarefied flow.

Fig. 9 shows that the effect of wall roughness on the
average Nu number. The average Nu numbers decrease
for rarefied flows in rough channels. Especially, for the rar-
efied flow with higher Kn numbers, the reduction in Nu

number with an increase of the roughness height is much
more significant, which means that the efficiency of heat
transfer decreases. However, for a highly compressible flow
(Cases 5 and 6), the average Nu numbers do not decrease
much or increase slightly with the increase in the roughness
height. For Case 3, the rarefaction effect is strong and the
compressibility is weaker, the average Nu number still
is lowered. Therefore, the presence of wall roughness
improves the heat transfer for a highly compressible flow.
It should be pointed out that the variation of an average
Nu number is less sensitive to the roughness height as com-
pared to the average fRe for a compressible flow. For
example, the variation of the Poiseuille number in Case 5
with e = 6.0% can be as high as 14.12% over the smooth
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channel, while the average Nu number variation is only
about 3% lower than the smooth channel.

5. Summary and conclusion

The effects of wall roughness on the rarefied and
compressible gas flows were evaluated and the following
conclusions were reached:

(1) The rough elements restrict the upstream gas flow
and cause more pressure drop and increases in the

Poiseuille number due to the obstruction effect and
formation of recirculation regions. The effect of sur-
face roughness is less pronounced for the rarefied gas.

(2) Rarefied flow is sensitive to the shape of roughness
elements. The average Poiseuille number increases
not only as the roughness height is increased but also
as the spacing distance between the roughness ele-
ments is decreased. However, this effect is much
stronger on the gas flow with a lower Kn. Compress-
ible gas flow is still sensitive to the height of the
roughness elements.

(3) An increase of the relative roughness height leads to a
pronounced decrease in the local heat flux for both
rarefied and compressible flows. For rarefied flows,
the roughness elements do not improve the average
Nu number, i.e., the efficiency of heat transfer. When
the inlet Kn number is larger, the local heat flux and
average Nu number are greatly lower than those with
a smaller Kn number. However, for a highly com-
pressible flow, the average Nu number does not
change much or increases slightly. The existence of
wall roughness enhances the heat transfer. The influ-
ence of wall roughness on the average heat transfer is
smaller than that on the Poiseuille number.

Although this theoretical model is proposed based on a
simplified 2D uniformly distributed roughness element
geometry, which is not the same as the actual rough surface
in experiments and it could overestimate the roughness
effect, but it provides some insights and qualitative assess-
ment on the effects of wall roughness on the gas flow. The
above results indicate that the wall roughness potentially
causes more impacts on the flow in the case of microchan-
nels than in conventional channels. However, we should be
very careful in explaining the discrepancies between exper-
imental data obtained from microscale and macroscale
channels because the surface effect is always coupled with
other competing effects, such as compressibility and rare-
faction effects.
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