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Abstract

Micro-particles transportation in microfluidics devices is of interest for processing suspensions such as drug delivery,
pharmaceutics, and food. Analytical and experimental studies have been conducted to investigate the velocity domain
of micro-particles in Low-Reynolds-number Poiseuille flow in a rectangular microchannel. The results are compared
with the existing methodologies such as Lattice-Boltzmann simulation and show good agreement. Compared with
similar studies, the comparison between the experimental and analytical results provides broader insight into the
effects of walls on the hydrodynamic behavior of micro-particles in microchannels. The comparative results show that
the velocity domain of the dispersed phase is affected by the particles-fluid hydrodynamic coupling and particles-wall
interactions. Also, particles slip velocities can be significant with the increase of particles sizes and proximity to
nearby walls. Furthermore, the distance from the walls in which the particle-wall interaction is quite considerable is
determined, which is about the order of particles diameter. Also, the number of particles observed near the bottom
wall in all particle sizes was approximately 10% to 20% more than the number of particles found near the top wall,
indicating the tendency of particles to sedimentation.
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1 Introduction

Microfluidics is an emerging field of technology that deals with the transport of particles in order of micrometers
through minute volumes of fluid flowing in microchannels [25]. First research on microfluidics focused on single-phase
flows [14]. However, many microfluidics applications are related to two-phase flows [27]. Two-phase flows contain
a variety of categories based on the dispersed phase transported by the continuous phase [5], but the solid-liquid
two-phase flow is being studied in the present research.

Many industrial and chemical applications are related to Particle transport in Low-Reynolds-number flows, such as
flow cytometry, drug delivery, suspension processing, sedimentation, membrane separations, and blood flow analysis

Email addresses: saman@sharif.edu (Mohammad Hassan Saidi), r.razaghi@iau-garmsar.ac.ir (R. Razaghi),
zabetian@modares.ac.ir (Mohammad Zabetian)

Received: September 2021  Accepted: January 2022


http://dx.doi.org/10.22075/ijnaa.2022.24564.2770

174 Saidi, Razaghi, Zabetian

[4]. The flow migration properties in such microflows are influenced by a variety of parameters such as Reynolds
number, particle diameter-to-channel height ratio (dﬁ") and channel geometry, so that any study about the microfluidics
applications should address the effects of mentioned factors on the hydrodynamic flow characteristics [g].

In solid-liquid microfluidics flows, most of the research focuses on methods of transporting fluid as a continuous
phase containing particulate particles in various devices [26]. One of the earliest researches in the field of micro-
particle hydrodynamics was presented by Lorentz [I5] in which the motion of the particles near one plane wall at a
small Reynolds number was studied. Furthermore, Jeffery [I0] studied the rotation of a solid sphere with its axis of
symmetry perpendicular to the plane. The solution of Jeffery was then expanded by Dean and O’Neil [6], who used
spherical coordinates to derive the solution for a sphere rotating and translating in the vicinity of a plane wall about
an arbitrary axis. The motion of a single particle between two flat planes was also considered by Faxen (2012). His
solution focused on the migration of a spherical particle located at the centerline or at one-fourth of the distance
between the two walls. Brenner [3] also performed a series of studies about the motion of a particle between two
parallel walls migrating towards or away from walls.

Staben et al. [24] studied numerically the motion of a spherical particle between two parallel planes considering
different effective parameters, including various particle sizes and particle-wall distances using boundary integral (B.I.)
method. The results showed that the velocities of particles moving at the center region of the channel are about the
same as the fluid and the slip velocities of particles increase at the regions near the channel walls. Similar work was
conducted by Nikoubashman et al. [I6] by performing Lattice-Boltzmann simulation to investigate the velocity domain
of a single spherical particle migrating between two walls at different wall distances and achieved good agreement with
Staben et al. [24].

You et al. [29] investigated the motion of micro-particles in the near-wall region using direct numerical simulation.
Their results showed that the particles with Stokes number on the order of 0.1 gathered mostly in the region near the
wall. Also, Silva [23] investigated numerically and experimentally the effect of the surface roughness on the behavior
of the particles moving near the walls. The results showed that in the distances away from the walls, the experimental
and numerical results were in good agreement, but near the walls, velocity magnitude derived from experiments was
higher than the numerical ones due to the influence of particle surface roughness. The velocity domain and flow rate of
the water flowing through a microchannel were determined by Puccetti et al. [I8], Wang et al. [28] and Ashwood et al.
[2] using the micro-PIV technique. Their results showed that micro-PIV is a suitable technique for the channels made
by glass. Also, the experimental values of slip velocities of particles in the center of the channel have 1-4% differences
with respect to theoretical ones. Furthermore, Khodaparast et al. [13] employed micro particle shadow velocimetry
(uPSV) to measure dispersed particles’ velocity domain in a rectangular microchannel. The results showed that using
the mentioned approach would increase the reliability and accuracy of particle velocimetry. Alpers et al.[T] developed
a dynamic discrete tomography algorithm for 3D particle tracking velocimetry. The results showed good agreement
with the experiments.

Thermal effects on the particles moving through a mini-channel were examined experimentally [32] and theoretically
[33] by Zabetian. The results showed that the induced flow caused by thermal effects was mainly due to the particles’
thermophysical properties and absorption coefficient.

The velocity domain investigation of particles through the channels has the advantage of the determination of forces
acting on the particles. The hydrodynamic forces acting on the particles in a laminar tube flow were determined by
Eichhorn et al. [7] through an experimental technique. Also, the lift force on a particle moving through a rectangular
channel in Poiseuille flow was investigated by Joseph et al. [II]. They found that particles tend to congregate at
an equilibrium distance from the wall, called the “Sere‘ Silberberg” radius [2I]. Zeng et al. [34] performed direct
numerical simulations of a spherical particle translating parallel to a flat wall to obtain the lift force imposed on the
particles. It was found that the lift coefficient decreases as both Reynolds number and distance from the wall increase.

According to the literature, microfluidics design, including microchannels, dispersed particles, and visualization
techniques, depends on different parameters such as geometrical parameters, hydrodynamic conditions and fluid prop-
erties. In this paper, the analytical formulation introduced in [I1] is employed thorough the proposed experimental
setup to study the velocity field and slip velocity of the micro-particles in the microchannel and compared with exper-
imental results. The testbed developed by the authors can measure the velocity field of the particles using the image
processing technique. Differences between the proposed analytical model and experimental results in the velocity
domain of particles are discussed. The distance from the walls in which the particles are strictly under the influence
of walls is determined. Furthermore, the investigation can provide valuable data applicable for validation of numerical
simulations of micro-size particulate flows.
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2 Analytical Model

Figure |I| shows a circular particle of diameter d, in a rectangular microchannel consisting of two parallel planes
with a distance of H apart. The fluid and the particle are assumed to be density matched, so the buoyancy term does
not enter into the model formulation.

Figure 1: Schematic of flow field under consideration and variables involved in the model

The hydrodynamic forces acting on the particle stem from pressure force acting on the sides of the particle
perpendicular to the flow and the shear stress force acting on the sides parallel to the flow [I1]:

(TA+TB)Z+(P1—P2)dp:0 (21)

p_ (P P) 7
l
where, 74 and 7p are the shear stresses on the upper and lower side of the particle, P, and P» are the pressure acting
on the left and right side of the particle and d, and 1 are the diameter and length of the particle, respectively. The
shear stresses are defined by:

TA+TB+Pdp:0 (2.2)

duy dup
- dy’ (ha), 1B = —W@(hB) (2.3)

The velocity profiles above and below the particle can be written as:

TA =

= {Q[n S An| Card{A] : AJ = xlj} = p1,
Card{4; : Aj = x5} = po, Card{A; : Aj = 215 + 22} =p3, }.
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The following notations can be used for the multi-cubic mappings.

(Ta +7B)l+ (P1 — P2)dp =0 (2.4)
and 5 -
= —ylhr — iy 2.
up(y) 2ny( B—Y)+ I (2.5)

where, U4 and Up are assumed as velocities for the top and bottom of the particle to take into account the angular
velocity of the circular particle, respectively. The difference between these two velocities is given by:

1, 1
Us—-Up = i’y(hB + idp)dp (2.6)

where, ¥(y) is the shear rate for the undisturbed flow (particle-free fluid), given by:

du P
Y = = —(H — 2 2.7
Yo = 3y = 2t y) (2.7)
he shear rate on the particle’s sides may be evaluated from equations (2.4)), (2.5 and (2.6):

duA
dy’
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(2.8)



176 Saidi, Razaghi, Zabetian

du P
Yy = — = —(H — 2 2.9
Yo =g, = 2, H —2) (2.9)
Substituting equations (2.8]) and (2.9) in Eq. (2.3]), and then the resulting equation into Eq. (2.2)), the velocity at the
top and bottom of the particle can be found:

(£)(2dy + ha + hp)hahp + 5 (hp + G)had,

Us = 2.10
4 2(ha + hp) (2.10)
P
f2d+h+hhh+7h+ hpd,
UA:(")( A+ hp)hahp +(hp + F)hp (2.11)
2(ha +hp)
The average particle velocity is:
| (2)(2dy + ha + hp)hahp +5(hg + 2)(hg — ha)id,
Uy==Ua+Up)= -1 2.12
The velocity profile of the undisturbed flow field can be written as:
P
= H - 2.1
u(y) = 2ny( y) (2.13)
At a position where the center of the particle is located at y, = hp + %dp, the undisturbed fluid velocity is:
P 1
(hB+ d ) 2 (hB + d )(hA—l- idp) (2.14)
The particle slip velocity can be defined as:
1
U, :u(hBJridp) —Up (2.15)
which can be written as:
o (£)(ha +hp)(hp + 3dp)(ha + 3dy) — (2d + ha + hp)hahp] +4(hp + 3d,)(hp — ha)dd, (2.16)

2(h,4 + hB)

The above analytical formulations have been employed in order to calculate the slip velocity of three different particle
sizes as 20 um, 40 pm, and 60 um migrating in the rectangular microchannel consisting of two parallel plates with the
distance of 230 pm apart. The viscosity of the fluid has been considered similar to experiments as 0.0015 Pa.s, and the
density of the particle and fluid was assumed to be equal to 1.05 -Z- Figure I shows the dimensionless slip velocity

cm3”
of three different particles with the ratio of diameter to channel height };’ = 0.1, 0.2, and 0.3 versus the distance of the

particle center from the lower wall, d, nondimensionalized by the channel helght,H.

dpiH = 0.1

07 — — — dp/H=0.2
————— dp/H=0.3

06

Figure 2: Dimensionless slip velocity of particles versus dimensionless distance of particle center from the lower wall for three particle
sizes with three diameter-to-channel height ratios

The particle diameter-to-channel height ratio, dﬁ”, is an essential geometrical parameter for the transportation of

micro-particles in microchannels. As it is clear from Fig. with the increase of particle diameter, slip velocity of
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particle increases as well. Furthermore, the differences between slip velocities of three particles in the middle of the
channel are about 1-5%, exceeding almost 70% in the near-wall regions. Thus, the ratio of particle diameter to the
channel height, dﬁp, is the parameter that affectsthe particle-fluid coupling and particle-wall interaction pronouncedly.
For a particle migrating in a microchannel, there is a region in which the particle motion is affected quietly by the
walls, and the slip velocity of the particle increases drastically due to particle-wall interaction. Out of this region, the
hydrodynamic coupling has a significant role in the particles’ drag force and slip velocity. Accordingly, understanding
the wall-effect regions on the reduction of particle velocities could enhance the knowledge of experimental testbeds

designated for micro-particle transportation in microchannels.

3 Experimental testbed

Figure [3] illustrates the schematic of the experimental setup, which contains three main parts: suspension charac-
teristics, microchannel designation, and imaging system.

1- Syringe Pump
2- Syringe

3- Tube

4- Microchannel

5- Videocamera

6-PC

Figure 3: Schematic of the testbed

The driving force of the suspension through the microchannel is considered to be performed by a syringe pump,
namely SP1000HOM from FNM Company [20]. The syringe pump volume rates range are 0.5 £+ 0.005 pliter/hr and
640 + 0.015 ml/hr, respectively. A 1000 uliter glass syringe fabricated from ILS Company (Innovative Labor System
GmbH, Germany) is connected to the syringe pump to inject the suspension through the channel with high accuracy.
The suspension includes micro-particles ranging from 20-100 pm dispersed in the water-glycerol solution using an
ultrasonic bath. The density of the solution is adjusted with the density of the particles, using pycnometer, so that
the sedimentation is ignored in the measurements and calculations. Zabetain et al. [31} [32] [33] have comprehensively
investigated the solvent properties. According to their studies, distilled water was selected as the primary phase. In
order to match the density of continuous and dispersed phase, a solution of 19 percent glycerol by weight (pgs =
1.26-%3) in water was used to achieve a fluid density of pyo = 1.05 & 0.002fracgem? at the room temperature of

22 £ 1°C. At this temperature, the water-glycerol solvent has a dynamic viscosity of p = 0.0015Pa.s. with the
accuracy of 1075 [20].

The polished Soda Lime glass, which has stable chemical properties using the wet etching technique, is used to
fabricate the rectangular microchannel [20]. The thickness of the glass used for fabricating the microchannel is a
minimum 1 mm, so the movements of particles can be captured by the imaging system through the transparent and
thin plate. The depth of the channel is 230 pm. The injection of the particulate flow is done through the inlet and
outlet of the microchannel, which are made by two needles installed and sealed into two 1mm holes machined on the
second glass and attached to the microchannel. The 2-D schematic of the microchannel is shown in Figure @l All
dimensions are in millimeters.

15 30 100
5 0 10
i - = I = - .
" _I_I_I -
= ° 2 g, e ]

4,75

Figure 4: 2-D Plan of Fabricated Microchannel



178 Saidi, Razaghi, Zabetian

An inverted microscope, along with a 2 Megapixels CCD camera, is used to visualize and record the migration of
the particles. The domain of view is scaled with the scaling test slide. Each pixel of the images can be mounted as
0.52 pm with a magnification of 20X for the objective. Table [I] shows the features of the imaging system.

Table 1: General Features of Imaging System

ine CCD FPS Range 25
ine Magnification of the Object 20X
ine No. of Pixels in Length 1280
ine No. of Pixels in width 1024
ine The domain of View (mm?) 0.35
ine Spatial Resolution (um) 0.52
ine

4 Design of experiments

The syringe was filled with the prepared suspension and installed on the syringe pump at the first step. A 15
cm polystyrene tube was used to connect the needle of the syringe to the inlet of the microchannel. The particulate
flow entirely filled the channel with the volume rate of 50 pliter/min. After that, the flow rate was set to 2.36 +
0.001 pliter /min, and consequently, the Reynolds number was 0.005 in the mentioned flow rate. Particle concentration
in the suspension preparation was kept less than 0.25%, so particle-particle interaction would be ignorable. The main
properties of particles used in this study are given in Table [2]

Table 2: Main properties of spherical particles used in this study

ine Size (um) dﬁ” Chemical Composition Density (gr/cm?) Refr:(a,chlzeC})ndex
ine 20 £0.5 0.09
J7£04 d
39.7+0 0.17 Poly—(styrene— 1.05 4+ 0.001 1.59
51.7+0.4 0.22 co—divinylbenzene)
76.8+ 0.5 0.33
ine

The velocity domain of the dispersed particles was obtained through imaging techniques. A 2 Mega-pixel video
camera captured the images of the particles mounted on the eyepiece of the LabomedTM TCM 400 inverted microscope.
The experimental setup is shown in Figure 5.

Figure 5: Experimental testbed

Particle images were recorded online with a computer connected to the videocamera within WinJoe Future software
(Future Optics Sci., & Tech. Co., Ltd). A ruled glass micrometer was used in order to calibrate the motions of particles.
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Each particle with a sharp and identified edge was labeled and tracked using image processing. By observing two
consecutive images of a particle and connecting the centers of the particle, the displacement vector with the accuracy
of one pixel can be obtained. These results were used to find the velocity domain of particles migrating through the
microchannel.

Since all the particle velocities measurements were done by sweeping the channel height in different distances by
microscopic imaging, the calibration of the microchannel was pivotal in results accuracy. To do so, the bottom and top
walls of the channel were identified by rotating the coarse and fine knob of the microscope until the attached particles
were observed clearly. After that, by dividing the rotation number of the knob by the channel height, every surface of
the channel height would be determined. For LabomedTM TCM 400 inverted microscope, 230 degrees rotation of fine
focus knob leads to swiping 230 um of the channel height. In order to determine the velocity domain of particles at the
cross-section of the channel, the average velocity of particles migrating at the specific surface along the channel height
should be calculated. To do so, the volume rate of the particulate flow was set to 2.36 =+ 0.001 pliter /min, and the
microscope’s field of view was fixed at the distance of 1.5 ¢m from the channel entrance. At each surface of the channel
height, particles in focus that had a sharp outline were identified and tracked for about 30-60 seconds. The velocity
displacement vector of each particle was determined through the calibrated domain of view, and consequently, the
average velocity of each particle was calculated by dividing the displacement magnitude by the time. Approximately
20 particles were observed for each surface of the channel height, and finally, the average particles’ velocities were
calculated at each level of the channel height, resulting in the velocity domain of the particles at the channel cross-
section. Figure 6 shows a sample of the experiment in which the position and, consequently, the displacement vector of
a particle was determined within 8 seconds of the flow. Similar steps have been fulfilled for approximately 20 particles
in each level of the channel height, and finally, the average velocity of particles in each level was calculated.

FIG.6.a FIG.6. b

Figure 6: Determining the average particle velocity FIG. 6.a. Position of the particle in the second 72 of the start flow. FIG. 6.b. Position
of the particle in the second 80 of the start flow

5 Results and Discussion
5.1 Pump Calibration

In this paper, all the velocities were non-dimensionalized by the centerline velocity, U, The calibration of the syringe
pump to produce a constant and reproducible flow was essential to obtain accurate results. All the experiments were
performed at @ = 2.36 + 0.001 % which resulted in Re = 0.005. According to the calibrated domain of view,
the uncertainty in the measurement of the location of the particle center was about 1 pixel or 0.52um in x and y
directions, leading to particle velocity measurement uncertainty of about 1-2%. Table |3| shows the results from the
set of experiments and assures us that the syringe pump provides a constant and reproducible flow in the range of
acceptable uncertainties. For particles with an average diameter of 20+0.5 um, the magnitude of U, was measured for
five consecutive one-minute intervals at three different experiments at @@ = 2.36 +0.001 % All data were measured
after 30 seconds of startup. Each value in Table [3 represents the average centerline velocity measurement of about
4-8 particles.

The small variations in the values of U, may be due to eye error in determining the center of some particles away
from the centerline of the channel height. However, all values have a maximum 10% difference from the average of
experimental results in each experiment. So, it can be concluded that the values of Table [3] show that the syringe
pump is calibrated and the flow is reproducible through the tests, and the velocity domain measurements data of the
particles are valid.
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Table 3: Pump calibration experiments for average centerline velocity at Q = 2.36 + 0.001 %

ine
Intervals

Ue(57)

S

Experiment #1

Experiment #2

Experiment #3

ine 0.5 — 1min 39.65 £ 0.55 42.8 £ 0.79 44.06 + 1.12

1 —2nmin 43.9 £ 0.78 43.47 £ 1.78 42.98 £ 0.87

2 —3min 44.45 £ 1.25 44.90 £ 0.41 4143 £ 1.24

3 —4min 41.34 £ 1.45 43.56 £ 0.57 40.12 £ 2.5

4 —5min 42.89 £ 0.97 40.21 £ 2.3 43.24 £+ 2.33

0.5 — 5min (average) 42.45 £ 1.00 42.98 £ 1.17 42.37 £ 1.61

ine

5.2 Particle velocity measurements

As discussed in section 2, the slip velocity between the particle and the fluid is influenced by two main factors:
particle-fluid and particle-wall interaction. This can be quite noticeable when the particle migrates near the walls
regions. In this part of the paper, this phenomenon is analytically and experimentally investigated.

Since, the ratio of particle diameter to the channel height, dﬁ”, is one of the essential geometrical parameters in

the transportation of micro-particles in microchannels, the formulations of the analytical model discussed in section
2 have been employed for three different particle sizes as dﬁp = 0.1 0.2 and 0.3 to determine the velocity domain of
the particles. The viscosity of the fluid was considered similar to the experiments as 0.0015 Pa.s and particles and
fluid were assumed to be density matched as 1.05 Z5. Based on the mentioned assumptions, the velocity fields of
three different particles sizes were calculated and compared with experimental and numerical results. The particle
velocity was calculated analytically for the half of the channel and mirrored for the rest of the channel cross-section
based on the symmetry of the parabolic velocity profile. In the following results, H is the channel height, d is the
distance of particle center from the lower wall, d,, is the particle diameter, a is the radius of the particle, and U, is the
centerline velocity of the particle-free flow. Figures 7 through 9 show the comparison of measured particle velocities
(u), nondimensionalized by the average centerline velocity, U,, versus the distance of particle center from the walls, d,
scaled by the channel height, H. The solid curve is the particle-free Poiseuille flow velocity calculated by using a 3D
computational fluid dynamics solution of fully-developed Poiseuille flow in a rectangular channel, and dashed curves
are the Lattice-Boltzmann simulation results for dﬁp = 0.1 0.2 and 0.3 from Nikoubashman et al. [16].

Figure [7] compares the velocity domain of 20+ 0.5 ym particles in experiments with the velocity domain of particles
with the ratio of dﬁ" = 0.1 from the analytical solutions and Lattice-Boltzmann simulation. Good agreement between
the experiments and the Lattice-Boltzmann simulation is shown in this figure. The experimental results for the velocity
domain of 20 £ 0.5 um particles show that, at the middle range of the channel, the maximum difference between the
average velocities of particles with Lattice-Boltzmann simulations is about 2% and 5% near the walls. More differences
between experiments and numerical results near the wall are due to particles attached to the walls, which affect the

velocity domain of migrating particles. This phenomenon is neglected in the assumptions of the simulation.

Comparing the experimental and analytical velocity measurements shows good agreement in the middle regions
of the channel. In the near-wall regions, analytical results show more velocity reduction than experiments. This
deviation increases with the proximity of particles to the wall. This is since the particle-wall interaction source term
has not been employed in the analytical formulations; thus, near-wall regions velocities of the analytical solution seem
to have more differences from the experimental results. In other words, there is a distance near the wall in which
the particle-wall interaction is quite significant. In this region, the experimental investigations release more reliable
results than analytical ones. Table |4 compares average particle velocities of numerical and analytical studies.

The distance of wall-effect on the particles is significant for the designation of experimental testbeds in order to
transport the specified number of particles through microchannels. Table [] shows that in the middle of the channel,
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Figure 7: Experimental and analytical measurements of the particle velocity, [—Ji , vs. distance of particle center from the bottom wall, 7,
c

for 20 wm diameter particles (dﬁp =0.1).

Table 4: Differences between the analytical and numerical velocity of particles with dﬁp =0.1

ine ¢ d(pm) analytical solution (%) Lattice—Boltz)mann[15] (7 differences (%)
Ogle% 100 0.991 0.997 0.5
ine 8 80 0.941 0.957 1.7
ine 6 50 0.794 0.836 4.9
ine 4 40 0.549 0.635 13.4
ine 2 20 0.208 0.345 39.8
ine 1.8 18 0.168 0.310 45.7
ine 1.6 16 0.128 0.272 53.1
ine 1.4 14 0.860 0.231 62.7
ine 1.2 12 0.043 0.183 76.2
ine 1.02  10.2 0.004 0.111 96.0
ine

the difference between the Lattice-Boltzmann simulation and analytical solution is a minimum 0.5% and increases
slightly with the decrease of particle distance to the wall until the particle center is located at 20 um from the lower
wall. After that, differences increase drastically up to 96% at 0.2 um separations of particle and wall. In other words,
the distance 20 pm from the wall is the distance in which the particle-interaction is significant, and wall effects on
the particles increase pronouncedly. That is the reason the analytical solution is not capable of predictingwhy the
analytical solution cannot predict the velocity of particles as with the same accuracy as experimental or numerical
methods. ButHowever, outside of this region analytical solution could be a good substitution of expensive methods
of experiment, analytical solution could be a good substitution for expensive experiments methods.

Figure 8 compares the velocity domain of 39.7 £ 0.4 um particles measured by experiments with the velocity
domain of particles with the ratio of dﬁ"’ = 0.2 from the analytical solutions and Lattice-Boltzmann simulation. Good
agreement was achieved between experimental and numerical results. Compared with Figure 7, the difference between
the experimental and numerical velocity domain lies at 1-2% in the middle regions of the channel and increases up to
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4-6% in near-wall regions.

Parbcls-fras fluld

| = = = Lattics-Botzmannsimutztion (apH=0_2) [15]

12 w  Experimants(3s7 micromsier particiss ). pragant won
| —.—-.= &nalytical solrtion{dpH=0.2). pEsantw ok

Figure 8: Experimental and analytical measurements of the particle velocity, 5‘ , vs. distance of particle center from the bottom wall, %,
for 39.7 pm diameter particles (%” =0.2).

Table |5[ shows the comparison between average particles velocities of numerical and analytical study for dﬁp =0.2.
As mentioned before, the analytical solution has been done for half of the channel and extended to the rest of the
channel section. Accordingly, no data is found for distances d = 160 ym and d = 120 um in Table [5| Compared with
the velocity domain of Table [4] the difference between the analytical and numerical velocity calculations exceeds to
2.6% in the middle of the channel and increases drastically to 31.1% in the distance 40 um from the bottom wall
and continues to almost 95% in the 4 um separation of particle and the wall. Thus, it is worth mentioning that the
distance near the wall in which the slip velocity of particles with 39.7 um diameter increases significantly is 40 um
from the wall.

Table 5: Differences between the analytical and numerical velocity of particles with %’” =0.2

Lattice-Boltzmann!'%! (

)

d

ine & d(wm) analytical solution (77 ) Ue differences (%)

ine

0.5 % 100 0.961 0.987 2.6
ine 8 160 - - -
ine 6 120 - - -
ine 4 80 0.899 0.946 4.9
ine 2 40 0.420 0.61 31.1
ine 1.8 36 0.346 0.555 37.7
ine 1.6 32 0.266 0.494 46.1
ine 1.4 28 0.182 0.425 57.0
ine 1.2 24 0.094 0.342 72.6
ine 1.02 204 0.0096 0.209 95.4
ine

Figure[9] compares the velocity domain of 76.8+0.5 um particles measured by experiments with the velocity domain
of particles with the ratio of dﬁp = 0.3 from the analytical solutions and Lattice-Boltzmann simulation. Compared with
Figures [7] and [§] maximum slip velocity occurs in this range of particle sizes. Also, the maximum difference between
the experiments and numerical results occurs close to the walls through this type of particle compared to other particle

sizes. This may be due to the effect of particles attached to the walls, which is neglected in the simulations assumption.
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Also, the maximum difference between the average velocities of 76.8 um particles with the numerical results shows
that the settling phenomenon in the velocity field of larger particles plays a more significant role than the smaller
ones. Finally, the total number of particles observed near the bottom regions of the channel is about 20% more than
the upper regions of the channel.

Partichs dres fuld
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Figure 9: Experimental and analytical measurements of the particle velocity, UL , vs. distance of particle center from the bottom wall
c

a4
b H b
for 76.8 um diameter particles (%’ =0.3).

Table 6: Differences between the analytical and numerical velocity of particles with %’ =0.3

15]

ice- (
ine ¢ d(um)  analytical solution () Lattice-Boltzmann

d i () differences (%)

Uec

Olgeﬂ 100 0.941 0.970 2.9

ine 8 240 - - -

ine6 180 - - -

ine 4 120 - - -

ine 2 60 0.613 0.796 23.0
ine1.8 54 0.517 0.737 29.8
ine 1.6 48 0.408 0.668 38.9
ine 14 42 0.285 0.584 51.1
ine12 36 0.149 0.476 68.6
ine 1.02  30.6 0.016 0.297 94.7

ine

According to the results of Table [6 the difference between the analytical and numerical velocity domain in the
middle of the channel for particles with dﬁ” = 0.3 is about 3% and increases to 23% in the distance of 60 um from
the wall. Comparing with Tables [ and [5] as the particle size increases the distance of wall-effect increases either. In
other words, larger particles seem to be more affected by the walls than the smaller ones.

5.3 Wall-effect region of the channel

According to the results of Tables and [0} for a particle with 20 pm diameter, the differences between the
analytical and numerical particle velocity measurements start to increase significantly when the particle is located
at 20 um from the lower wall. Similarly, for the particles with 39.7 ym and 76.8 um diameters, this phenomenon
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occurs when the particles are located at almost 40 pum and 60 pm from the lower wall. The differences between the
analytical solution and experimental or numerical methods are that particle-wall interaction is not properly modelled
in the analytical formulations. This is due to some simplifying assumptions in analytical relations in which the lateral
migration of particle is being neglected, and the particle is assumed to move in the x-direction. However, in the
wall-effect region of the channel, there is a lift force, namely, Saffman lift force, which acts on the particle and makes
the particle to move in y-direction due to the high shear rate. Accordingly, it can be concluded that the wall-effect
region of the channel is the distance in the vicinity of the walls in which the differences between the analytical velocity
measurement with the experimental or numerical results grow significantly. This distance is determined as the order
of the particle diameter. Moreover, when the particle moves in the distance of particle diameter from the walls, the
particle-wall interaction dominates the particle-fluid hydrodynamic coupling, and the velocity domain of the particle
should be calculated according to the particle-wall interaction consideration. Furthermore, particle-wall interaction
increases with the proximity of the particle to the walls.

6 Conclusion

In this paper, an experimental setup based on image processing of micro-particles was introduced mainly due
to investigate the velocity domain of particles with particle diameter-to-channel height ratio ranging from 0.1 to
0.3 (0.1 < dﬁp < 0.3) in a dilute suspension in low Reynolds number Poiseuille flow in a rectangular microchannel.
This research aims to address an effective technique to consider particle tracking of micro-particles in microchannels.
Furthermore, comparing the experimental data with the analytical results presented some deviations in the velocity
domain of particles, particularly near the walls, which was neglected in the analytical formulations. The results show
that the slip velocity of particles which is due to the difference between the velocity of particles and fluid, is minimum
at the center of the channel and increases in the vicinity of walls. Furthermore, an increase in particles sizes leads to
a decrease in particles velocities at the same particle center location due to the interaction effects of nearby walls.

Additionally, based on experimental observations, the number of particles observed near the bottom wall in all
particle sizes was approximately 10% to 20% more than the number of particles found near the top wall, indicating
the tendency of particles to settle down toward the bottom wall. Also, the difference between the average velocity of
particles in the experimental and the numerical results in the middle area of the channel was observed to be 2% to 5%
but near the walls was 4% to 10%. The smallest difference was related to particles with the diameter of 204-0.5 ym and
the highest difference occurred in the particles with the diameter of 76.8 £ 0.5 um which is probably due to the effects
of particles adhering to the walls in the experiments and is usually neglected in the numerical modeling assumptions.

The simplified analytical solution can predict the particle velocity domain outside the particle-affecting region and
can be a good substitution by the expensive experimental methods. However, in the particle-wall effect regions in
which the particle-wall interaction grows pronouncedly, the proposed method should be modified by the source term
in which the particle-wall interaction is implemented adequately.

According to the comparative study between the experimental and analytical particle velocity measurements, the
wall-effect region in the vicinity of the walls is the distance on the order of particle diameter. In other words, when
the particle moves a distance in the order of particle diameter from the walls, the particle-wall interaction dominates
the particle-fluid hydrodynamic coupling, and the velocity domain of the particle should be calculated according to
the particle-wall interaction consideration. Furthermore, particle-wall interaction increases with the proximity of the
particle to the walls. The proposed simplified analytical model fails to predict the velocity domain of the particles near
the walls. So, further investigations might be necessary to develop the proper source term adding to the formulations
for better agreement with the experimental results.
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