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The Investigation of the hydrodynamic drag of a slit microchannel

with a textured wall
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The results of numerical investigation of the hydrodynamic drag of a slit microchannel with a textured wall
surface, as well as of the pressure drop in such a channel and the effective slip length on the wall for various
Reynolds numbers, are presented. The channel height was 10 um, and the length varied from 25 to 500 um. It was
found that the pressure drop in the textured microchannel was less than in a conventional one at any length. The
dependences of the relative pressure drop, friction factor, and effective slip length on the Reynolds number were
obtained for various channel lengths. A correlation that describes the dependence of the relative pressure drop on
the Reynolds number for small channel lengths was proposed. The friction factor was described by a correlation

expressed as 20 / Re.
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Nanohydrodynamics is being intensely developed in
recent years because of the miniaturization of devices in
various fields of technology: aerospace industry, power
engineering, electronics, transport and medicine, oil and gas
industry. In addition, mini— and microchannels are widely
spread in biological systems. However, in microchannels
whose lateral sizes are very small, i.e., the walls are very
close to each other, and, if no-slip conditions is fulfilled,
the fluid velocity is also very small while the hydraulic
drag is high. One of the possible solutions to this issue
is exploiting the effect of wall slip which is that the fluid
near-wall velocity becomes nonzero due to certain surface
properties. One of the research fields of interest is studying
surfaces to which microtextured layers of extremely high
or extremely low wettability are applied with subsequent
control of the wettability of those nanostructures. In recent
years, it became possible to create microtextured materials
with contact angles of about 150°, which possess such
properties as self-cleaning, self-water-repellency, anti-icing
and antifogging [1]. Moreover, various microfluidic devices
are being developed at present: microscale thermophysical
devices, bio-microelectromechanical systems and ,lab-on-
chip“devices [2,3] exploiting the ultrahydrophobic proper-
ties. Therefore, in recent years, both abroad [1-5] and
in Russia [6-10], there arose a great interest in investigat-
ing high— and superhydrophobic microtextured surfaces.
Therefore, in this work, we have studied the effect of the
slit textured microchannel length on the pressure drop in this
channel, hydrodynamic drag factor, and effective wall slip
length for different Reynolds numbers. The microchannel
height was 10 um, and the length ranged from 25 to 500 ym.
This paper considers three-dimensional flows of incompress-
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ible fluids described by using the hydrodynamic approach
based on solving the Navier—Stokes equations system. This
approach was considered in detail in [11], and only the
main points of the numerical technique are noted below.
In this paper, milestones of the numerical technique are
presented below. The difference analogue of the convection-
diffusion equations was found by means of the finite volume
method for structured multiblock grids. The convective
terms of the transfer equation were approximated by using
upwind second-order schemes. The relations between the
velocity and pressure fields ensuring the fulfilment of the
continuity equation were realized using the SIMPLEC-
procedure at aligned grids [12]. The difference equations
obtained as a result of discretizing the initial system were
solved iteratively using the algebraic multigrid solver. In
this approach, periodic boundary conditions were set at the
channel lateral walls; thus, the channel width was regarded
as infinite. At the top wall, no-slip conditions were set.
The bottom wall was a combination of textured sections
with no-slip boundary conditions and free-surface sections
simulating air cavities between the textures. In the free-
surface sections, the wall slip of the flow was set based
on the zero shear stress condition. The textured sections
were squares with a side of 1 um, they were arranged in the
chessboard pattern with longitudinal and transverse steps
also equal to 1 um. At the microchannel inlet, a parabolic
velocity profile was set, and the channel outlet remained
free. The water with a viscosity of 0.001 Pa-s and a density
of 1000 kg/m* was used as a working fluid. The Reynolds
numbers varied from 0.1 to 100 according to variations in
the fluid mean flow rate.
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The calculations showed that the pressure drop in the
textured microchannel was lower than in an ordinary chan-
nel at any microchannel length and any Reynolds numbers.
Due to this, the effect of the presence of textures on the
microchannel wall may be estimated using a dimensionless
ratio between the pressure drop in the channel free of
textured walls and that in the channel with a textured
wall. The dependence of this dimensionless criterion on
the Reynolds number for different dimensionless channel
lengths (channel length related to its height) is represented
in Fig. 1. The figure shows that the relative pressure drop
depends linearly on the Reynolds number, the straight-line
slope decreasing with increasing relative channel length.
This is apparently due to the microchannel top wall being
nontextured, and friction losses increase on this wall with
increasing channel length. In addition, even in the longest
channel where the relative pressure drop is independent of
the Reynolds number; it is approximately 1.2, i.e., the use of
the textured wall enables a 20% reduction of hydrodynamic
losses in such a channel.

Another no less important characteristic is the effec-
tive wall slip velosity defined as the ratio between the
mean velocity on this wall and the mean velocity gra-
dient on this wall: lers = (Us)/(Su/én). The velocity
gradient will be defined based on Newton’s rheological
law: (7) = —u(S8u/én). In its turn, shear stress (r) is
proportional to the channel pressure drop. Finally, the
effective slip length in the slit microchannel will be defined
as follows: lers = (2{us)ul)/(Aph), where u is the fluid
dynamic viscosity; |, h are the channel length and height,
respectively; Ap is the pressure drop in the channel. Fig. 2
presents the effective wall slip length on the Reynolds
number for different dimensionless channel lengths. One
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Figure 1. The dependence of the relative pressure drop in a

microchannel on the Reynolds number for various relative lengths
of such a microchannel.
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Figure 2. The dependence of the effective slip length on the
microchannel wall on the Reynolds number for various relative
lengths of such a microchannel.
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can see that this quantity depends nonlinearly on both the
Reynolds number and the reduced channel length. More
detailed investigations of the effect of various parameters on
this value will be carried out later. However, it is possible
to reveal from this plot that the mean effective slip length is
about 630 nm or 6.3% of the microchannel height.

Further, the influence of the the presence of texturing
on the microchannel wall on the hydrodynamic friction
factor was studied. Its dependence on the reduced channel
length at different Reynolds numbers is represented in Fig. 3.
According to the theory [13], the slit channel friction factor
is equal to 24/Re, namely, is to be a straight line in the frame
of reference used in Fig. 3. One can see that at large values
of reduced microchannel lengths this dependence is indeed
a straight line, however, at small values of reduced channel
lengths the dependence begins deviating from a straight
line, and the larger the Reynolds number, the stronger
this deflection. Moreover, even the straight sections are
inconsistent with the oretical values of the friction factor:
they are perfectly describable by relation Aers = 20/Re,
which is represented in Fig. 3 by a dashed line for each
relevant Reynolds number. It is not surprising that the
hydrodynamic drag factor in the textured-wall microchannel
is lower than that in the nontextured-wall microchannel
by 20% since this fully complies with the above-presented
results of analyzing the relative pressure drop dependence.

After processing all obtained results, the following corre-
lation function describing the behaviour of the microchannel
relative pressure drop was suggested:

Apre =5.69 - 107*(1/h)"1SRe+1.1-1072(1/h) ¥ 4-1.19.

Technical Physics Letters, 2022, Vol. 48, No. 1



The Investigation of the hydrodynamic drag of a slit microchannel with a textured wall 15

® Re=0.1 4 Re=25
L 0.5 > 50
SN 5 X 100
v 10 X Transverse stripe
oo © 90— —0— — — —  — —
102 ¢
R .- —E— — — — & — —
A 0O O% ¢ ¢ ¢ ®
<L 10
f—AA-A*—A—A —————— -« — —
Frvev® vV V¥V — —Vv— — — — - — —
TEqeat € <4— —¢ — — — <« — —
Bk > > b — — — > —
IRE - ook C
10_1 . ] . ] . ]
0 20 40 60
I'h

Figure 3. The dependence of the hydrodynamic friction factor
on the relative length of the microchannel for various Reynolds
numbers.

A comparison of the relative pressure drop obtained
using this correlation with the calculations showed that
the proposed correlation describes the obtained results
with an accuracy of more than 95%. In addition, a
different arrangement of texture sections was considered
for a channel of 100um long: the textures were made
in the form of transverse stripes of 1um wide with an
inter—stripe distance of 3um. Thus, in this configuration
the areas of textures and slip sections were equal to the
ones of described above configuration. To compare them
quantitatively, friction factors for the rough textures in
the form of transverse stripes were additionally shown in
Fig. 3. It is seen that the difference between values for
two considered configurations decreases with an increase in
Reynolds numbers, and it does not exceed 5% even at the
lowest Reynolds number. Hence, the main influence on the
reduction of the pressure drop in the channel comes from
the relative area of the slip section, but not from the pattern
of the rough textures arrangement on the surface.

Thus, the study has shown that the pressure drop in a
textured microchannel is lower than in an ordinary channel
independently of its length. In this case, the relative pressure
drop has a linear dependence on the Reynolds number, and
with an increase in the relative length of the channel, the
slope of this straight line decreases. The study showed
that the use of a textured wall allows one to reduce of the
hydrodynamic loss in such a microchannel by at least 20%.
The hydrodynamic friction factor has been determined,
which can be sufficiently accurately described by the 20/Re
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correlation. A quite simple correlation was suggested, which
describes the relative pressure drop dependence on the
Reynold number with an accuracy of more than 95% for
different dimensionless channel lengths. A dependence of
the effective wall slip length on the Reynolds number was
obtained for different dimensionless channel lengths. The
mean value of this quantity is about 630nm or 6.3% of
the channel height. It was established that the effective
slip length depends nonlinearly on both the Reynolds
number and reduced channel length. However, in order to
answer the question about the mechanisms of influence of
various parameters on this value, it is necessary to conduct
additional systematic studies.
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