'.) Check for updates

Hydrodynamic Characteristics
of Textured Microchannel Flow

Microchannel flow is of great interest across many disciplines and applications, from bio-
chemical diagnostics to thermal management systems. Nonetheless, such flow requires
large pumping power due to its small cross-sectional length scale. Textured surfaces
have shown encouraging results in terms of drag reduction in external flows and at larger
scales (turbulent regime). However, there have been some discrepancies in the literature
regarding the possibility of drag/friction reduction in microscale internal flows (laminar
regime), which is believed to be due to the absence of a proper definition for the reference
baseline. The main goal of this paper is to determine whether the (rectangular) textures
lead to draglfriction reduction while comparing their results with the correct reference.
The rectangular trenches have been introduced on the side walls of the microchannels/
microgaps to understand the underlying frictional physics by conducting numerical simu-
lations and experiments. The effect of geometrical parameters of the rectangular trenches
as well as the Reynolds number has been investigated on characteristics of the flow. A
thorough analysis has been performed using a neural network (NN) to evaluate the poten-
tial drag reduction in textured microchannels. The results showed that using the correct
reference baseline, no drag reduction was observed in textured microchannels with rec-
tangular trenches. Moreover, the width-to-depth aspect ratio of the trenches and rough-
ness (texture size to mean microchannel dimension) are introduced to be critical
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1 Introduction

Among the many methods that have been suggested to reduce
drag in internal and external flows [1,2], using textured surfaces
as a passive method has recently been one of the most interesting
topics in fluid mechanics [3,4]. The interaction between the tex-
tures and the flowing fluid can reveal new aspects of hydrody-
namic and thermal characteristics of the flow that can also result
in transport augmentation [5-8]. The idea stems from nature,
where the micro/nanoscale structures with their unique geometries
on aquatic animals’ skin, such as sharks, dolphins, and whales,
can help them swim faster, experiencing 5-10% less resistance
[9]. Flying birds also benefit from the drag reduction that is the
result of the herringbone riblets on their feathers [10]. Due to the
relatively high speed of these creatures, most of the drag reduction
studies based on the bio-inspired structures lie in turbulent regime.
Bio-inspired surfaces have many applications in the real world for
energy-saving purposes, such as in aircraft [11-13], ships [14],
high-speed trains, racing cars, wind turbine blades, gas/oil pipe-
lines [15], and swimsuits [16,17].

The Utilization of textured surfaces has not been limited to
large-scale applications, and they have also been tested in
microscale systems with low Reynolds number applications for
energy-saving purposes. Nowadays microchannels are the main
components in microfluidic systems, and they are widely used in
lab-on-a-chip devices, drug delivery systems [18], micro-
electronics cooling [19], and microgap evaporators [20,21].
Electro-osmotic flow of non-Newtonian fluids can be enhanced
using textured surfaces to augment transport in micro/nanochan-
nels that are used in biomedical diagnostic systems [22,23]. Due
to the Darcy—Weisbach equation for laminar regime, the pressure
drop is inversely proportional to the fourth power of the hydraulic
diameter. Hence, the pumping power requirement gets signifi-
cantly high for microchannel flow. Finding ways to decrease the
pressure drop along the microchannel is always appreciated to
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improve the efficiency of a microfluidic system. At first sight, one
may think that the textured surfaces increase the effective wetted
surface area and more contact between the fluid and solid surface
results in a shear stress (friction) increase. To get a better under-
standing of flow over textured surfaces in laminar regime, flow
over a single cavity was studied [24]. Results showed that the key
factor for drag behavior is the recirculation induced inside the
cavity. The recirculation helps the liquid accelerate at the imagi-
nary plane on top of the trench along the solid/liquid interface,
lowering the skin drag and compensating for the increased wetted
surface area. However, the skin drag is not the only concern in
this case, and one should also be aware of the pressure drag. The
pressure forces exerted on the front and back vertical walls of the
cavity create a net force in the opposite direction of the flow, caus-
ing additional resistance. The tradeoff between the shear and pres-
sure forces that are applied to the flow in the presence of textures
will eventually determine the net drag experienced by the flow
[25]. The Reynolds number of the flow, the geometry of the
grooves, and their geometrical parameters, such as their depth,
width, and spacing, directly affect this competition [26]. With the
increase of the Reynolds number, the inertial forces (pressure
drag) get stronger compared to the viscous forces (skin drag)
revealing the negative effects of the recirculation [27]. The geom-
etry of the textures is a prominent factor in characterizing the
interaction between the fluid and solid surface. Different geome-
tries for textures, such as rectangular, triangular, trapezoidal,
curved (scalloped), and blades, have been tested for the purpose
of drag reduction in external and internal flows. There has not
been a precise clarification in the literature regarding which one
of these geometries performs better in terms of laminar drag
reduction. Generally, any geometry with sharp corners, i.e., rec-
tangular, and triangular, causes the flow to experience unfavorable
shear stress overshoots [24,28,29]. Spanwise grooves with trape-
zoidal, triangular, and scalloped geometries have shown lower
pressure drop along the channel since they make the cross-
sectional area variation very smooth compared to sudden changes
with rectangular grooves. Moreover, since pressure forces are nor-
mal to their surface, their streamwise component on the groove
walls with the three aforementioned geometries can be smaller
[28,30]. Streamwise textures like the ones on butterfly wings, rice
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leaves, and fish scales have also been tested to reduce the pressure
drop along the oil pipelines, and the first two have shown about
10% pressure drop reduction [31]. Introducing grooves within the
grooves on surfaces, known as micronano scale nested-grooved
surface, has been one of the other ideas that have shown drag
reduction results by about 19% by reducing the negative effects of
vortices and increasing the reverse shear stress [32].

Despite the many studies that have resulted in drag reduction
using textured surfaces in small-scale and low Reynolds number
flows [27,29,33,34], there have been some cases that prove other-
wise [26,30,35]. The observations on laminar flow over
converging-diverging (herringbone) riblets upstream of the curved
backward-facing step have shown that the formation of a second-
ary flow by the riblets can help delay the flow separation.
Although the pressure losses associated with the separation zone
can be alleviated by these riblets, the flow losses caused by the
interaction between the flow and riblets increase the pressure drop
along the surface [36,37]. In a study, microchannels with curved
(semicircular) textures have shown about 5% drag reduction in
laminar regime [30], while in a different study, none of the cases
that were tested with the exact geometry for textures, known as
fan-shaped ribs, have resulted in total drag reduction [26]. More-
over, there have been contradictory results regarding the possibil-
ity of drag reduction for streamwise textured surfaces [30,38,39].
The source of this ambiguity can be attributed to the lack of defin-
ing a correct reference baseline to perform valid comparisons. In
recent literature, using the definition of energy dissipation, the
valid baseline is defined as the smooth microchannel to maintain
the same occupying mass or volume of the fluid as the textured
channel [30].

In this paper, the main goal is to first revisit the study of span-
wise rectangular trenches and their effect on the hydrodynamic
characteristics of the flow by considering a correct reference base-
line in the calculations. The Poiseuille number from the
Darcy—Weisbach equation has been calculated for all the cases to
do the comparison. The pressure drop used in the calculation of
the Poiseuille number considers both the pressure and frictional
resistive forces against the flow and hence is a good resource to
evaluate the flow losses. The important geometrical parameters of
the trenches are considered in their nondimensional form to study
their effect individually. The effect of the Reynolds number in a
fully laminar regime has also been considered. After determining
the flow behavior in the presence of these spanwise rectangular
trenches inside microchannels/microgaps in different Reynolds
numbers, a more comprehensive approach has been adopted to
investigate the combined effect of all the geometrical parameters
on the total Poiseuille number using a neural network (NN) frame-
work to identify any potential drag reduction.

2  Problem Setup and Methodology

2.1 Numerical Framework. The computational domain and
boundary conditions for two-dimensional and three-dimensional
simulations are depicted in Fig. 1. The trenches are perpendicular
to the direction of the fluid flow (spanwise). The fluid enters the
domain from the left boundary with uniform velocity as the inlet
boundary condition. The value of the velocity at the inlet is calcu-
lated based on the desired volumetric flowrate divided by the
cross-sectional area at the inlet (Uinlet = ﬁ) Zero-gage pressure
has been used as the boundary condition at the outlet assuming
the fact that the fluid is discharged into the atmosphere. Due to the
geometrical and hydrodynamic symmetry in the centerline, half of
the full microchannel has been considered for the simulations
meaning that the velocity gradient at the centerline is zero. There
is also a no-slip boundary condition on the walls. Since there are
no heating sources considered in this study, the thermophysical
property variations of the working fluid (water) have also been
neglected. All the thermophysical properties of water have
been considered at 20°C in this study (p; =998.21 1%7
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4 = 0.0010017 Pa - s). The finite element scheme in cOMSOL MUL-
TIPHYSICS 5.5 has been used for discretizing the continuity and
momentum Egs. (1) and (2) to solve for the fluid velocity (x) and
pressure field (P). Since low Reynolds numbers are tested in this
study, the simulations are performed in steady-state and laminar
regime. Second-order discretization has been used for all the sim-
ulations, and the relative tolerance is set to be 0.0001

Continuity: V.u =0 €8
Momentum: V(p; u.u) = =VP +V - [1;(Vu + va))] @

The geometrical parameters of the rectangular textures are
labeled as a for spacing between the trenches, b for width of the
trench, ¢ for depth of the trenches, and w,, for the microchannel
width in the land region. The width of the land region (w),) is cal-
culated such that the textured microchannel maintains the same
volume as the equivalent baseline with width W (Eq. (3)). The
definition of an equivalent baseline is necessary to obtain the
proper characteristic lengths (D), and A,,,) for a textured micro-
channel for valid comparisons [30]. These parameters are used in
the Reynolds number and the Poiseuille number calculations as
can be seen in Egs. (4) and (5).

To characterize the hydrodynamic behavior of the microchan-
nel flow, the Poiseuille number has been calculated and compared
for all the cases. From the Darcy—Weisbach equation for fully
developed laminar flow, the Poiseuille number is a quantifiable
value of the hydraulic resistance along a channel. For a micro-
channel flow with a length of L, a hydraulic diameter of D, and a
cross-sectional area of A,,,, the Poiseuille number can be calcu-
lated using Eq. (5). Mathematically, the Poiseuille number can be
defined as the slope of the pressure drop versus flowrate in a chan-
nel. Larger values for the slope of this linear relation indicate high
hydraulic resistance, and hence high required pumping power to
overcome this resistance. In this equation, AP is the pressure drop
along the channel, Q is the volumetric flowrate, and p is the
dynamic viscosity of the fluid. The pressure drop is calculated
from the pressure difference between any two cross sections along
the channel. The volumetric flowrate and length of all the cases
that have been tested at a specific Reynolds number are the same.
In two-dimensional analysis, the average cross-sectional area
(Aavg) and the hydraulic diameter (D)) of different textured micro-
channels are the same since they maintain the same volume.
Therefore, having all the parameters constant between different
cases and neglecting the less than 1% variation in the fluid proper-
ties, the Poiseuille number comparison simply stands for the pres-
sure drop comparison between any two cases. However, in three-
dimensional analysis, the hydraulic diameter of different cases is
not necessarily the same despite maintaining the same volume.
This leads to introducing a different parameter to compare the
hydraulic resistance between different 3D cases, such as %
although it is not a nondimensional parameter. Since the focus of
this study is mainly on the two-dimensional analysis, the Pois-
euille number has been used for comparison purposes, and the use
of 1% for three-dimensional cases needs further investigation

which is beyond the goal of this study
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A single period of a textured microchannel can be divided into
two parts: the land region and the trench region. To clearly show
how each one of these sections affects the Poiseuille number
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Fig. 1 Computational domain and boundary conditions for (a) 2D and (b) 3D simulations of
spanwise rectangular trenches. The geometrical parameters of the trenches are labeled as
a, b, ¢, and w,, which correspond to the spacing between the trenches, the width of the
trench, depth of the trench, and width of the land region, respectively (*The gray dashed line

shows the equivalent baseline with respect to

the textured microchannel and it is only for

illustration purposes in this figure and does not appear in the computational domain).

behavior in a textured channel, nondimensional geometrical
parameters have been introduced. Parameter a/c defined as the
“land aspect ratio” considers the effects of the land region. Param-
eter b/c defined as the “trench aspect ratio” is defined to study the
effects of the trench region, and parameter ¢/W defined as the
“roughness” considers the confinement effects. The ¢/W values
considered in this study are 0.05, 0.2, 0.4, and 0.6. The range of
the a/c and b/c values also lies between 0 and 50. The Reynolds
numbers used in this study are 5, 200, and 1000. The reference
baseline for the two-dimensional simulations is flowed between
two parallel plates that are 100 um apart from each other with the
Poiseuille number 96. For three-dimensional simulations, the ref-
erence baseline is flowed inside a channel with a 100 um by
100 pum square cross section with the Poiseuille number value 56.
These reference Poiseuille number values are used to make com-
parisons between the textured and smooth baseline.

2.2 Model Validation

2.2.1 Hydrodynamic Fully Developed Condition. The fully
developed state of the flow is a concept that should be considered
in the textured cases tested in this study since the Darcy—
Weisbach equation and therefore the derived equation for the
Poiseuille number, Eq. (5), are valid when the laminar internal
flow has reached hydrodynamic fully developed condition. How-
ever, due to a periodic variation in the cross-sectional area of the
textured microchannel reaching a locally fully developed condi-
tion is almost impossible for the flow, unless the length that fluid
travels before the next variation of the cross-sectional area is long
enough depending on the Reynolds number. Figure 2 depicts the
centerline velocity of a textured microchannel at Reynolds num-
ber 200 with rectangular trenches in which a and ¢ are 20 ym and
b is 60 um. To maintain the mass balance, the centerline velocity
increases at cross-sectional contraction and decreases at cross-
sectional expansion, and this pattern repeats itself as the periodic
geometrical variation. A closer look at this periodic centerline
velocity at the very beginning of the textured region shows that
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the variation of the minimum and maximum values of the velocity
from one period to another cannot be neglected (much more than
1% variation). As the flow moves forward the repeating pattern of
the centerline velocity becomes more consistent with less than 1%
variation between the peaks and valleys of the adjacent periods.
Based on this observation, the hydrodynamic globally fully devel-
oped condition can be defined as textured microchannels in which
the flow does not experience a locally fully developed condition
but can reach this state of consistent periodic variation of the
velocity field. Since all the Poiseuille number calculations in this
study have been performed over the region where flow has
reached the hydrodynamic globally fully developed condition, the
entry and exit length do not have any effects on the results.

2.2.2 Mesh Resolution Study. Mesh resolution studies have
been conducted on textured microchannel computational domains
as well as the smooth baseline. Structured (mapped) mesh has
been used for all the cases. The elements are finer near the no-slip
walls and sharp corners to capture the boundary layer effects near
the walls. Table 1 shows a step-by-step refinement of elements
and evaluation of the Poiseuille number that has led to the final
choice of the element size where the error is less than 1%. The
theoretical value of the Poiseuille number for flow between two
smooth parallel plates (96) has been used as the benchmark for
mesh resolution study of the smooth baseline. Based on the error
percentages for the smooth baseline and applying the same grids
to the textured microchannels and considering their difference
percentage, grid “M2” with an average two-dimensional element
size in the x-direction as small as 0.000125L (~0.5 gum) and in
the y-direction as small as 0.002 W (~0.2 um), is used to perform
all the simulations. As an example, the mesh resolution study
results for two of the textured cases have also been included in
Table 1 with their difference percentage of the Poiseuille number
calculation compared to the former grid. The 0.168% error for the
smooth baseline simulation with the “M2” grid indicates the
numerical accuracy of the method used in this study. The mesh
resolution studies for the three-dimensional simulations also
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Fig. 2 Centerline velocity of a textured microchannel with a= ¢=20 yum and b= 60 um. The
flow reaches globally fully development at x =580 um, where the periodic variation of the

centerline velocity gets less than 1%.

Table 1
a/c=1,b/c=0.25c/W=0.2,and a/c=1, b/c=39, c/W=0.2

Mesh resolution study in two-dimensional analysis for smooth baseline with W= 100 um and textured microchannels with

Baseline alc=1,blc=0.25,c/W=0.2 alc=1,blc=39,c/W=0.2
Element no. Po Error % Element no. Po Difference % Element no. Po Difference %
M1 210,000 94.824 1.225 209,200 122.290 0.989 208,200 114.892 0.904
M2 1,705,200 95.838 0.168 1,139,930 122.628 0.027 1,138,005 115.346 0.034
M3 3,360,000 95.965 0.036 3,478,200 122.649 0.002 3,407,580 115.377 0.001

The nondimensional parameters represent the land aspect ratio, trench aspect ratio, and roughness, respectively.

resulted in the same sizes as the two-dimensional elements in the
x- and y-directions as well as 0.005 times the depth (~0.5 um) in
the z-direction, which shows about 0.25% error in the Poiseuille
number value of flow inside a smooth channel with square cross
section.

2.2.3 Experimental Validation. Experimentation has been
performed on a couple of textured microchannels to assure the
validity of the numerical simulations which will eventually be
used to conduct optimization studies on the effect of geometrical
parameters on the Poiseuille number. The replicating molds for
the polydimethylsiloxane (PDMS) microchannel layouts are cre-
ated through the photolithographic procedure. The overall sche-
matic of the experimental setup is shown in Fig. 3(a). Four
parameters, including liquid flowrate, microchannel pressure
drop, water temperature, and channel dimensions are measured to
obtain the relation between the flowrate and the pressure drop in
microchannels. The results of each channel are then compared
with the results of the numerical simulations and the theoretical
baseline. The liquid flowrate is calculated by measuring the
amount of accumulated water in the microchannel outlet over a
specific time using a high-precision mass scale (A and D mass
balance). In addition, Sensirion flow meters help keep track of the
flowrate variation over time. Two Omega differential pressure
transducers with ranges of 0—1 psid and 0-5 psid are used to mea-
sure the pressure difference between the pressure taps designed at
the beginning and end of the textured area of the microchannel
that is depicted in Fig. 3(b). The pressure difference between the
two ends of the differential pressure transducer deflects the
pressure-sensitive diaphragm, which is converted into an electrical
signal, usually voltage. The calibration then helps correspond the
voltage values to the actual pressure that is being measured by the
device. Therefore, in all the experiments of this study, the accu-
racy of the pressure drop measurements along the microchannels
is assured by meticulously calibrating the pressure transducers. A
K-type Omega thermocouple is also used to measure the tempera-
ture of water at the exit to obtain the thermophysical properties of
water for the Poiseuille number calculation based on Eq. (5).
Since the cross-sectional area and the hydraulic diameter of the
tested microchannels are also needed for the Poiseuille number
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calculation, cross-sectional and top view images are taken by a
charged-coupled device camera that is connected to an upright
Nikon microscope with objectives of 20X, NA=0.4, and 40X,
NA =0.65. The PDMS replica of the microchannel is cut into thin
slices along the microchannel and placed on the side so that cross-
sectional images can be taken directly. It is very important to cut
the slices as straight as possible to avoid any errors associated with
image processing of the tilted cross sections. The images are then
processed by a MATLAB image processing code to measure the cross-
sectional area and perimeter. The code detects the edges of the
cross section and counts the number of pixels inside the confined
area to measure the cross-sectional area. The perimeter is also
measured by counting the number of pixels detected at the edges
and multiplying them by the real pixel sizes of the camera. The
local hydraulic diameter can then be calculated based on D), = %.

Figure 4 depicts the results for five different cases and the
smooth baseline that was tested to do the validation. The error
bars include the precision errors from multiple readings and
uncertainty of the measurement devices. The experiments have
been performed at both states of increasing and decreasing the
flowrate (Q) to account for the hysteresis effects of the sensors.
The Poiseuille number obtained for the 100 um x 100 um baseline
microchannel at different Reynolds numbers shows a good agree-
ment with the theory with a maximum error of about 7% that
guarantees the accuracy of the measurement methods and experi-
mental setup. The results of the textured microchannels also show
extremely good agreement with the results from the three-
dimensional numerical simulations, which assures the
assumptions made in the numerical simulations are close to the
real-world experiments and are valid.

3 Results and Discussions

3.1 Control Volume Analysis and Poiseuille Number
Definition. The definition of the Poiseuille number can be rewrit-
ten based on the contributing resistive forces against the flow that
result in pressure drop along a specific length of the channel.
Figure 5 shows two different control volumes on a textured micro-
channel, one with the inlet and outlet positioned in the land region
(land-to-land) and the other in the textured region (trench-to-
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trench). The momentum equation in the x-direction (Eq. (6)) indi-
cates that the pressure drop between the inlet and outlet of the
control volume is proportional to the ratio of the resistive forces
and the effective cross-sectional area that the inlet and outlet pres-
sures are acting on. Several analyses on different cases have pro-
ven that the shear force and the pressure drop values are
independent of the location of the control volume with the same
length along the microchannel. However, the resistive pressure
force acting on the vertical walls of the trench due to the induced
recirculation varies as the location of the control volume changes.
Based on the momentum balance, this is due to the change in the
effective cross-sectional area that the inlet and outlet pressures are
acting on. To eliminate the dependence of the results on the selec-
tion of the control volume, the average cross-sectional area has
been considered in the momentum balance, which is equal for all
the cases tested in this study (100 um). Further analysis has shown
that the pressure force calculated from the momentum balance is
the weighted average of the different pressure forces in control
volumes (@) and (b) in Fig. 5. A proper selection of the transversal
characteristic length helps remove the contradictions that can hap-
pen between the Poiseuille number and total resistive force behav-
ior when defining different control volumes and assure a valid
evaluation. Reliance on only the land-to-land or the trench-to-
trench control volume analysis in Poiseuille number/total force
calculations can result in misinterpretations resulting in false fric-
tion reduction/increase statement that has happened in the previ-
ous studies [24,26]. Therefore, this explains clearly why we have
been maintaining the same volume between all the cases so that
we can use a global cross-sectional area and hydraulic diameter in
calculations to eliminate any ambiguity

(F,,,A X a) + (F,,yg X b)
a+b

APAyy =Fy+F,, whereF, =

(6)

Equation (7) defines the total Poiseuille number based on the
resistive forces: pressure and shear force. In other words, by sepa-
rating these two components the total Poiseuille number can be
considered as the sum of shear and pressure Poiseuille numbers.
The subscript s refers to the shear component and the subscript p
refers to the pressure component. The behavior of the individual
Poiseuille numbers can provide helpful information to understand
the total Poiseuille number behavior with respect to the geometri-
cal parameters of the textured microchannel and the Reynolds
number

2APAweD; APAny XF,+3XF, XF, ZXF,

Po = = = [ I Wt
ol ©oL OLy OLu OLu " OLy
2D? 2D? 202 2D?
= Poy + Po,
@

3.2 Effect of Geometrical Parameters

3.2.1 Effect of Land Aspect Ratio (alc). Figure 6 depicts the
shear, pressure, and total Poiseuille number with respect to the
land aspect ratio (a/c) for different values of roughness (¢/W) at
Reynolds number 5 when the trench aspect ratio (b/c) is equal to
unity. According to Fig. 6(a), two different behaviors can be
observed for the shear Poiseuille number (Poy) with respect to a/c
depending on the ¢/W values. For the cases where ¢/W is relatively

(a)

—— CCD Camera

Thermocouple

Microchannel

l —

= Accumulated
Flow meter ﬁ
water

Syringe pump 588 °°

Mass scale
Differential Data Analysis

pressure transducer
( b) Master Mold

PDMS Microchannel

Pressure taps

Fig. 3 (a) Schematic diagram of the experimental setup for pressure-flow measurements of
the baseline and textured microchannels. (b) The master mold was fabricated using the pho-
tolithography method and the PDMS microchannel was bonded to the glass slide using the

Plasma cleaner.
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Fig. 4 Experimental validation results for the smooth baseline and five textured microchannels. The agree-
ment between the experiment and theory for the smooth baseline is indicative of the accuracy of the experimen-
tal setup and measurement methods. The agreement between the experiment and three-dimensional
simulation results assures the validity of the assumptions in the numerical analysis used in this work.

small, 0.05 and 0.2, with the increase of the a/c value, the shear
Poiseuille number increases; however, for the cases with rela-
tively large ¢/W values, 0.4 and 0.6, the shear Poiseuille number
has a descending trend. Eventually, the shear Poiseuille number
for all the ¢/W values asymptotes to the smooth baseline value

Fshear «—

W. >
p
P b—os
2 L
—

(b) Inlet
e,
Wp
2 Py

(POpaseline = 96) when a/c gets larger than ten. In general, as the
land aspect ratio (a/c) gets smaller, the spacing between the
trenches gets narrower and they get closer to each other. There-
fore, the main flow stream experiences less interaction with the
solid surface in the land region and more overall slippage along

Fpressure ¢

Outlet

Outlet

L.

Fig. 5 Two different approaches for control volume analysis on a textured microchannel:
(a) inlet and outlet positioned in the land region (land-to-land control volume) and (b) inlet and
outlet positioned in the textured region (trench-to-trench control volume). The effective forces
are the shear forces on the horizontal surfaces, pressure forces on the vertical surfaces of the
trenches, and inlet and outlet cross-sectional areas.
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the channel. This can be noticed by looking at the shear Poiseuille
numbers in Fig. 6(«a) for the cases with ¢/W values of 0.05 and 0.2
with a/c < 24 and a/c < 3, respectively, where more than 2% shear
Poiseuille number reduction occurs compared to the smooth
baseline.

Although the same logic applies for larger roughness values
(c/W) regarding a lower percentage of interface between the main
flow stream and the solid surface in the land region when a/c
value is small, there must be a second contributing factor that out-
weighs this effect and leads to a different behavior. This can be
attributed to the emergence of the confinement effect as the rough-
ness value (¢/W) increases. Generally, as the ¢/W value increases,
the width of the land region (w),), which plays an important role in
confinement of the textured microchannels, gets smaller. The
mathematical relation between the geometrical parameters of the
rectangular trenches for maintaining the same occupying volume
in Eq. (3) also shows that when the roughness value (¢/W) and the
trench aspect ratio (b/c) are constant, the width of the land region
(wp,) gets smaller as the land aspect ratio value (a/c) decreases.
Therefore, for larger values of ¢/W, 0.4 and 0.6, when a/c value is
extremely small, the width of the land region (w,) gets small
enough to activate the dominance of confinement effect over the
slippage caused by less liquid—solid interaction which leads to
high velocity gradients and high frictional forces. As the a/c value
increases for the same roughness (¢/W) values, the land region

600 T .
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*c/W=0.05
500 /W=02 7
-=c/W=0.4

400 °-¢c/W=0.6 -
Po,

300

200 1

100 P——

0 r 1 1 1 1
0 10 20 30 40 50

( a) alc

gets wider (larger w,) and the confinement effect gradually sub-
sides while the shear Poiseuille number asymptotes to the smooth
baseline value. The confinement effects can also explain larger
values of the shear Poiseuille number for larger ¢/W values.

The pressure Poiseuille number (Po,) behavior depicted in
Fig. 6(b) shows a descending trend with respect to the land aspect
ratio (a/c) for all the roughness (c/W) values. As mentioned
before, at a specific ¢/W value, the width of the land region (w,,)
increases with the increase of a/c value. The main flow stream is
less disturbed by the presence of the trenches/recirculation as the
width of the land region (w),) gets wider, and the pressure forces
exerted on the vertical walls of the trench will have a smaller con-
tribution in the total resistive forces of the control volume analysis
(Fig. 5) compared to the pressure forces at the inlet and outlet of
the control volume. Hence, as the spacing between the trenches
gets wider (larger a/c), the pressure Poiseuille number decreases
until it reaches zero when there are no trenches in the microchan-
nel (smooth baseline). Like the shear Poiseuille number behavior
with respect to a/c, the pressure Poiseuille number value increases
as ¢/W increases. Since the trench aspect ratio (b/c) for all the
cases plotted in Fig. 6 is equal to unity, the streamline patterns
inside the trench are alike; however, the size of the recirculation is
not. As ¢/W increases, the size of the trench as well as the recircu-
lation gets larger and results in higher pressure forces on the verti-
cal walls, and therefore higher pressure Poiseuille number.
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Fig. 6 (a) Shear (Pos), (b) pressure (Po,), and (c) total Poiseuille number (Po) with respect to the land aspect ratio (a/c) for dif-

ferent roughness (c/W) values and the trench aspect ratio (b/c)
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Figure 6(c), the plot for the total Poiseuille number (Po) with
respect to the land aspect ratio (a/c), shows that no matter what
the value of the roughness (¢/W) is, the total Poiseuille number of
a textured microchannel with spanwise rectangular trenches
reduces with the increase of a/c and asymptotes to the Poiseuille
number of a smooth baseline. Moreover, the pressure Poiseuille
number (Pop) values in Fig. 6(b) are one order of magnitude larger
than the shear Poiseuille number (Po,) values. This fact can then
be used to justify the behavior of the total Poiseuille number with
respect to the land aspect ratio (a/c) when the trench aspect ratio
(b/c) is constant, which is dominated by the pressure component
(Poy).

3.2.2  Effect of Trench Aspect Ratio (b/c). To study the effect
of the trench aspect ratio (b/c) on the behavior of the total Pois-
euille number and its components, similar plots have been
depicted in Fig. 7 for the textured microchannels with different
values of roughness (¢/W) and a/c value of unity at Reynolds
number 5. According to Fig. 7(a), the shear Poiseuille number
(Pog) behavior with respect to b/c depends on the value of ¢/W.
For the cases with ¢/W values of 0.05 and 0.2, the shear Poiseuille
number decreases initially with the increase of b/c until it reaches
a minimum value at a specific b/c. With further increase of b/c,
the shear Poiseuille number increases and asymptotes to that of
the smooth baseline value. Conversely, for larger ¢/W values, 0.4
and 0.6, the behavior of the shear Poiseuille number is the oppo-
site. This is like what was observed with the behavior of the shear
Poiseuille number with respect to a/c for different ¢/W values dis-
cussed in Sec. 3.2.1, Fig. 6(a). To better understand the flow and
Poiseuille number behavior, Fig. 8 illustrates the streamline pat-
terns of flow inside the trenches for all the roughness values (c/W)
at Reynolds number 5. The recirculation inside the trench is
induced by the pressure difference between the back and front
vertical walls. For a specific value of ¢/W in Fig. 8, as b/c
increases, meaning that the trench gets wider, the recirculation
inside the trench becomes more vulnerable to collapse. At some
point, the main flow streamlines bend inside the trench and due to
more liquid—solid interaction at the bottom of the trench, the fric-
tional forces that had vanished because of the recirculation will
emerge once again. In this study, the trench width-to-depth aspect
ratio at which the recirculation is fully collapsed, and the main
flow stream finds its way all the way down to the bottom of the
trench is labeled as the critical trench aspect ratio or CTAR. From
Fig. 8, the CTAR value for the cases with roughness values (c/W)
values of 0.05, 0.2, 0.4, and 0.6 at Reynolds number 5 are, respec-
tively, equal to 2.8, 2.7, 1.8, and 1.7. The following then explains
the behavior of the shear Poiseuille number with respect to the
trench aspect ratio (b/c) for roughness values (¢/W) of 0.05 and
0.2. As b/c increases before reaching the CTAR, the size of the
recirculation inside the trench gets larger meaning that the per-
centage of the liquid—solid interface decreases in the land region
of the microchannel and therefore the main flow stream experien-
ces less frictional resistance. This trend continues until b/c value
is equal to the CTAR where the recirculation is not strong enough
to resist the penetration of the main flow stream inside the trench
and the recirculation collapses.

The Peclet number (Pe) is defined as the ratio of diffusion time
over advection time. Considering momentum diffusion into the
depth of the trench ¢ and momentum advection along the width of
the trench b, the definition of the Peclet number can be rewritten
as in Eq. (8), where #, is the mean streamwise velocity at the top
of the trench and v is the kinematic viscosity of the fluid. Plotting
the Peclet number at the top of the trench for all the roughness
values (¢/W) at Reynolds number 5 in Fig. 9 provides a different
approach on understanding the underlying physics behind the col-
lapse of the recirculation inside the trench as the trench aspect
ratio (b/c) gets larger. According to Fig. 9, for a specific ¢/W
value, the Peclet number increases with the increase of b/c until it
reaches a maximum value and then drops with the further increase
of b/c value. The maximum value of the Peclet number happens at

051301-8 / Vol. 145, MAY 2023

a b/c value right before the CTAR at that specific ¢/W value. As
the Peclet number increases before b/c reach its maximum value,
it means that with the recirculation getting larger in size, the
momentum advection in the direction of the flow becomes more
dominant over the momentum diffusion into the depth of the
trench. At the maximum point where the recirculation is at its
strongest state, the momentum advection reaches its strongest
level compared to the momentum diffusion. With further increase
of b/c value, the main flow stream gradually diffuses more inside
the trench (recirculation collapse) rather than for advection to hap-
pen along the width of the trench, which means that the main flow
stream is always seeking a route with less resistance

Xy —

c2

Pe.. — Ldiffusion :%: ) (8)
Tadvection el
Uy

According to Fig. (8), the streamline patterns, collapse of the
recirculation at the CTAR, and flow behavior for the large rough-
ness (c/W) values, 0.4 and 0.6, as the trench aspect ratio (b/c)
value increases, are the same as that of the cases with smaller ¢/W
values, 0.05 and 0.2. However as stated before, the behavior of
the shear Poiseuille number for large ¢/W values, 0.4 and 0.6, is
quite different from the smaller ¢/W values with respect to b/c.
For instance, for the cases with ¢/W value of 0.4, the shear Pois-
euille number first increases with the increase of b/c and reaches
its maximum value at a b/c value which is not necessarily equal to
the CTAR. For b/c values larger than that of the extremum point,
the shear Poiseuille number drops. The difference in the behavior
of the shear Poiseuille number for cases with large and small ¢/W
values is related to the confinement effects that were discussed in
Sec. 3.2.1 to explain the shear Poiseuille number behavior for
large ¢/W values with respect to the variation of a/c. It is known
that for large ¢/W values, the width of the land region (w,) gets
narrower compared to the cases with smaller ¢/W values. Accord-
ing to Eq. (3), when the roughness value (¢/W) and the land aspect
ratio (a/c) are constant, the width of the land region (w,) gets
smaller as the trench aspect ratio value (b/c) increases. For large
c/W values, 0.4 and 0.6, as b/c increases, the width of the land
region (w),) is narrow enough to make the confinement effect dom-
inant over the shear-free recirculation inside the trench. Therefore,
as the b/c value increases, the confinement effect becomes more
prominent leading to an increase in the velocity gradient, shear
stress, and shear Poiseuille number. The ascending trend in the
shear Poiseuille number does not last forever and at a specific
trench aspect ratio (b/c) that is larger than the CTAR, it starts a
descending trend. Although for b/c values larger than the CTAR
the recirculation collapses and there is more liquid—solid interface
at the bottom of the trench, the flow experiences a drop in the
shear Poiseuille number which can be related to the main flow
stream experiencing more expansion of the cross-sectional area on
average at larger values of b/c. This can therefore alleviate the
increase in the shear Poiseuille number due to the confinement
effect for larger b/c values, and result in a slight decrease in the
shear Poiseuille number.

Moreover, as can be noticed from Fig. 7, the cases with ¢/W
values of 0.6 have been tested in a smaller range of trench aspect
ratio (b/c) value. This is because the data points for the cases with
¢/W of 0.6 are limited due to the geometrical restriction of main-
taining the same volume for all the cases. For b/c values larger
than 3, textured microchannels are not geometrically feasible
when the roughness value (¢/W) is 0.6. The shear Poiseuille num-
ber for ¢/W value of 0.6 has an ascending behavior with the
increase of b/c in the range that it is tested, which is due to the
dominance of the confinement effect at this roughness value that
was similarly explained for the cases with ¢/W value of 0.4.

As plotted in Fig. 7(b), the behavior of the pressure Poiseuille
number (Po,) with respect to the trench aspect ratio (b/c) for all
the roughness (c¢/W) values is alike. The pressure Poiseuille
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Fig. 7 (a) Shear (Pos), (b) pressure (Po,), and (c) total Poiseuille number (Po) with respect to the trench
aspect ratio (b/c) for different roughness (c/W) values and the land aspect ratio (a/c) of 1 at Reynolds

number 5

number has larger values for the cases with large ¢/W because the
trenches get deeper and the pressure forces on the vertical walls
exert on a larger area that results in larger pressure Poiseuille
number values. In addition, with the increase of b/c, the pressure
Poiseuille number initially increases until adopting a maximum
value at a specific b/c and then decreases. In general, the increase
in b/c the recirculation induced inside the trench gets larger and
stronger which can result in larger pressure forces on the vertical
walls of the trench. This prominence continues to the point where
the recirculation is in one piece, right when b/c equals the CTAR.
For b/c values larger than the CTAR, the pressure forces affecting
the vertical walls of the trench become less prominent since the
recirculation has collapsed and is not as strong as before. Looking
at the streamline patterns in Fig. 8 and comparing them with the
pressure Poiseuille number behavior in Fig. 7(b), this explanation
is only valid for the cases with ¢/W values of 0.05 and 0.2. For the
cases with larger ¢/W values, the maximum value of the pressure
Poiseuille number does not occur at the CTAR, and instead at a
b/c value larger than the CTAR. The reason for this delay can be
explained by the dominance of the confinement effect. When the
¢/W value is large, the width of the land region (w,) is narrow,
and it gets narrower as the b/c value increases. Hence, the main
flow stream is more affected by the recirculation inside the trench.
Even after the recirculation collapse, the portion that is left on the
left corner of the trench still has negative pressure effects on the
main flow stream. This then results in lingering adverse pressure
effects for b/c values larger than the CTAR. From Fig. 7(c), the
behavior of the total Poiseuille number (Po) is the same as
the pressure Poiseuille number which shows the dominance of the
pressure Poiseuille number (Po,,) over the shear Poiseuille number

Journal of Fluids Engineering

(Poy) in defining the total Poiseuille number behavior. With fur-
ther increase of b/c value, the total Poiseuille number only gets
closer to the value of a smooth baseline and never goes below.

3.3 Effect of the Reynolds Number. Figure 10 depicts the
total Poiseuille number (Po) behavior with respect to the land
aspect ratio (a/c) for different roughness (c¢/W) values and the
Reynolds numbers when the trench aspect ratio (b/c) is equal to
unity. The results show that the total Poiseuille number for any
¢/W value independent from the Reynolds number asymptotically
approaches the Poiseuille number value of the smooth baseline
and never goes below that value. Based on the calculations, the
variation of the total Poiseuille number with respect to the Reyn-
olds number is less than 2% for ¢/W values of 0.05 and 0.2. This
small percentage of variation can be attributed to computational
error and is negligible. However, for larger ¢/W values, 0.4 and
0.6, the variation of the total Poiseuille number with respect to
Reynolds number is more than 5% when the a/c value is smaller
than 3. This is because for larger ¢/W values the recirculation
inside the trench plays a more prominent role and becomes more
susceptible to higher inertial effects induced by higher Reynolds
numbers. For the ¢/W value of 0.4, when the Reynolds number
increases from 5 to 200 the jump is about 19% maximum for an
alc value of 0.25, and for the Reynolds number increasing from
200 to 1000, the jump is about 9% maximum for the same value
of a/c. For the ¢/W value of 0.6, the maximum total Poiseuille
number jump is 63% for a/c value of 0.333 when increasing the
Reynolds number from 5 to 200, and 26% for the same a/c value
when increasing the Reynolds number from 200 to 1000. Note
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Fig. 8 Streamline patterns inside the trench with respect to the trench aspect ratio (b/c) at the rough-
ness (¢/W) values of 0.05, 0.2, 0.4, and 0.6 at Reynolds number 5

that these relatively large variations with respect to the Reynolds
number variation may not be noticeable in the plots of Fig. 10 for
large ¢/W values since the total Poiseuille number varies in a
wider range with respect to the land aspect ratio (a/c) compared to
the smaller roughness (¢/W) values.

To better understand the effect of Reynolds number on the total
Poiseuille number behavior and its components when only the
trench aspect ratio (b/c) changes and the land aspect ratio (a/c) is
constant, the streamline patterns for the cases with a ¢/W value of
0.2 at three different Reynolds numbers are illustrated in Fig. 11.
The CTAR at which the recirculation inside the trench has fully
collapsed is significantly affected by the Reynolds number. The
CTAR values for the Reynolds numbers 5, 200, and 1000 are,
respectively, 2.7, 4.7, and 12.1 for the cases where their roughness
value (¢/W) is 0.2 and their land aspect ratio (a/c) is 1. Moreover,
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Fig. 9 The Peclet number (Pe,,) calculated at the top of the
trench for different cases with respect to their trench aspect
ratio (b/c) values for different values of roughness (c/W), 0.05,
0.2, 0.4, and 0.6, and the land aspect ratio (a/c) of 1 at Reynolds
number 5. Information regarding the maximum point and the
CTAR value is also included in the graph for each roughness

(c/W) value.
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as the Reynolds number increases, momentum advection will be
dominant over momentum diffusion inside the trenches leading to
less deflection of the main flow stream. After the recirculation dis-
ruption at high Reynolds numbers, the recirculation that is
induced on the left bottom corner of the trench gets larger. These
observations can help explain the behavior of the pressure Pois-
euille number (Po,,) depicted in Fig. 12 with respect to the Reyn-
olds number while the roughness (¢/W) and the trench aspect ratio
(blc) are variable, and the land aspect ratio (a/c) is equal to 1.
Since the recirculation collapse is delayed at high Reynolds num-
bers at a specific ¢/W value, and even after its breakage the portion
of the recirculation left inside the trench is large, the negative
pressure forces affecting the vertical walls of the trench also
become prominent leading to larger pressure Poiseuille number
value for higher Reynolds numbers at the same b/c value.

Similarly, Fig. 13 depicts the shear Poiseuille number (Poy)
with respect to the trench aspect ratio (b/c) for different roughness
values (¢/W) and Reynolds numbers. The behavior of the shear
Poiseuille number with Reynolds number is dependent on the ¢/W
value. For small ¢/W values, 0.05 and 0.2, at a specific b/c value,
the shear Poiseuille number decreases as the Reynolds number
increases. While for larger ¢/W values, 0.4 and 0.6, the shear Pois-
euille number mostly increases with the increase of the Reynolds
number for a specific range of the b/c value. Generally, the larger
the recirculation gets at the bottom left corner of the trench with
the increase of the Reynolds number, the liquid—solid interaction
decreases in the land region, and the main flow stream experience
less frictional forces at higher Reynolds numbers. For instance,
for the two b/c values of 9 and 19 when the ¢/W value is 0.2, the
shear Poiseuille number even reaches negative values at Reynolds
number 1000, meaning that the frictional forces are in favor of the
main flow stream. This can explain the behavior of the shear Pois-
euille number with respect to the Reynolds number for the cases
with small ¢/W values, 0.05 and 0.2. For the cases with larger ¢/W
values, 0.4 and 0.6, this explanation is only valid for large b/c val-
ues where the intactness of the recirculation inside the trench at
higher Reynolds number overweighs the shear increasing factors
and resulting in less shear Poiseuille number as the Reynolds
number increases. For instance, at ¢/W value of 0.4, the shear
Poiseuille number at Reynolds number 200 gets smaller than at
Reynolds number 5 when the b/c value is larger than two.

Figure 14 shows the total Poiseuille number (Po) behavior with
respect to the trench aspect ratio (b/c) for different values of
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Fig. 10 Total Poiseuille number (Po) with respect to the land
aspect ratio (a/c) for roughness (c/W) values of 0.05, 0.2, 0.4,
and 0.6 at three Reynolds numbers of 5, 200, and 1000 when the
trench aspect ratio (b/c) is 1

roughness (¢/W) when the land aspect ratio (a/c) is constant.
Based on this figure, the total Poiseuille number increases for the
same b/c value as the Reynolds number increases. Since the total
Poiseuille number variation with respect to b/c is dominated by
the pressure forces, the same trend applies when it comes to the
effect of the Reynolds number. The CTAR for the cases with
roughness (¢/W) value of 0.05 is 2.8, 3.0, and 3.2 at Reynolds
number 5, 200, and 1000, respectively. While the CTAR for the
cases with ¢/W value of 0.2 is 2.7, 4.7, and 12.1 at Reynolds num-
bers of 5, 200, and 1000, respectively. For the cases with ¢/W val-
ues of 0.4, the CTAR are 1.8 and 11.8 at Reynolds numbers of 5
and 200. These numbers for the CTAR for different roughness
and Reynolds number values show that as the ¢/W increases the
increase of the CTAR value gets more sensitive to the Reynolds
number variation. This is because the inertial effects due to the
increase of Reynolds number become more prominent as the
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Fig. 12 Pressure Poiseuille number (Po,) with respect to the
trench aspect ratio (b/c) for the roughness (c/W) values of 0.05,
0.2, 0.4, and 0.6 at Reynolds numbers of 5, 200, and 1000 when
the land aspect ratio (a/c) is 1

confinement effects at higher roughness values increase. It should
also be noted that no matter what the Reynolds number is, no total
Poiseuille number reduction has been detected compared to the
smooth baseline for the examined cases.

3.4 Combined Effect of the Geometrical Parameters. A
three-dimensional plot of the behavior of the total Poiseuille num-
ber (Po) with respect to all the nondimensional parameters: trench
aspect ratio (b/c), land aspect ratio (a/c), and roughness (¢/W) at
Reynolds number 5 has been depicted in Fig. 15 by training a NN
on the data at hand. This is necessary to get a better understanding
of the combined effect of the geometrical parameters on the Pois-
euille number behavior. Among the machine learning methods,
NN is used in this study to create a continuous map for the

Fig. 11 Streamline patterns inside the trench for with respect to the trench aspect ratio (b/c) for the
cases with the roughness (c/W) value of 0.2 at three Reynolds numbers of 5, 200, and 1000
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Fig. 13 Shear Poiseuille number (Pos) with respect to the
trench aspect ratio (b/c) for the roughness (¢/W) values of 0.05,
0.2, 0.4, and 0.6 at Reynolds numbers of 5, 200, and 1000 when
the land aspect ratio (a/c) is 1

Poiseuille number behavior with respect to the three contributing
geometrical parameters: b/c, a/c, and ¢/W. This method is the
most suitable approach for this study due to its accurate and fast
performance to deal with complex systems.

Neural network is an interconnected group of nodes formed
generally in multiple layers that could learn to build a computa-
tional structured framework and relate training data to the desired
output data through an evolving mapping function. Each layer of
NN consists of several neurons that translate inputs to outputs
through mathematical functions. In this study, a feed-forward
back-propagation NN is built using the TENSORFLOW package in
Python. An extensive study is performed to tune the hyperpara-
meters of the NN before generating any results. For example, the
architecture of the NN is tuned to achieve the best accuracy while
avoiding overfitting, which leads to a NN with two layers and 16
neurons in each layer. The loss function is defined as the discrep-
ancy between the actual value and the prediction from the NN
which is optimized using a combination of Adams optimizer and

®-Re=5#Re=2004Re=1000
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110 200
Po
105
150
100
0 20 40 60 O 20 40
¢/ W=0.4 5 c/W=0.6
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Fig. 14 Total Poiseuille number (Po) with respect to the trench
aspect ratio (b/c) for the roughness (c/W) values of 0.05, 0.2,
0.4, and 0.6 at Reynolds numbers of 5, 200, and 1000 when the
land aspect ratio (a/c) is 1
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Fig. 15 Total Poiseuille number (Po) with respect to the land
aspect ratio (a/c) and the trench aspect ratio (b/c) for the rough-
ness (¢/W) values of 0.05, 0.2, and 0.4 generated using neural
networks training

limited-memory Broyden-Fletcher-Goldfarb-Shanno (LBFG-S)
method together with Xavier’s initialization method, while the
hyperbolic tangent function is employed as the activation func-
tion. 15,000 data is generated based on the dimensionless geomet-
rical parameters, a/c, b/c, and ¢/W, to feed the NN and achieve a
total loss value of 1 x 107°,

The general behavior of the Poiseuille number is the same for
all the roughness values and for larger roughness (¢/W) values, the
value of the total Poiseuille number increases. For all ¢/W values
the total Poiseuille number experiences its maximum value when
the a/c value is very small and b/c value is relatively small. At
Reynolds number 5, the maximum Poiseuille number for ¢/W
value of 0.05 is 124.4 which occurs at a/c =0.1 and b/c = 1.3. For
c/W value of 0.2, the maximum Poiseuille number is 248.1 which
occurs at a/c =0.1 and b/c =2.1. For ¢/W value of 0.4 the maxi-
mum Poiseuille number is 2510 which occurs at a/c =0.1 and
blc =0.9. The corresponding b/c values for the maximum Pois-
euille number at all ¢/W values are very close to the CTAR where
the negative pressure effects are at their maximum strength. More-
over, as a/c gets smaller, the width of the land region (w),) also
gets smaller leading to more prominent confinement effects.
These two contributing factors can justify the occurrence of a
peak for the total Poiseuille number at small values of a/c and b/c.
On the other hand, the minimum value of the total Poiseuille num-
ber happens when a/c value is large and b/c value is small, mean-
ing narrower trenches that are far distant from each other
resembling a smooth baseline. Therefore, the minimum value
does not go below the smooth baseline value. The minimum value
of the total Poiseuille number for ¢/W values of 0.05, 0.2, and 0.4
are 96.04, 96.01, and 97.3 happen at a/c value of 34.9, 14.4, and
20.5, and b/c value of 0.1, 0.2, and 0.1, respectively. The resem-
blance of the textured microchannels to the smooth baseline is
also true when b/c value gets very large. As can be seen for all a/c
values, as b/c increases, the 3D surface reaches a plateau that gets
closer to the value of the Poiseuille number for a smooth baseline
(Povaseline = 96).

4 Conclusion

In this paper, the attempts are to resolve the mystery surround-
ing the feasibility of drag/friction reduction in microchannels/
microgaps by employing textured surfaces, specifically rectangu-
lar spanwise textures. The smooth reference baseline has been
considered to maintain the same occupying volume as the textured
microchannels to make valid comparisons. The nondimensional
geometrical parameters of the trenches including the land and
trench aspect ratios and roughness have been introduced for a
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more generalized assessment. The effect of these geometrical
parameters and Reynolds number is then investigated using
numerical simulations. In general, the recirculation induced inside
the trench can be beneficial for the shear Poiseuille number reduc-
tion; however, the negative pressure effects are not in favor of the
total Poiseuille number. In other words, there are a few cases in that
microtexturing helps reduce the shear Poiseuille number, but the
adverse pressure forces induced by the recirculation outweigh the
decrease in the shear Poiseuille number and result in an increase in
the total Poiseuille number. Although the results based on the
trained neural network did not show any drag reduction, they pro-
vided a comprehensive understanding of the behavior of the total
Poiseuille number with respect to the nondimensional geometrical
parameters of the rectangular trenches altogether. Based on those
results, flow experiences a higher resistance as the roughness value
is large and both land and trench aspect ratios are relatively small,
meaning small trench width and spacing between the trenches. As
the land and trench aspect ratios increase at any roughness value,
the total Poiseuille number asymptotes to a constant value of the
smooth baseline at the extremes. Understanding the flow behavior
in textured microchannels can help design efficient microfluidics
systems in different applications, such as drug delivery and micro-
electronics cooling. For instance, by knowing the underlying
physics, the regular roughness/microtextures in the inner surfaces of
the microtubes/channels can be engineered such that specific supply
pressure is created to deliver the drug to an organ in the body.
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Nomenclature

a = spacing between the trenches
Aavg = average cross-sectional area
b = width of the trench
¢ = depth of the trench
D;, = hydraulic diameter
F, = resistive pressure force
F, = resistive shear force
L = total length of the microchannel
n = number of trench-land periods along the microchannel
P = fluid pressure
Po = Poiseuille number
Po,, = pressure Poiseuille number
Po, = shear Poiseuille number
Q = volumetric flow rate
Re = Reynolds number
U, u = streamwise flow velocity
= width of the equivalent baseline
w,, = microchannel width in the land region
AP = pressure drop
& = fluid dynamic viscosity
py = fluid density
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