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This research aims at numerical study of the effect of aligned and offset roughness patterns on the fluid
flow and heat transfer phenomenon within rectangular cross section microchannels containing struc-
tured sinusoidal roughness. To do this, the pressure losses, heat transfer coefficients as well as thermal
performance indexes in aligned pattern are compared with corresponding offset pattern at different
roughness pitches, heights and microchannel heights. In this work, the upper and lower microchannel
walls involve sinusoidal roughness and other walls are assumed to be smooth. Air and water are also
chosen as the working fluids. To validate the current numerical model, comparisons are also made with
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Ali{g, ned previous experimental, theoretical and numerical results and reasonable agreements are observed. Re-
Offset sults show that for the air, the effect of change in the channel parameters on the heat transfer coefficient
Microchannel is of little significance compared to the water and the two roughness arrangements represent a same

behavior. It is found that, at high roughness height or low channel height, the offset arrangement pro-
vides lower pressure loss for the considered fluids and also lower heat transfer rate for water than the
aligned pattern. It is shown that for both fluids, as the roughness pitch increases, the offset pattern
provides lower pressure loss than the aligned pattern. Numerical results indicate that for water, the
increase in roughness pitch leads to negligible variation in the heat transfer rate in aligned configuration
while different behavior is observed in offset pattern. Results exhibit that both air and water represent a
same thermal performance index and the offset effect could increase the thermal performance of
microchannel with the increase in roughness pitch ratio. It is also revealed that, in both roughness
patterns, the decrease in constricted relative roughness leads to the increase in the thermal performance
index and high thermal performance is achieved at low roughness height.

© 2014 Elsevier Masson SAS. All rights reserved.
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1. Introduction

The development of technology in micro scale is of particular
interest to the researchers due its wide range of application in
micro devices. Examples of these devices include the micro-
electro-mechanical systems (MEMS), micro heat exchangers,
biomedical devices, etc. In this context, the design and fabrication
of microchannels, which can be viewed as a heat removal element
in such devices, received more attention by researchers due to
ongoing progress in the aforementioned devices. The high range of
application for the microchannels in different industries motivates
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the researchers to analyze the heat transfer rate phenomena within
these devices at different conditions. Examples of these include the
investigation of different environmental conditions effects such as
gravity [1] or magnetic field [2] or different working fluids such as
non-Newtonian fluids [3] on the heat transfer rate. The most sig-
nificant characteristic associated to the microchannels is their high
surface area to volume ratio that thereby causes the adequacy of
these devices in transferring the heat with rather a low flow rate.

Generally, owing to machining process during fabrication, the
flow passages involve random roughnesses. Colebrook [4], Nikur-
adse [5], and Moody [6] were pioneers in clarifying of random
roughness effect on the pressure drop for flow through channels
having relative roughness lower than e/Dp, = 0.05. However, in
microchannels, due to low hydraulic diameter, the relative rough-
ness exceeds from this value and so special attention is required on
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the roughness effect on the fluid flow in micro scale. Kandlikar [7]
and Natrajan and Christensen [8] performed some experiments to
investigate the effect of roughness in micro scale channels. In their
work, the roughness effects on the friction factor and also in the
laminar, transitional and turbulent regimes are characterized. Some
researches were also conducted to analysis theoretically and
experimentally the roughness effects on the liquid and gaseous
fluid flow through micro passages [9,10]. In the random roughness
shape, some studies investigated the roughness effect on both fluid
flow and heat transfer rate. Shen et al. [ 11] examined the roughness
effects on the friction factor and Nusselt number experimentally.
Xiong and Chung [12] carried out a numerical approach to present a
new model for three-dimensional roughness effects on friction
factor and heat transfer in microtubes. Li et al. [13] also studied
numerically and experimentally the flow and heat transfer char-
acteristics of liquid laminar flow in rough microtubes and the
condition at which the axial conduction in the tube wall was
significant.

In analysis of fluid flow or heat transfer within microchannels,
some studies were carried out to model the random roughness. In
these works, the random roughness within micro passages was
modeled somehow by some geometrically known shapes. Exam-
ples of these include modeling of random roughness by rectangular
prism elements [ 14], triangular, rectangular, sinusoidal and random
triangular waves [15—17] or random shaped micro peaks [18]. In
modeling random roughness, Valdes et al. [19] examined the effect
of roughness on the laminar flow through narrow and short
annular channels by modeling an equivalent smooth channel. Chen
etal. [20] also characterized the topography of rough surfaces using
a fractal Cantor set structure to model the laminar heat transfer in
rough microchannels.

The structured roughnesses, as a significant tool to enhance the
heat transfer rate, were also the subject of some researches. The
advantages of this type of roughness over the random roughness
are their simplicity to create and also to model numerically. The
most significant features associated with this type of roughness, in
comparison with random roughness, are their predictability in
terms of amplitude and spatial parameters. In this type of rough-
ness, some researches were devoted to describe how the distribu-
tions of 2-D rectangular elements [21], parallelepipedic elements
[22] or three-dimensional conical peaks [23] on the smooth sur-
faces of a plane microchannel could affect the pressure loss and
Nusselt number. In these works, it was found that the impact of
roughness on pressure loss was higher than the Nusselt number. In
the context of structures roughness, the need to have as high as
possible performance for the microchannels motivates the re-
searchers to examine the effect of different roughness patterns
such as aligned and offset configurations on the fluid flow. For
instance, Rawool et al. [24] performed a three-dimensional nu-
merical simulation of flow through serpentine microchannels
composed of rectangular, triangular and trapezoidal roughness
shapes in aligned and offset patterns in the form of obstructions
along the channels walls. They found that the friction factor is more
for rectangular and triangular obstructions and the trapezoidal
geometry provided lower friction factor. Zhang et al. [25] also
conducted a numerical analysis to investigate the pressure loss and
heat transfer rate within microchannels consisted of surfaces with
semicircular, triangular and rectangular roughness elements in
aligned configuration. They found that the flow within micro-
channel involving semicircular and triangular roughness elements
led to higher recirculation zone that resulted in enhancement of
heat transfer and higher pressure drop. Some studies revealed the
importance of constricted flow parameters in analyzing of fluid
flow through microchannels. Brackbill and Kandlikar [26] and
Wagner and Kandlikar [27] studied the effect of saw-tooth

roughness elements in aligned pattern on the friction factor using
the constricted flow parameters and wall function methods. They
observed that the roughness led to early transition to turbulent
flow and friction factors in the laminar region are predicted with
reasonable accuracy using the hydraulic diameter based on the
constricted flow area. Kandlikar et al. [28] carried out an experi-
mental study to assess the effect of saw-tooth roughness in aligned
and offset patterns on the pressure drop. They found that, for these
roughness patterns, the use of constricted flow diameter extended
the applicability of friction factor equations in laminar flow for
constricted relative roughness values up to 14%. They also showed
that in turbulent regime, the aligned and offset roughness patterns
led to different results.

Recently, the structured sinusoidal roughness received more
attention by researchers. This is with regard to the fact that, in
comparison with other structured roughness shapes studied in the
literature, this roughness geometry provides lower pressure loss
and higher heat transfer rate due to better alignment of channel
geometry with the flow and also better mixing [29]. In this
roughness type, some works were carried out to characterize the
effect of roughness on friction factor and Nusslet number within
different microchannel geometries experimentally [30] and
numerically [29]. In these researches, the aligned roughness
configuration was concerned.

The main objective of this study is to provide a better under-
standing of the fluid flow and heat transfer rate for laminar liquid flow
through microchannels composed of structured sinusoidal roughness
in aligned and offset arrangements. For this purpose, considering the
air and water as the working fluids, the pressure losses, heat transfer
coefficients and also thermal performance indexes for fluid flow
through different microchannels in aligned pattern are compared
with those of corresponding offset arrangement. The results of this
research could benefit the design and also optimization of micro-
channels in transferring the heat in micro scale devices.

2. Problem description

In this research, in order to simulate the flow through the real
microchannels, three-dimensional channels were considered. The
cross section of microchannels considered in this work is rectan-
gular and upper and lower microchannel walls contained the si-
nusoidal structured roughness while the left and right side walls
are assumed to be smooth. Fig. 1 depicts the aligned and corre-
sponding offset pattern microchannels. In this figure, W and H
denote the microchannel width and height, respectively and L
represents the microchannel length. In Fig. 1, the black arrows also
represent the flow direction entering the channel.

Considering the coordinate system shown in Fig. 1, the micro-
channel lower wall geometries in both roughness configurations
would be obtained using the following:

_ 4 (T
yi(x) = e cos <Ax> (1)
where e and 1 represent roughness height and pitch, respectively.
In aligned and offset patterns, the upper wall geometries are ob-

tained using equations (2) and (3), respectively.

1
Yualigned(X) =H —e cos? (7X> (2)

. TC
YU,offset(x) —H—esin? (72() (3)

For more illustration, the microchannel lower and upper wall
shapes as well as the roughness height, pitch and microchannel
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Fig. 1. The aligned (left) and corresponding offset (right) patterns.

height in aligned and corresponding offset patterns are shown in
Fig. 2. This figure is provided for roughness height and pitch of
e =70 pum and A =250 um, respectively and microchannel height of
H=250pum. In this figure, H. also represents the constricted
microchannel height. As one could see, for aligned and corre-
sponding offset roughness configurations, the roughness height,
pitch, microchannel height and also the constricted microchannel
height values are the same.

As presented in Fig. 2, the constricted microchannel height
would be:

He=H - 2e (4)

In order to compare the fluid flow between the aligned and
offset configurations, the area-weighted average values of pressure
for the two roughness patterns at the two different microchannel
cross sections, spacing at the distance of Ax in the developed flow
region, are extracted from the converged solution of Fluent soft-
ware. Then, using the pressure difference at these cross sections
over the microchannel length increment (i.e. Ap/Ax), the pressure
losses correspond to the two different configurations are compared.

In order to compare the heat transfer rate between the aligned
and offset patterns, the local heat transfer coefficients of the two
roughness patterns at the thermally developed region are con-
cerned. In the present work, the microchannel upper and lower
walls are subjected to a constant heat flux while the other side
walls are assumed to be adiabatic. The heat transfer coefficient at
each longitudinal position, x, for both roughness configurations
could be calculated as the following:

q
where q represents the heat flux and T,, and Tf represent the
average heated walls and fluid temperatures, respectively, at the
concerned longitudinal position, x.

Dharaiya and Kandlikar [31] showed that for rectangular cross
section channels, the maximum wall temperatures were observed
at the channel corners. They also stated that, at each longitudinal
coordinate x, averaging the wall temperature based on the five-
nodes methods along the channel width had been a good approx-
imation for presenting the average wall temperature. Thus, at each
longitudinal coordinate x, defining the microchannel upper or
lower wall temperatures at five equally spaced points along the

w] @) M
B
3 200
S’
> 100 H

0 L A A

0 100 200 300 400 500 600 700
x (um)

channel width as Ty, Ty, T3, T4 and Ts, the average upper or lower
wall temperature at each longitudinal position x for both patterns
would be obtained as the following:

ITi+ T+ T3+ Ty +3Ts

T= 7] (6)

where Ty and Ts represent the wall temperatures at corners.

Having calculated the average upper or lower wall temperature
at each longitudinal position x, the temperature variations for each
channel wall along the channel length for the two roughness ar-
rangements could be obtained. Finally, at each longitudinal coor-
dinate x, the wall mean temperature could be wused as
representative for the average heated walls temperature (i.e. Ty)
and is used in equation (5) for calculation of heat transfer
coefficient.

For more illustration regarding the channel walls temperature
variations along the channel length, the average upper and lower
wall temperatures as well as wall mean temperature verses
channel length for water in the thermally developed region for
aligned and corresponding offset patterns that are obtained from
current work are plotted in Fig. 3. In this figure, the roughness
height, pitch and channel height are e = 100, A = 250 and
H = 400 pm, respectively. In Fig. 3, the maximum and minimum
wall temperatures correspond to the base and tip of the rough-
ness elements, respectively.

The average fluid temperature is obtained from simple energy
balance applied along the microchannel length, i.e.

= l
T =11, 7)
mcp

In this equation, I and ¢, represent the heated wall length along
the microchannel length and specific heat, respectively, and T;
stands for the fluid temperature entering the microchannel. In
equation (7), the mass flow rate through channel is also denoted as
m.

For smooth channels, the channel area, wetted perimeter, hy-
draulic diameter and Reynolds number are defined as:

A=HW, P=2(H+W), Dh:% (8)
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Fig. 2. Microchannel lower and upper walls, a) aligned pattern, b) offset pattern.
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Defining the constricted microchannel height, as presented in
equation (4), the constricted area, wetted perimeter, hydraulic
diameter and Reynolds number for both aligned and offset patterns
could be written as:

4A
Ac=HW, Pc=2(Hc+W), D= pfc (10)
C
4m

The constricted parameters are generally used in characterizing
the fluid flows and heat transfer phenomenon within micro-
channels consisting of rough walls [29]. In microchannels, the
constricted friction factor and Nusselt number are defined based on
the smooth channel equations if the constricted flow parameters
are used [29]. The friction factor and Nusselt number for smooth
channels are as the following:

_hD,
Tk

_ 1 pAzDh Ap

2 -2 Ax

., Nu
me Ax

f (12)

So, having calculated the pressure loss and heat transfer coef-
ficient at the developed flow region in rough channels, the con-
stricted friction factor and Nusselt number for roughness
configurations could be written as:

1pA2Dpc Ap hDy,
fe=5—"5" =7 (13)
2 52 A k
In these equations, p, p, h and k represent the density, pressure,
heat transfer coefficient and fluid thermal conductivity,

respectively.

In the current work, for better understanding of fluid flow and
heat transfer in the two arrangements, different microchannels
with varying roughness height, pitch and microchannel height are
considered. Table 1 represents the different microchannels used in
the present research.

Referring to the numerical work presented by Dharaiya and
Kandlikar [29], one could realize that in the considered roughness
geometries and microchannel heights, the channel length of
L=12.5 mm would be appropriate to achieve a thermally devel-
oped region for water at the channel exit. Thus, due to lower
Prandtl number of air, one could conclude that this channel length
also results in a fully develop condition for air at the channel exit.
So, this length is chosen as the microchannel length. In this
research, in order to do the validation, the microchannel width is
also considered to be W=12.7 mm.

3. Numerical procedure

In this study, a three-dimensional analysis is performed and the
fluid flow and heat transfer within microchannel in aligned pattern
are compared with those of corresponding offset pattern using the
commercial software, Fluent. The considered working fluids are air
and water and enter the microchannel at the temperature of
T =300 K. Fluids properties are also assumed to be constant and are
evaluated at the fluids inlet temperature. Assuming continuum
approximation, the general form of continuity, momentum and
energy equations in macroscale can be used for numerical simu-
lations. In the considered microchannels, the velocity at the inlet
and pressure at the outlet are set as the channel boundary condi-
tions. The microchannel upper and lower walls are also subjected to
a constant heat flux while the side walls are assumed to be adia-
batic. Since the imposed heat flux does not affect the value of heat
transfer coefficient or Nusselt number in the thermally fully
developed region, the wall heat flux for air and water are chosen to
be the arbitrary values of ¢ = 190 W/m? and 19,000 W/m?,
respectively. Lin and Kandlikar [32] showed that in the case of
negligible microchannel wall thickness, the axial conduction
through the channel wall is of little significance. Thus, since no
channel wall thickness is considered in the current work, the
conduction effect through the walls is also ignored.

To analyze the fluid flow and heat transfer within the micro-
channels, the constricted Reynolds number for each microchannel
at both roughness patterns are assumed to be Re. = 100. Thus, the
fluid flow through channel would be laminar. Exploring literature
reveals that at this flow condition, the first order upwind scheme
for discretization of governing equations has adequate accuracy in
analysis of fluid flow and heat transfer within microchannels [29].
So, this scheme along with the SIMPLE algorithm for the veloc-
ity—pressure coupling is utilized to perform the numerical analysis.

Table 1

The roughness and microchannel geometries used for numerical analysis.
e (um) A (um) H (um)
Varying roughness height
10 250 250
30 250 250
50 250 250
70 250 250
100 250 250
Varying roughness pitch
100 150 250
100 250 250
100 350 250
Varying channel height
100 250 250
100 250 400
100 250 550
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Fig. 4. Nearfield pictures of grid at which each roughness involves 9 (left) and 17 (right) nodes.

Table 2

The grid independency study for the pressure loss (N/m?) and heat transfer coefficient (W/m? k) for air and water at different roughness patterns when roughness height, pitch

and channel height are e = 100 pm, A = 250 um and H = 250 pm, respectively.

Node number Air Water
Aligned Offset Aligned Offset
—Ap/Ax x 1074 hx 1074 —Ap/Ax x 10~ hx10~* —Ap/Ax x 1074 h x 104 —Ap/Ax x 1074 hx 104
9 68.4 0.20 353 0.15 163.6 4.71 84.0 3.61
11 65.3 0.14 33.6 0.12 162.1 3.25 82.5 2.93
13 64.6 0.12 327 0.09 161.7 2.82 81.8 2.05
15 64.5 0.11 32.7 0.08 161.6 255 81.6 1.97
17 64.5 0.11 32.7 0.08 161.6 2.56 81.6 1.98

The residuals are also considered as the convergence criterion and
iteration is stopped when these values reach to the value of less
than 1076,

4. Grid study and validation

In the present work, the microchannel geometries and corre-
sponding grids were generated using the commercial mesh
generator software, Gambit. The unstructured grid topology with
Tet/Hybrid T-grid scheme is used for numerical calculations. In
order to ensure the accurate computational results, a comprehen-
sive grid independency study is performed for validating and also
presenting the numerical results. To present the grid independent
results, for each microchannel, the initial grid at which each
roughness element contains 9 nodes is generated firstly for each
roughness pattern. Thereafter, by increasing the number of nodes
on each roughness to 11, 13, 15 and so on, the subsequent refined
grids are obtained. Then, exploring the calculated pressure loss and
heat transfer coefficient associated to these grid levels, the appro-
priate grid size for each microchannel at each roughness pattern
would be recognized. Examination of grids indicates that for the
considered working fluids, allocating of at most 17 nodes to each
roughness element leads to the grid with an adequate grid reso-
lution. Fig. 4 depicts the nearfield pictures of gird for offset
configuration at which each roughness element contains 9 and 17
nodes. In this figure, the roughness height, pitch and microchannel
height are e =50 um, 2 = 250 um and H = 250 um, respectively.

For more illustration regarding the grid independency study,
Table 2 also provides the pressure loss and heat transfer coefficient
for air and water at different roughness arrangements for the case
at which the roughness height, pitch and channel height are
e =100 pm, A = 250 um and H = 250 um, respectively. Results show
that this channel geometry corresponds to rather high flow vari-
ables gradients.

Inspecting the grids used for grid study in the all considered
microchannels shows that the minimum and maximum compu-
tational cells associated with the appropriate grid sizes would be
around 15 and 41 million, respectively.

To validate our current numerical models in prediction of
pressure loss and heat transfer coefficient, the friction factors and
Nusselt numbers obtained from present work for water are

compared with those of theoretical and previously numerical and
experimental works.

As presented by Kakac et al. [33], the theoretical friction factor
for smooth channel could be calculated via the following:

fins = % (1 —1.3553a + 1.94674% — 1.701243 + 0.95640*
~025374°)

where « denoted as channel aspect ratio and is defined as: (14)

o=y (15)

As mentioned earlier, Kandlikar et al. [28] showed that for
constricted relative roughness values of up to e/Dy.=0.14, the
theoretical formula presented in equation (14) could also be used
for the aligned and offset configurations channels (within about 5%)
if the flow parameters (i.e. the Reynolds number and channel
aspect ratio) are replaced with corresponding constricted param-
eters. Accordingly, substituting the constricted Reynolds number
and microchannel aspect ratio with the conventional ones, equa-
tion (14) is used for validation of current numerical model for
friction factor. Table 3 compares the constricted friction factors
obtained from current work and those of theoretical approach for
the two geometrically consistent microchannels in aligned and
corresponding offset patterns at constricted Reynolds number of
Re.=100. As one could see, there are reasonable agreements be-
tween the results.

In order to validate the current numerical model in prediction of
heat transfer coefficient, the Nusselt numbers obtained from the
present work for water and those of Dharaiya and Kandlikar [29]
and Lin and Kandlikar [30] are compared. In these works, the
flow regime was laminar and the channels had a sinusoidal

Table 3
Comparison of constricted friction factors obtained from current work for water and
those of theoretical approach for aligned and offset patterns.

H (Mm) A (“-m) e (“m) e/Dh,c o fth fnum,a]iged fnum,offset Max. error (%)
250 250 30 0.080 0.01496 0.235 0.222 0.226 5.5
550 250 100  0.146 0.02756 0.231 0.218 0.221 5.6




14

Table 4
Comparison of Nusselt numbers obtained from current work for water and those of
numerical and experimental approaches for aligned pattern.

H(um) A(um) e(um) Re Nu (present work)  Nu Error (%)
250 250 50 100 14.84 14.87* 0.2
450 250 96.3 350 18.63 20° 6.8

2 Numerical result of Dharaiya and Kandlikar [29].
b Experimental result of Lin and Kandlikar [30].

roughness in aligned pattern. In Ref. [29], a numerical calculation at
Reynolds number of Re = 100 was concerned while in Ref. [30], an
experimental approach was conducted at different Reynolds
numbers. Table 4 represents the channel geometries, flow condi-
tions and also Nusselt numbers obtained from current work and
those of numerical and experimental works. This table confirms
that the present numerical model has adequate accuracy in pre-
dicting of Nusselt number for flow within considered micro-
channels in laminar flow regime.

5. Numerical results and discussion

As mentioned earlier, comparison of fluid flow and heat transfer
within microchannel in the two arrangements is studied in the
thermally developed flow region. In order to ensure the adequacy
of considered channel length to have a thermally developed region,
the channel wall temperature associated to the roughness tip and
fluid temperature along the channel length for air and water are
presented in Figs. 5 and 6 for the aligned and corresponding offset
pattern. These figures are provided for the channel having
maximum hydraulic diameter (i.e. the channel with the height of
H = 550 pm). In these figures, the tip wall temperature is extracted
from the converged solution of software and average fluid tem-
perature is computed using equation (7). As presented in Ref. [34],
in the case of constant channel wall heat flux, the thermally fully

306

—— Wall tip temperature

305 ;
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developed condition is achieved when the average channel wall or
fluid temperature derivative respect to the channel length is con-
stant (i.e. dTy/dx = dT;/dx = qP/mcp). Exploring these figures
reveals that in the considered microchannels, the slope of varia-
tions of wall tip or fluid temperature along the channel length
reaches to a constant value as the fluid moves toward the channel
exit. This implies that the thermally fully developed condition is
met and the considered channel length (i.e. L=12.5mm) is
appropriate in order to have a thermally developed condition at the
channel exit. Thus, that the thermally developed condition also
occurs at the end of other channels having lower hydraulic diam-
eter. Since the Prandtl numbers of considered working fluids are in
the order of or higher than unity, the thermally fully developed
condition at the channel exit ensure us to have also a hydrody-
namically fully developed condition at the end of channel. Figs. 5
and 6 reveal that the thermal entrance length for air is lower
than that of water due to lower Prandtl number of air. These figures
also indicate that the offset effect has a little effect on the thermal
entrance region.

In order to assess the fluid flow and heat transfer within
microchannel in the aligned and offset configurations, the pressure
losses and heat transfer coefficients and corresponding constricted
friction factors and Nusselt numbers as well as thermal perfor-
mance indexes in aligned pattern are compared with those of
corresponding offset pattern in the developed flow region.

5.1. Effect of roughness patterns at varying roughness height

Fig. 7 represents the line plots of pressure loss and heat transfer
coefficient for air and water at different roughness heights. In these
figures, the roughness pitch and microchannel height are
A=250 pum and H = 250 um, respectively. This figure shows that in
the considered working fluids, the offset pattern provides lower
pressure loss compared to the aligned pattern and differences
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300 T
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Fig. 5. Wall tip and average fluid temperatures along the channel length for water at different patterns when roughness height, pitch and channel height of e = 100, A = 250 and

H =550 pm, respectively.
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Fig. 6. Wall tip and average fluid temperatures along the channel length for air at different patterns when roughness height, pitch and channel height of e =100, A = 250 and

H =550 um, respectively.
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Fig. 7. Pressure loss and heat transfer coefficient for air and water at different roughness heights at roughness pitch and microchannel height of 2=250 um and H =250 pm,

respectively.
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between the two configurations is of little significance at low
roughness heights. Fig. 7 shows that the effect of change in the
roughness height on the heat transfer coefficient of air is of little
significance compared to water and there is also a negligible dif-
ference between the two roughness patterns. This figure also rep-
resents that for water, the offset arrangement leads to lower heat
transfer coefficient and discrepancies between the two patterns at
high roughness height are of more significant than the low
roughness height.

As presented in Fig. 7, as the roughness height increases, the
pressure loss increases in both roughness configurations for the
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considered fluids. It could also be seen that at low values of
roughness height, the differences between aligned and offset pat-
terns in terms of the pressure loss are of little significance whereas
at high values of roughness height, the pressure loss in offset
pattern is lower than that of aligned pattern. To illustrate the flow
structure for the considered working fluids as the roughness height
increases, velocity vectors as well as streamlines within micro-
channels correspond to the water at different roughness heights are
depicted in Figs. 8—12. Exploring these figures reveals that, in both
roughness patterns, the increase in roughness height results in the
increase in the fluid velocity in the channel center and also the
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Fig. 9. Velocity vectors and streamlines within microchannel for water in aligned (left) and corresponding offset (right) patterns for roughness height of e = 30 pum when roughness

pitch and channel height are A = 250 um and H = 250 pm, respectively.
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Fig. 10. Velocity vectors and streamlines within microchannel for water in aligned (left) and corresponding offset (right) patterns for roughness height of e = 50 pum when
roughness pitch and channel height are A = 250 um and H = 250 um, respectively.
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Fig. 12. Velocity vectors and streamlines within microchannel for water in aligned (left) and corresponding offset (right) patterns for roughness height of e = 100 um when
roughness pitch and channel height are 2 = 250 pm and H = 250 um, respectively.
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recirculation bubble size. These effects, in turn, lead to higher
pressure loss within channels in the two roughness patterns.
Exploring these figures shows that, at low values of roughness
height, no recirculation bubbles are formed and there are also little
differences between fluid maximum velocities in the channel
center in the two roughness patterns. These figures exhibit that, as
the roughness height increases, the increase in the fluid maximum
velocities in the channel center in offset pattern is lower than those
of aligned configuration. Results also indicate that, with the in-
crease in roughness height, the formed recirculation bubbles size in
offset pattern is slightly lower than those of aligned pattern. Thus,
one could easily conclude that at low values of roughness height,
the pressure losses in both roughness configurations are nearly the
same while at high roughness height values, the offset pattern
provides lower pressure loss than of corresponding aligned
configuration.

As mentioned earlier, considering the air as the working fluid,
the change in the roughness height has a little effect on the heat
transfer coefficient of the two roughness configurations and the
two patterns also show a same behavior. However, different be-
haviors are observed for water. The following paragraphs in this
subsection focus on the effect of roughness height in the two
roughness configurations for water.

Fig. 7 shows that at low roughness height value, i.e. e = 10 um,
there are little discrepancies between heat transfer coefficients in
both patterns. Referring to Fig. 8, one could see that at this
roughness height, little differences exist between velocity magni-
tudes in the channel center in the two roughness arrangements.
Exploring Fig. 8 also shows that at this roughness height, no
recirculation zones are formed in the roughness bases of the two
roughness arrangements. Thus, the key parameter in characterizing
of heat transfer coefficients in both patterns would be velocity
magnitude in the channel center. Accordingly, the heat transfer
coefficient in the two roughness patterns is nearly the same.

Fig. 7 also indicates that at both roughness structures, as the
roughness height increases from e = 10 to e = 30 um, there would
be an increase in the heat transfer coefficient. Inspecting Figs. 8 and
9, one could see that in both patterns, the increase in roughness
height from e = 10 to e = 30 um causes the channel surface area and
also the maximum fluid velocity in the channel center to increase.
As presented in these figures, the recirculation zone sizes in the
roughness base at these roughness heights are of little importance
and thus, the key parameter in characterizing of heat transfer co-
efficients in both patterns would also be the channel surface area as
well as the fluid velocity magnitude in the channel center. Conse-
quently, in the two configurations, the increase in roughness height
from e = 10 to e = 30 um leads to increase in heat transfer coeffi-
cient whereas the offset pattern tends to provide lower heat
transfer rate than of corresponding aligned structure due to lower
velocity magnitude in the channel center.

Results show that at roughness height range of e = 30 to
e = 70 um, the heat transfer coefficient variations are of less sig-
nificance. Figs. 9 and 10 exhibit that, in both patterns, the increase
in roughness height from e = 30 to e = 50 um causes the recircu-
lation zone to be formed in the roughness bases. Figs. 9—11 show
that, at this roughness height range, the increase in roughness
height leads to increase in the channel surface area and also the
fluid velocity in the channel center and also causes the formed
recirculation bubbles (that are nearly equal in size in the two pat-
terns) to become bigger. Thus, in both roughness structures and at
this roughness height range, as the roughness height increases, the
favorable effect of increase in the channel surface area and also the
fluid velocity in the channel center is counteracted by undesirable
effect of increase in the recirculation bubble size. Thus, the heat
transfer coefficient variation with roughness height in this rough-
ness height is of less significance. Fig. 7 also indicates that at this
range of roughness height, the offset pattern tends to provide lower
heat transfer rate than the aligned pattern. This phenomenon could
also be interpreted based on the higher velocity magnitude occurs
in the channel center in the aligned pattern than the offset one.

Fig. 7 shows that the increase in the roughness height from
e = 70 to e = 100 um causes the heat transfer rate in the two
patterns to increase. Referring to Fig. 12, it implies that the channel
surface area and velocity of fluid in the channel center have more
contribution than the recirculation bubble size in determining of
heat transfer rate. Results also shows that the offset pattern pro-
vides lower heat transfer rate than the aligned pattern and differ-
ence between the two patterns is rather remarkable. Exploring
Fig. 12 shows that, although the recirculation bubble size in the
offset pattern is slightly lower than that of aligned pattern, how-
ever, the maximum velocity magnitude in the channel center is
about 0.6 times that of the aligned configuration. Thus, in this
roughness height range, the channel center velocity magnitude has
more contribution than the recirculation bubble size in deter-
mining the rate of heat transfer.

5.2. Effect of roughness patterns at varying roughness pitch

Fig. 13 represents the line plots of pressure loss and heat transfer
coefficient for both fluids at different roughness pitches. In these
figures, the roughness height and microchannel height are e = 100
and H = 250 pm, respectively. As presented in this figure, for the
two considered fluids, the offset pattern provides lower pressure
loss in comparison with aligned pattern. Results reveal that for air,
the change in roughness pitch has a negligible effect on the heat
transfer coefficient in comparison with water and a similar
behavior is observed for the two roughness arrangements. Fig. 13
also reveals that for water, the heat transfer coefficients in both
patterns are nearly the same at low roughness pitch whereas at
high roughness pitch, different behaviors are observed.
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Fig. 13. Pressure loss and heat transfer coefficient for air and water at different roughness pitches at roughness height and microchannel height of e = 100 and H = 250 pm,

respectively.
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Fig. 14. Velocity vectors and streamlines within microchannel for water in aligned (left) and corresponding offset (right) patterns for roughness pitch of A = 150 um when roughness

and channel height are e = 100 pm and H = 250 pm, respectively.

Fig. 13 shows that for air and water, an increase in roughness
pitch leads to a decrease in pressure loss in both patterns. It is
obvious that in both roughness patterns, an increase in roughness
pitch in a constant length channel actually leads to a decrease in the
number of constricted flow areas in the channel. Thus, an increase
in roughness pitch results in reducing the channel wall areas at
which the high shear stresses occur and leads to a decrease in
pressure loss in the two arrangements. For better understanding of
flow structure for the considered fluids as the roughness pitch
varies, one could refer to Figs. 12,14 and 15 that present the velocity
vectors as well as streamlines for water. These figures show that an
increase in roughness pitch in offset pattern causes the fluid ve-
locity in the channel center to decrease and be lower than that of
the aligned pattern. These figures also reveal that an increase in
roughness pitch in offset configuration leads the recirculation
bubble size to decrease. Consequently, the offset pattern results in a
lower pressure loss compared to the aligned pattern.

As presented in Fig. 13, at low roughness pitch value, there is a
little difference in heat transfer coefficient of water in aligned and
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offset patterns. Referring to Fig. 14, one could see at low roughness
pitch, there are little differences between the channel center ve-
locity magnitudes and the recirculation bubble sizes for both pat-
terns. Thus, the offset has nearly no effect on heat transfer
coefficient. Figs. 12, 14 and 15 show that for water, in aligned
pattern, the increase in roughness pitch causes a negligible change
in the channel center velocity magnitude and also the vertical
length of recirculation bubble. Thus, as the roughness pitch in-
creases, the change in heat transfer coefficient in aligned pattern is
of little significance. However, in offset pattern, the increase in
roughness pitch results in the decrease and increase in heat
transfer coefficient thereafter. Comparison of Figs. 14 and 12 shows
that in this roughness configuration, as the roughness pitch in-
creases from A = 150 to A = 250 um, there would be rather a little
decrease in the vertical size of recirculation bubble but rather a
significant decrease in the channel center velocity magnitude. This
effect, in turn, causes the heat transfer coefficient to decrease. In
this roughness arrangement, the increase in roughness pitch from
A =250 to A = 350 pm leads to a little variation in the channel
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Fig. 15. Velocity vectors and streamlines within microchannel for water in aligned (left) and corresponding offset (right) patterns for roughness pitch of 2 = 350 um when

roughness and channel height are e = 100 um and H = 250 pm, respectively.
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Fig. 16. Pressure loss and heat transfer coefficient for air and water at different channel heights at roughness height and pitch of e = 100 um and A = 250 pm, respectively.

center velocity but a remarkable reduction in recirculation bubble
size (see Figs. 12 and 15). This phenomenon results in the increase
in heat transfer coefficient.

5.3. Effect of roughness patterns at varying channel height

Fig. 16 represents the line plots of pressure loss and heat
transfer coefficient for the considered fluids at different channel
heights. This figure is provided for roughness height and pitch of
e = 100 and A = 250 um, respectively. This figure indicates that
for both fluids, the offset pattern provides lower pressure loss
than the aligned configuration. Results also show that for air, as
the channel height increases, although the trend of variation for
the heat transfer coefficient of air is the same as water, however,
less change is observed compared to water and the two rough-
ness patterns represent a same behavior. Fig. 16 shows in the case
of water, as the channel height increases, the offset pattern
provides lower heat transfer coefficient in comparison with the
aligned pattern and differences are significant at low channel
heights.

The physical reasoning regarding the effect of roughness
structures on the pressure loss and heat transfer coefficient at
varying channel height could also be presented based on flow
structure. To characterize the structure of flow for the considered
fluids as the channel height increases, the velocity vector and also
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streamline at different channel heights that are provided for water
are presented in Figs. 12, 17 and 18. These figures exhibit that in
both roughness structures as the channel height increases, the fluid
velocity in channel center decreases while the change in recircu-
lation bubble size is negligible. Accordingly, the pressure loss for
the two fluids and also the heat transfer coefficient of water de-
creases in both structures as the channel height increases. Fig. 16
exhibits that at low channel height (i.e. H = 250 pm), as dis-
cussed earlier, the offset effect provides lower pressure loss for the
considered fluids and also lower heat transfer coefficient for water
than the corresponding aligned pattern. This figure also indicates
that as the channel height increases, there would be little differ-
ences in terms of pressure loss for the two fluids and also the heat
transfer coefficient for water between the two patterns. As pre-
sented in Figs. 17 and 18, the increase in the channel height causes
the discrepancies between the fluid velocities in the channel center
in the two roughness arrangement to decrease. As stated earlier, as
the channel height increase, the formed recirculation bubbles are
nearly equal in size in the two patterns. Thus, the aligned and offset
patterns would have an equal performance in terms of the pressure
loss for air and water and also the heat transfer coefficient for water.

Figs. 7, 13 and 16 also demonstrate that at each roughness
configuration, as the roughness height, pitch and channel height
vary, water provides higher pressure loss and also heat transfer
coefficient than the air.
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Fig. 17. Velocity vectors and streamlines within microchannel for water in aligned (left) and corresponding offset (right) patterns for channel height of H = 400 um when roughness

height and pitch are e = 100 pm and 4 = 250 pm, respectively.
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Fig. 18. Velocity vectors and streamlines within microchannel for water in aligned (left) and corresponding offset (right) patterns for channel height of H = 550 pm when roughness

and channel height are e = 100 pm and 4 = 250 pm, respectively.
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Fig. 19. Contour of pressure distribution (pa) within the channel for water at the two roughness configurations.

In order to compare the fluid pressure and temperature distri-
butions within the microchannel at the two roughness patterns, the
contour of pressure and temperature distributions for water are
presented in Figs. 19 and 20. In these figures, the roughness height,
pitch and channel height are e = 70 um, A = 250 pm and
H = 250 um, respectively. Fig. 19 exhibits that the main difference
between the two arrangements is that the offset configuration
leads to a smoother variation of fluid pressure at the channel center
than the aligned pattern. Fig. 20 also demonstrates that the fluid
temperature distribution pattern for the two arrangements is
nearly the same and high temperature zone is observed at the
roughness base.
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Table 5 represents the constricted friction factors and Nusselt
numbers associated to the considered channels for air and water. As
one could see, the computed constricted friction factor and Nusselt
number for air and water are nearly the same and the maximum
difference is less than 2 percent. The discrepancies between friction
factors and Nusselt numbers could be attributed to the computa-
tional errors. The independency of friction factor or Nusselt number
value on the type of the fluid in the fully developed region of
laminar flows within the rough channels is not out of mind as the
other researchers also pointed it out [28,35]. This table shows that,
with the increase in roughness pitch, the trend of variations in
constricted friction factor and Nusselt number are similar to
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Fig. 20. Contour of temperature distribution (K) within the channel for water at the two roughness configurations.
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Table 5

Constricted friction factors and Nusselt numbers for air and water for the considered microchannels.

e (um) A (pm) H (um) fc (aligned) fe (offset) Nu, (aligned) Nu, (offset)

Air Water Air Water Air Water Air Water
Varying roughness height
10 250 250 0.2709 0.2704 0.2750 0.2742 12.212 12.169 11.980 12.004
30 250 250 0.2230 0.2220 0.2256 0.2261 11.352 11.285 11.356 11.194
50 250 250 0.1910 0.1906 0.1858 0.1842 8.821 8.975 8.601 8.763
70 250 250 0.1663 0.1651 0.1482 0.1495 6.821 6.847 6.587 6.542
100 250 250 0.1091 0.1092 0.0553 0.0550 4.188 4.157 3.285 3.226
Varying roughness pitch
100 150 250 0.1436 0.1447 0.1309 0.1302 4.260 4.340 4.550 4.537
100 250 250 0.1091 0.1092 0.0553 0.0550 4.188 4.157 3.285 3.226
100 350 250 0.0870 0.0863 0.0276 0.0275 4.152 4.191 3.550 3.601
Varying channel height
100 250 250 0.1091 0.1092 0.0553 0.0550 4.188 4.157 3.285 3.226
100 250 400 0.1937 0.1933 0.1943 0.1951 5.475 5.558 5.430 5.487
100 250 550 0.2192 0.2182 0.2220 02213 6.061 6.151 6.045 6.123

pressure loss and heat transfer coefficient in both roughness con-
figurations. In this table, the cause of decrease or increase in con-
stricted friction factors and Nusselt numbers with the increase in
roughness height or channel height could be attributed to the effect
of change in constricted channel area and hydraulic diameter.

5.4. Effect of roughness patterns on the thermal performance index

In the design process of microchannels, the condition at which
high performance occurs (i.e., the condition at which a channel
provides as low as possible friction loss along with as high as
possible heat transfer rate) is an important issue. Indeed, a favor-
able channel is the one that provides higher heat transfer coeffi-
cient while requires minimum pumping power. Thus, in order to
have a desirable channel performance, both the channel capability
in transferring the heat and friction loss must be taken into account.

The preceding sections compared the pressure losses and heat
transfer coefficients associated to the considered microchannels in
the aligned and offset arrangements for air and water and described
the situations at which high heat transfer rate may occur. However,
the question may arise regarding the condition at which a micro-
channel may operate with as high as possible performance. As
presented by Lin and Kandlikar [30], the thermal performance in-
dex, 7, that compares somehow the capability of microchannel in
transferring the heat to the pumping power requirement could be
defined as the following:

Nu
n= Nugp s (16)

1
3
( g >
Jins

In equation (16), f and Nu stand for friction factor and Nusselt
number, respectively, for rough channels based on the channel
hydraulic diameter (equation (12)). In this equation, fins and Nug s
also represent the corresponding theoretical friction factor and
Nusselt number for smooth channels. The theoretical friction factor
for smooth channel is calculated according to equation (14). The
theoretical Nusselt number for smooth channel is also calculated
via the following [30]:

Nug, s = 8.235 (1 —2.0421 + 3.085302 — 2.4765a3
(17)
+1.0578a% — 0.1861a5)

As mentioned earlier, for the fully developed laminar flow, the
numerically computed friction factors and Nusselt numbers for air

and water are nearly the same. Thus, based on the equation pre-
sented for the calculation of theoretical values of friction factor
(equation (14)) and Nusselt number (equation (17)), the two
considered working fluids represent a same thermal performance
index. Figs. 21—23 represent the thermal performance index for the
considered working fluids and microchannels. These figures reveal
that the effect of offset on the thermal performance index is of a
little significance except at varying roughness pitch. Physically, in
the cases of varying roughness height or microchannel height, it
could be attributed to the equal contribution of roughness in
increasing or decreasing the heat transfer rate and pressure loss. As
presented in Fig. 22, the increase in roughness pitch could increase
the thermal performance of channel. Results show that in the
considered microchannels and flow condition, the offset effect in-
creases the thermal performance to about 25 percent. Thus, one
could realize that the roughness pitch ratio, i.e. A/e, is a significant
parameter in characterizing the channel thermal performance and
increase in this parameter could lead to enhancement of thermal
performance index.

Fig. 21 shows that for both patterns, the increase in roughness
height results in the decrease in thermal performance. Fig. 23 also
indicates that the increase in channel height causes the thermal
performance to increase. Calculating the constricted relative
roughness, e/Dp, associated to the considered channels, one could
see that the decrease in roughness height or the increase in channel
height results in the decrease in constricted relative roughness. So,

1.8 A
1.6 A
1.4 A

——— Aligned
— —— — Offset

12 4
0.8 4

0.6 -
0.4 A

Thermal performance index, n

0 T T T T T T T T T T
0O 10 20 30 40 50 60 70 80 90 100 110

Roughness height, e (um)

Fig. 21. Thermal performance index for air and water at different roughness height.
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Fig. 22. Thermal performance index for air and water at different roughness pitch.

the constricted relative roughness could be viewed as an important
parameter to characterize the thermal performance index of
channels with varying roughness height or channel height. Thus,
referring to Figs. 21 and 23, one could deduce that the decrease in
constricted relative roughness leads to enhancement of thermal
performance index and high thermal performance index is
achievable at low roughness heights.

6. Conclusion

In the current research, for air and water as the working fluids,
the effect of aligned and offset roughness patterns on the pressure
drop, heat transfer rate and thermal performance index of micro-
channels are investigated numerically. In order to present a better
understanding of the two roughness configurations roles, different
microchannels with varying roughness height, pitch and channel
height are considered.

It is found that the effect of change in roughness height, pitch
and channel height on the heat transfer coefficient of air is of less
significant than that of water and the two roughness arrangements
show a similar behavior. It is found that, with the increase in
roughness height, offset effect leads to lower pressure loss for air
and water and also lower heat transfer rate for water than the

2
1.8 A

—e—— Aligned

16 1 — —— — Offset

1.4 -
1.2 1
1 4
0.8
0.6
0.4 -
0.2
0 T T T T T T T
200 250 300 350 400 450 500 550 600

—r

Thermal performance index, n

Channel height, H (um)

Fig. 23. Thermal performance index for air and water at different channel height.

aligned pattern and the discrepancies between the two configu-
rations is little at low roughness heights. As the roughness pitch
increase and for the considered fluids, the offset pattern provides
lower pressure loss than the aligned pattern. It is also shown that
for water, the effect of increase in roughness pitch causes the heat
transfer rate to decrease and increase thereafter in the offset
pattern while the change in roughness pitch has a negligible effect
on the rate of heat transfer in the aligned pattern. Results reveals
that, as the channel height decreases, the offset arrangement pro-
vides lower pressure loss for both fluids and also lower heat
transfer rate for water than the aligned pattern and differences
between the two roughness configurations are negligible at high
channel height.

Results indicate that the air and water results in a same thermal
performance and the offset effect could increase the thermal per-
formance index of channel with the increase in roughness pitch
ratio. It is also found that, for the considered fluids and in both
roughness configurations, the decrease in constricted relative
roughness leads to the increase in the thermal performance index
and high thermal performance index occurs at low roughness
heights.
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