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Abstract: In this study, permeability of structured porous media with microfluidic model is experimentally and numerically
determined, and compared with the classic Kozeny-Carman (KC) equation. The Reynolds number (Re) varies from 0.83 to 142.98.
It is observed that the threshold of the Reynolds number is 1. When Re is below the threshold, the permeability is independent of
the Reynolds number. When Re is over this threshold, the viscous force plays a dominant role and the permeability decreases with
the Reynolds number increment. The permeability also rises with the diameter increment. With the same micropillar diameter, the
microfluidic model with triangular pillar arrangement yields 4.5%~7.4% lower permeability than that with square pillar ar-
rangement. The tortuosity obtained by numerical simulation in the triangular-arrangement model is 5.1%~7.9% higher than that
in the square-arrangement model. Based on the arrangement of micropillars, a tortuosity model is proposed for quasi-two di-
mensional microfluidic models. There is an inverse relationship between permeability and tortuosity. In addition, permeability
generated by numerical simulation is consistent with that obtained experimentally. However, permeability estimated by the classic
KC equation roughly agrees with experimental results when the porosity is between 0.50 and 0.60. A model proposed in this study
is suitable for predicting the permeability of microfluidic models. Furthermore, anisotropy induced by the tilt angle (0°~90°) of a
model rectangular micropillar arrangement causes preferential flow and decreases the effective porosity. When the tilt angle
increases from 0° to 90°, the tortuosity declines from 2.04 to 1.03, causing the permeability to rise from 1.0 x 10~** m? to
43 x 1071 m2,
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1 Introduction

In recent years, porous media characterization
has engendered a great deal of interest, due to issues
associated with gas and oil production in shale and
hydrate (Lefebvre et al. 2008; Cai et al., 2012; Ka-
wagoe et al., 2016; De et al., 2018), as well as ap-
plications in chemical engineering (Rickenbach et al.
2014), fuel cells (Kumar and Reddy, 2003; Tawfik et
al., 2007; Yang et al., 2017), microelectronics cooling
(Luetal., 1998), and biomedicine (Zhang, 2011). The
most significant properties of porous media that affect
the permeability and fluid transport phenomena, are
porosity, pore interconnectivity, pore radius, tortuos-
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ity and specific surface area (Carman, 1939; Cai et al.,
2012; Straughan and Harfash, 2013). It is important to
understand the effect of these properties on the char-
acteristics of fluid flow through porous media.

One of the most commonly measured properties,
permeability, characterizes the difficulty of flow
through porous media, and represents the pore inter-
connectivity for fluid conductivity (Collins, 1961).
Measurement methods include indirect prediction and
image analysis from experiments (Lock et al., 2002),
as well as techniques involving nuclear magnetic
resonance spectroscopy and scanning electron mi-
croscopy (Cardona and Santamarina, 2020). The
Darcy law is known to be the most common experi-
mental method for determining permeability:

_dp_ ¢
dx_I(U (1)

where Z—Z is the hydraulic gradient, u is the dynamic
viscosity of fluid, U is fluid superficial velocity, and
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K is the intrinsic permeability of the porous medium.
This relation is only applicable for viscous-dominated
flows (Liu and Tran, 2018; Loosveldt et al., 2002).
For Re > 1, the relationship becomes nonlinear and a
modified Darcy equation called Forchheimer Law has
been proposed (Lee and Yang, 1997):

dp _ p
—E=EU+6[)U2 (2)
where 4§ is the inertial resistance coefficient related to
the pore shape, pore size and porosity. This is also
known as the non-Darcy coefficient.

The major fields of connected to microfluidics
are: molecular analysis, biodefence, molecular biol-
ogy, and microelectronics (Tamayol et al., 2011a).
With advances in microfluidics and microfabrication
techniques, flow through microfluidic model in de-
scribing the porous media has become an area of great
interest (Wan and Wilson, 1994; Bazylak et al. 2008),
such as flow rate and interface wettability impacts on
immiscible displacement (Conn et al., 2014; Hu et al.,
2018; Chen et al., 2023), fines migration and pore
clogging (Pozrikidis, 1994; Auset and Keller, 2004;
Yang et al., 2019; Cao et al., 2019; Yang et al., 2020a;
Yang et al., 2020b; Yin et al., 2023), as shown in Fig.
1. There is no doubt that using a microfluidic model to
study permeability of porous media shows great po-
tential. Therefore, many papers have reported esti-
mation of permeability using creeping flow of liquids
in microchannels with integrated micropillars. The
micropillars provide the solid structure in a micro-
fluidic model, which represents the soil skeleton
(formation matrix). The diameter of integrated mi-
cropillars usually ranges from 20 pum to 450 um
(Gunda et al., 2013; Tamayol et al., 2011b; Tamayol
etal., 2012; Liu and Tran, 2018). Gunda et al. (2013)
investigated single phase fluid flow through micro-
channels with integrated micropillars to calculate the
pressure drop and flow resistance. The microchannels
contained micropillars arranged in square and stag-
gered formations. Chen (2021) also studied the per-
meability of a microfluidic model with seepage ex-
periments. Chips with micropillars in a triangular
arrangement showed higher pressure drops than those
with micropillars in a square arrangement.

Numerical simulation plays an important role in
the study of the porous media seepage mechanism at
the micrometer scale. There are several numerical

methods, such as the Computational Fluid Dynamics
(CFD) (Tamayol et al., 2011c; Tamayol et al., 2012;
Huang et al., 2020), the Lattice Boltzmann Method
(LBM) (Zhou et al., 2022), and the Pore Network
Model (PNM) (Raeesi and Piri, 2009). Tamayol et al.
(2012) fabricated several microfluidic samples to
investigate the accuracy of a theoretical model com-
pared with experimental and numerical data. Micro-
fluidic samples were fabricated with porosities in the
range of 0.35 to 0.95, fiber diameters varying from 50
to 400 um, and a channel depth of approximately 100
um. Huang et al. (2020) developed a numerical model
of laminar flow in porous media, with square particles.
The Reynolds number, streamline, porosity, tortuos-
ity, and fractal dimension were evaluated. Compared
to other numerical methods, though the CFD method
requires higher computational resources, it has fewer
model parameters and does not require calibration.

- et -

Fig. 1 A schematic illustration of a microfluidic model and

its application for permeability, fines migration and mul-

tiphase displacement (Auset and Keller, 2004; Tamayol et
al., 2012; Bate et al., 2022; Chen et al., 2023)

However, studies of permeability that are rele-
vant to geotechnical engineering community and are
carried out at microscale level with a microfluidic
model in porous structures are limited. For example,
there are deviations when measuring microchannel
flow pressure drop to estimate the permeability of
porous media, due to pressure loss at the inlet and
outlet ports of the microchannel (Akbari et al., 2009;
Nie et al., 2023). The flow condition in a microfluidic
model seems to be limited to Darcy flow or creeping
flow with low Reynolds numbers (Gunda et al., 2013;
Tamayol et al., 2012). The wall effect is non-uniform
variation of porosity near the wall in porous media,



and is neglected in low Reynolds number (Carlos et
al., 2008, Chen et al., 2021). Moreover, it has been
shown that the pressure drop obtained at the micro
scale cannot be predicted adequately by large-scale
correlations (Kosar et al., 2005; Yazdchi et al., 2011).
The existing theoretical models fail to predict the
permeability of microfluidic model accurately
(Gunda et al., 2013; Serrenho and Miguel, 2009;
Wagpner, et al., 2021). Few studies have investigated
the influence of microchannels with large particle
diameters and moderate Reynolds number on the
permeability of microfluidic models.

The goal of this study was to assess comple-
mentary fluid-flow to estimate the permeability of
microfluidic models. These particular models had
square or staggered arrangements of circular or rec-
tangular micropillars when the experimental Reyn-
olds number varied between 0.83-142.98. The effect
of Reynolds number, anisotropy, tortuosity and po-
rosity, on permeability are discussed. We also discuss
the effect of microchannel depth on permeability. In
addition, an analytical tortuosity model based on the
2D rectangular and circular micropillar is proposed,
respectively. The experimental results are compared
with those obtained by numerical simulation and the
prediction model proposed in this study. We investi-
gated the applicability of the Kozeny-Carman equa-
tion for the microfluidic model, and analyzed the fluid
flow streamline in the model via a microscale parti-
cle-image velocimetry (uPIV) experiment.

2 Theoretical background
2.1 Reynolds number for microfluidic model flow

Dybbs and Edwards (1984) studied the micro-
scopic fluid dynamics of dye fluid flowing through
hexagonally packed spheres, and proposed Reynolds
number:

_ pUDy
Re = — (3)

where p is the fluid density, U is the average pore
velocity, and Dy, is the average characteristic length
scale for the pores. For obstacles like fibers or parti-

cles, Dy, can be re-written as:
4¢&

~ o,

(4)

Dy,
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where a, = g,d is the particle diameter. The ex-

perimental Reynolds numbers here varied between
0.83-142.98.

Four flow regimes are defined based on this
Reynolds number (Dybbs and Edwards, 1984):
(1) Re <1, creeping-flow regime; (2) 1—-10<
Re < 150, inertial-flow regime; (3) 150 < Re <
300, unsteady laminar-flow regime; and (4) 300 <
Re, unsteady- and chaotic-flow regime.

2.2 Kozeny-Carman equation and tortuosity

The well-known empirical approach for pre-
dicting the permeability of porous media is expressed
by the Kozeny-Carman equation (Carman, 1956):

K=k(”) L2 1 = (g

Yo)  CS2(1-€)2  Cor?S? (1-¢)?

where K is the intrinsic permeability (m?), k is the
permeability coefficient (m/s), y,, is the fluid bulk
density, C is the Kozeny-Carman constant, S is the
specific surface area and ¢ is the porosity. The value
of C depends on factors including the tortuosity 7 and
the shape of grains C, (Wagner et al., 2021). T is
defined as follows (Carman, 1956):

T== (6)

where L, is the length of the streamlines and L is the
sample length.

Tortuosity is related to the pore size, particle
shape and porosity of porous media, in addition to
other factors. Various empirical expressions are
presented in Table 1 to describe this. Tortuosity
models have been obtained by considering particle
size and shape (Comiti and Renaud, 1989; Koponen
et al., 1996; Wang, 2014), 2D particle arrangement
(Yu and Li 2004; Lanfrey et al., 2010), and the
topological properties of Sierpinski carpet (Selly,
2013; Khabbazi and Bazylak, 2015). However, the
unified conclusion to obtain tortuosity value remains
unknown, especially for the effect of particle ar-
rangement on tortuosity.

In this study, we obtained tortuosity by numer-
ical simulation (CFD). The length of streamlines in
the characteristic plane is calculated by accumulating
the coordinate distance of each fluid particle based on
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Eg. (6), as shown in Fig. 2. The characteristic plane is
defined as the middle height plane of the microfluidic
model. That is, h; = 0.025 pm, because the height of
the microfluidic model used in this study was
0.05 pm. It visually indicated that streamline patterns
from numerical simulation corresponded to the ex-
perimental measurements provided in Appendix A.

=% O — xi1)% + (Vi — Yie1)? (7
r=3it ®)

where [, is one streamline, and x; and y; are the
coordinates of fluid particles.

Table 1 Expressions of tortuosity T

Authors Equation Notes
Comiti and Renaud — 1 PIn(e) P is a fitting coefficient and is 0.63 for cubic
(1989) t= particles and 0.41 for spherical particles
Koponen et al. _ _ Fluid flowed through freely arranged square
(1996) t=1+08(1-¢) particles
(—— 1) +%
. 1 1 1-¢ Assuming two-dimensional square particles in
Yuand Li (2004) TEglHgVI— eVl e ] an equilateral-triangle arrangement
Proposing a two-dimensional fractal model of
Selly (2013) T =—0.7145¢ + 1.6571 porous substance constructed by Randomized

T=-042¢+ 135

4 4
r=(1-2)e+-
T T

Wang (2014)

Khabbazi and Ba-
zylak (2015)

Zhangetal. (2020)  ©7 {J [ Va=am] + a1 - ko] +

2—J@-¢em +
8cos[(1 —&)'/30] " g[1—. /A —e)m] 8

Sierspinski Carpets
Simulating the fluid flow in intervals of dense
spheres by LBM
Relationship between tortuosity and porosity
within fractal geometries of Sierpinski carpet

nfa-orre]| A mathematical model for two-dimensional
[1-va=om]
Zm 5 fa—om

square solid particles with m as the anisotropic
parameter and 8 as the retarding parameter
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Figure 2. Schematic diagram of streamline for micro-
fluidic models

3 Materials and Experimental Methods

3.1 Materials

Deionized (DI) water was used as the liquid
phase. Monodisperse fluorescent microspheres (Pol-
ystyrene microspheres) with a density and diameter of
1.05 g/cm3 and 1.0 um, respectively, were pur-
chased to serve as the tracer particles. They were used
to visualize the fluid streamline, which had reliable
flow behavior when the diameter of fluorescent mi-
crospheres was less than 1.0 um under laminar flow
(Shen and Chen, 1989).

3.2 Experimental apparatus

The experimental system of fluorescent mi-
croscopy combined with a microfluidic chip is pre-
sented in Fig. 3. Water was injected with a syringe
pump (Harvard PHD ULTAR). The controllable in-
jection rate ranged from 0.1 uL/min to 5 L/min and
the injection pressure of DI water was measured with



pressure sensors (UProcess Analog Sensor Manifold
4AMO01, USA). We used the fluorescence microscopy
method to collect image for fluid-streamline and ve-
locity detection. All images were captured with a
reverse microscope (Nikon Inverted Research Mi-
croscope ECLISE Ti2-U). Data were acquired
through the Cellsens software provided by Nikon.

Process control &
Date (Image)
acquisition system

Microfluidic chip

Fluid flow line
Pressure date cable
» Image date cable

Syringe pump Beaker

Figure 3. Schematic of the experimental system used for
pressure drop measurement.

The hydrophilic borosilicate glass microchan-
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nels, consisting of micropillars, were fabricated using
the deep reactive ion etching (DRIE) microfabrication
technique. A schematic of the entire microfluidic chip
is shown in Fig. 4a. Microchannels with dimensions
of 1 cm (width) X 2 cm (length) X 50 um (depth)
were built into the microfluidic chip, which consisted
of uniform micropillars. Branch inlet and outlet re-
gions with a dimension of 800 um (width) x
50 um (depth) were connected to the microchannels.
The length of branch inlet or outlet regions is illus-
trated in Fig. 4b. For circular micropillars (Fig.4c), we
investigated square and triangular arrangements of
microchannels with  micropillar diameters of
500,1000 and 2000 pum, and porosities of 0.54 and
0.60 (Table 2). The height for the square arrangement
of microchannels with a micropillar diameter of
500 um and porosity of 0.60 ranged from 30 pm to
200 um. The porosity for the square microchannel
arrangement ~ with a  diameter of 500
um and microchannel height of 50 um ranged from
0.331t0 0.90.

Table 2. Geometrical dimensions of different microfluidic models considered in the present work

Type of microflu- Micropillar Micropillar Micropillar dimensions Porosity a1n—glgllte
idic model shape arrangement D/a, (um)  So/by (um) . 0
Asg-0.60-500 circular square 500 707 0.60 \
As(g-0.60-1000 circular square 1000 1414 0.60 \
As(g-0.60-2000 circular square 2000 2828 0.60 \
Ast-0.60-500 circular triangular 500 758.5 0.60 \
Ast-0.60-1000 circular triangular 1000 1519 0.60 \
Ast-0.60-2000 circular triangular 2000 2631 0.60 \
Ast-0.54-500 circular triangular 500 707.1 0.54 \
Ast-0.54-1000 circular triangular 1000 1414 0.54 \
Ast-0.54-2000 circular triangular 2000 2828.4 0.54 \
Asq-0.41-0° rectangular square 1600 400 0.41 0°
Asq-0.41-30° rectangular square 1600 400 0.41 30°
Asq-0.41-45° rectangular square 1600 400 0.41 45°
Asq-0.41-60° rectangular square 1600 400 0.41 60°
Asq-0.41-90° rectangular square 1600 400 0.41 90°
Ast-0.41-0° rectangular triangular 1600 400 0.41 0°
Ast-0.41-30° rectangular triangular 1600 400 0.41 30°
Ast-0.41-45° rectangular triangular 1600 400 0.41 45°
Ast-0.41-60° rectangular triangular 1600 400 0.41 60°
Ast-0.41-90° rectangular triangular 1600 400 0.41 90°

Notes: D is micropillar diameter, S, is the distance between two neighboring micropillars, a is the length of a rectangular
micropillar, b is the width of a rectangular micropillar, Asq indicates square arrangement and Ast indicates triangular ar-
rangement. For example, Asg-0.60-500 refers to a circular micropillar with square arrangement, in which the micropillar
diameter is 500 pm, and the porosity is 0.60. Asq-0.41-0° refers to a rectangular micropillar with square arrangement in

which the porosity is 0.41 and the tilt angle is 0°.
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Soils are composed of mineral grains. Grain size
distribution and particle shape both play a critical role
in soil macroscale behavior. Inherent fabric in
non-spherical coarse-grained soils always posited to a
rectangular flaky particle for conceptual model, es-
pecially for undrained strength anisotropy (Santama-
rina and Cho, 2004). Here, we propose a facile mi-
crofluidic model to explore the effect of anisotropy on
permeability (Fig. 4d). The rectangular micropillar
model can also be used to simulate two-dimensional
fractured rock mass flow. For rectangular micropil-
lars (Fig.4d), the intrinsic porosity was 0.41. The unit
cell size was 400 pm (b;) X 1600 um (a;) (width x
length) and the size of the pore throat was 200 pum.
The tilt angle for both triangular and square ar-
rangements was between 0° and 90°.

(a) =20 mm

— =10 mm —

W=10mm

, 7
I‘_800Hm N 800pm

sopnf [ ]

Square arrangement

o d L
(© Square arrangement S

_'D Gs_n@a — % 200pm
) e
. D *

L1 L] c i
™ ™ - ¥ k1 200pm 1
" - 500um :. h — a,
‘*ﬁj{,\i T } \
M = SN cropi ] 1600pm(a,) x 400pum(b
. rﬁ‘ \‘\i{: i micropillar | nm(a,) um(b,)
B o
— P /_\ — ¥ 200pm

Triangular arrangement

Triangular arrangement

Figure 4. (a) Schematic diagram of the microfluidic chip;
(b) Close-up view of the inlet port channels; (c) Dimensions
of circular micropillars; (d) Dimensions of rectangular
micropillars

3.3 Calibration of pressure drop in the microflu-
idic model

DI water was injected into the microchannels
with the syringe pump at appropriate flow rates. No
leakage was observed, and the flow was stable. We
obtained the total pressure drop by subtracting outlet
pressure from inlet pressure. The composition of
measured pressure drop was given by Akbari et al.
(2009):

APp = APy — (AP, + AP, + APy + APy + AR, +
2AP, + APR,) 9
where APg is the pressure drop in the fully devel-
oped region, AP; is the pressure loss due to flow in
the tubes connecting the transducer to the micro-
channel inlet, AP, is the pressure loss due to flow in
the inlet and outlet channels, APy and AP, are the
inlet and exit losses, AP, is the pressure drop due to
90 deg bends, APy, is the developing region loss, and
AP, is the pressure drop corresponding to the elec-
tro-viscous effect.

Bahrami et al. (2007) proposed a solution to
determine the pressure drops in the inlet and outlet
rectangular channels of a microfluidic chip. The
laminar flow in microchannels is single-phase and
fully developed. We observed that the Poiseuille
number was only a function of geometrical param-
eters of the cross-section when the fluid properties
and flow rates were constant. The proposed model is
expressed as follows:

2APDy,

afy =222 (10)

12
ffRe‘/K - lgszetanh—](1+e)x/'_ (11)
Re sz = ”“‘F (12)

where f; is the Fanning friction factor and 4f; = f
(Yang et al., 2019), Re sz is the Reynolds number
defined based on the square root of area, VA. € = %
is the aspect ratio because b and ¢ are the major and
minor semi-axes of the cross-section, b > ¢. VA (as
the characteristic length scale for non-circular
channels), is a more appropriate length scale since it
is found through analysis (Yovanovich, 1974).

AP, and AP, were neglected. AP. was calcu-



lated based on the diameter and length of connecting
tubes. APy and AP, were lower than 0.3% compared
to the measured pressure drop. APy, AP, and AP,
were lower than 1% compared to the measured
pressure drop with a small Reynolds number, and
lower than 5% with a larger Reynolds number
(Akbari et al., 2009).

3.4 Numerical simulations
3.4.1 Physical model

Based on the experimental microfluidic chips,
the dimensions of the numerical physical model are
shown in Fig. 5. Upper and lower boundaries were
fixed and flow direction was from left to right. DI
water was used as the fluid phase and its density and
viscosity were 998.2 kg/m3 and 0.001 kg/m"s,
respectively.

»1 L

L .
" 08000000000000

Figure 5. Diagram of numerical physical model. The mod-
el’s length L = 20 mm, inner width W = 10 mm and
channel depth h = 50 pm. The black circles are mi-

cropillars and the grey region is the pore channels

3.4.2 Governing equations

When the Reynolds number is small, the fol-
lowing assumptions are made to simplify calculation
of the numerical solution: 1) The liquid-solid inter-
face is set to the no-slip boundary. 2) There is steady
laminar flow in the microchannels. 3) The mass force
item can be disregarded. 4) The physical parameters
of the fluid are constant.

Then, the continuity equation for incompressi-
ble Newtonian fluid is set to be the governing equa-
tion:

du, , Ou ou,
The momentum equations are:

ou, ou, ou,
Uy W + uy W U, E =

10dp 02Uy | 0%uUy | 02Uy

_;£+“(ax2 T ay? T 622) (14)
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Ju Ju du
y y y
Uy—=—F Uy F U, — =
* ox Yoy ¢ oz
_10p 9%u,  0%uy, | 0%u,
say THGE 52 520 (19)
du, ou, ou,
Uy—m—tuUuy—m—tu,——=
*ox Yoy ?oz
19dp 0%u, = 9%u, . 0%u,

_;E+“(ax2 + dy? + azz) (16)

where u,, u,, and u, are the water velocity, p is the
pressure, p is the density, and u is the kinematic
viscosity of water.

3.4.3 Boundary conditions

The inlet boundary condition is given by:

x=0, uy =ug, u, =0,u, =0 (17)

The outlet boundary condition can be written as:

_ ouy _ Ouy  Odu, _
x==5L ax_ax_ax_o

(18)

The liquid-solid interfaces are assumed to be
no-slip boundaries. Therefore, velocity at these in-
terfaces satisfies the following relationship:

Uy = Uy =U, =0 (19)

3.4.4 Numerical approach

We used ANSYS FLUENT 2019 R3 (Can-
onsburg, Pennsylvania, USA), Computational Fluid
Dynamics (CFD) program, to simulate the seepage in
3D. A structured grid system was used to divide the
computational domain in our model. The liquid
phases in the microchannel were divided into hexa-
hedral elements and local mesh refinement was con-
ducted for the microchannel region to improve cal-
culation accuracy. Symmetry boundary conditions
was applied at the sides of the unit cell under con-
sideration. In order to ensure the reliability of nu-
merical results, we conducted a grid independence
test (see Fig. 6a). At a velocity of 3.3 x 10~* m/s, the
inlet pressure increased with more grid-node numbers.
When the number of grid nodes was over 1.1 x 108,
inlet pressure reached equilibrium. The maximum
grid size was 0.02 mm.

We used the SIMPLEC algorithm to calculate
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the pressure-velocity coupling. For better conver-
gence accuracy of the calculation, we applied the
Gauss—Seidel method, taking into consideration the
over-relaxation factor. We adopted double precision,
and discretized the momentum equation using a sec-
ond-order upwind scheme. The relaxation factor was
set to 0.5, and the residual between the two iteration
steps was set to 1076, When the maximum residuals
of velocity were 1079, the iteration was regarded as
convergent. A comparison between the numerical and
experimental results for the inlet pressure of
Asg-0.60-1000 is given in Fig. 6b. The maximum
deviation between the numerical and experimental
results was 5.6%. It was under control, and thus we
considered the current model to be reasonable and
able to predict the seepage characteristics of the mi-
crofluidic chip model.

(a) 75 (b) =

0 5 10 15 20 25 0 0.02 0.04
Nj10°

Figure 6. (a) Grid independence test; (b) Validation of
numerical microfluidic chip model of Asg-0.60-1000

4 Results and Discussion

4.1 Effects of porosity on tortuosity

0.2 0.4 0.6 0.8 1
£
Figure 7. Comparison of tortuosity obtained by numerical
simulations and models in the literature

Figure 7 presents a comparison of tortuosity
generated by numerical simulations of square and
triangular arrangements, and found for models in
previous studies (with porosity ranging from 0.3 to
1.0). Generally, tortuosity appears to decrease as the
porosity increase. The traditional assumption is that
tortuosity is only dependent on porosity (Koponen et

al., 1996; Wang, 2014; Khabbazi and Bazylak, 2015),
but the 2D particle arrangement also has an effect on
it. In our experiments, we found that with the same
porosity, models with triangular arrangement always
yielded higher tortuosity than those with square ar-
rangement. For example, the tortuosity of
Ast-0.60-500 was 1.21, higher than that of
Asg-0.60-500 (1.13), which means that the flow path
would be more tortuous with a triangular arrangement
than with a square arrangement. This is evident in Fig.
7. On the other hand, as the porosity increased from
0.30 to 1.00, the tortuosity for the triangular ar-
rangement decreased from 1.37 to 1.00, while it de-
creased from 1.26 to 1.00 for the square arrangement.
The deviation between triangular and square ar-
rangements with the same porosity decreased as po-
rosity increased. This result indicated that the particle
obstruction to the fluid weakened when the porosity
increased from 0.30 to 1.00.

The relationship between tortuosity and poros-
ity has been reported extensively, as shown in Table 2.
Results obtained by Koponen et al. (1996) and
Khabbazi and Bazylak (2015) showed that tortuosity
decreases linearly when porosity increases. Yet,
Comiti and Renaud (1996) and Bazarin et al. (2021)
proposed a nonlinear relationship. In this study,
models were postulated for two-dimensional uniform
porous media and no-slip boundary conditions.
Khabbazi and Bazylak (2015) obtained an analytical
tortuosity-porosity correlation for a 2D circular-based
Sierpinski carpet with square arrangement, which was
consistent with our experimental results for the model
with square arrangement. Meanwhile, the tortuosity
of our experimental model with triangular arrange-
ment was roughly similar to that of the model pro-
posed by Bazarin et al. (2021), in which the fractal
geometry a 2D Sierpinski carpet was solved by the
lattice Boltzmann method. However, it is notable that
when the porosity was larger than 0.7, the numerical
tortuosity of our triangular arrangement models was
higher than that obtained by Bazarin et al. (2021). The
deviation may be due to the assumption in their study
of fractal geometry of square particles, while uniform
circular particles were used in this study. Furthermore,
because of the different assumptions and boundary
effects, such as particle size and shape (Comiti and
Renaud, 1989; Koponen et al., 1996; Wang, 2014),
2D vs. 3D random particle-arrangement simulation



(Bazarin et al., 2021), topological properties of Sier-
pinski carpet (Khabbazi and Bazylak, 2015), value
deviations of tortuosity exists in all these tortuosity
models, as shown in Fig. 7. However, they all pre-
sented the negative tendency between the tortuosity
and porosity.

We propose a mathematical model for calculat-
ing 2D circular-based soil tortuosity for different
particle arrangements:

1

cos (1—5)%04
-2}

T 1, 4(1-¢)
G2

T =

(20)

where « is the horizontal angle between two particles,
which arranges from 0 to arctan(B/2C). As shown in
Fig. 7, the special case when « equals 0 is defined as
the line of lower-limit arrangement (LA), and the
normal case when a equals arctan(B/2C) is defined
as the line of upper-limit arrangement (LU). More
details are shown in Appendix B.

4.2 Effects of porosity on tortuosity

Asg-0.60-500 (Simulation)

H Asg-0.60-1000 (Simulation)
_—N — Asq-0.60-2000 (Simulation)
i —=— Asq-0.60-500 (Experiment)

—a— Asq-0.60-1000 (Experiment)
—a— Asq-0.60-2000 (Experiment)
- - — Huang et al. (2020)
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Apaay
|

| Re>1

L
|
0.1 1 10 100
Re

Figure 8. Effects of Reynolds number on permeability of
square arrangement microfluidic chips with a porosity of
0.60
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The relationship between the permeability and
Reynolds number of sample Asg-0.60 is depicted in
Fig. 8. Generally, microfluidic chips with larger mi-
cropillar diameter induced larger permeability com-
pared to those with smaller micropillar diameter in
both experiments and numerical simulations. The
ratio of micropillar wetted surface area to channel
side wall area ( LxW ) for Asg-0.60-500,
Asg-0.60-1000 and Asg-0.60-2000 was 15.39, 7.70
and 4.40, respectively. With grater micropillar diam-
eter, unit micropillar wetted surface area decreased,
causing the side friction to decrease in turn. Therefore,
microfluidic chips with smaller micropillar diameter
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yielded lower permeability than those with larger
micropillar diameter, with the same porosity.

As shown in Fig. 8, when the Reynolds number
Re < 1, the permeability was almost independent of
the Reynolds number, which was quite obvious in the
numerical simulation results. Further increase in the
Reynolds number led to lower permeability. Huang et
al. (2020) developed a heterogeneous numerical
model of laminar flow in 2D porous media. The cor-
relation they found between permeability and Reyn-
olds number was in line with the results mentioned
above. The same conclusion was also obtained in
microfluidics experiments done by Gunda et al.
(2013). This was that Darcy law could not accurately
describe the seepage characteristics of the porous
media when Re > 1. When the Reynolds number is
large, it was proved that the liquid flow in porous
media is affected by both inertial and viscous forces,
and the side friction increases (Antohe et al., 1997).
Based on the Darcy-Forchheimer Law, Eq. (2) can be
rewritten to the following expression:

dp_ﬁ
-2 =Ly 5pu

udx (21)

We obtained the relationship diagram for%and U,

which enabled us to calculate the permeability by the
intercept. The inertial resistance coefficient § (m™1)
was calculated by the slope, and was found to be
62456, 64689, and 82125 for Asg-0.60-500,
Asg-0.60-1000, and Asg-0.60-2000, respectively.

The permeability obtained with our numerical
simulations was 10% higher than that obtained in the
experiments (Fig. 8). We proposed the following
explanations for this discrepancy: 1) no-slip boundary
conditions and smooth sides were applied in the nu-
merical simulation, but side friction was included in
the experiments; 2) the pressure drop caused by inlet
and exit losses and the electro-viscous effect were
neglected; 3) the hydraulic pressure measured by
pressure sensors varied in the experiments.

4.3 Effects of micropillar arrangement on per-
meability
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Figure 9. Effects of micropillar arrangement on pressure
distribution and velocity vector distribution at a velocity of
0.00033 m/s: (a) Ast-0.60-2000; (b) Asg-0.60-2000.

Flow characteristics including pressure distri-
bution and velocity vector distribution for models
Ast-0.60-2000 and Asg-0.60-2000 at a velocity of
0.00033 m/s, are demonstrated in Fig. 9. With the
same porosity, the triangular-arrangement model
yielded a larger pressure drop (65 Pa) than the square
arrangement model (57 Pa). The maximum pressure
was in the inlet, and it decreased with the flow direc-
tion. The maximum velocity vector of the pore throat
in the triangular-arrangement model was 1.78 X
1073 m/s, higher than that in the square arrangement
model (1.53 x 1073 m/s). We observed that flow in
the triangular-arrangement model was divided into
two parts, causing the difficulty of flow seepage and
increasing of flow path. However, the flow seeped
mostly straight in the horizontal pore-channel direc-
tion in the square-arrangement model. The velocity
vector in the vertical pore throat was nearly zero.
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Figure 10. Comparison of experimental permeability with
different micropillar arrangements and a porosity of 0.60

To further investigate the effect of micropillar
arrangement on the permeability of microfluidic
chips, we considered microchannels with square and
triangular micropillar arrangement and a porosity of

Velocity magnitude

0.60. A comparison of experimental permeability
with different micropillar arrangements is presented
in Fig. 10. With the same micropillar diameter, the
triangular-arrangement model yielded lower perme-
ability (4.5%~7.4%) than the square-arrangement
model. This difference was more pronounced with
larger micropillar diameter. When the porosity and
micropillar diameter are the same, tortuosity is the
only variable parameter based on the KC equation,
which has an effect on the permeability of microflu-
idic chips. From Fig. 7, one can see that the tortuosity
values in the triangular-arrangement model were
5.1%~7.9% higher than in the square-arrangement
model, with a porosity of 0.60. This deviation led to a
difference in permeability of the microfluidic models
with different arrangements.

4.4 Effects of anisotropy on permeability

The effects of tilt angle on the tortuosity and
velocity vector of the unit-cell model with rectangular
micropillar arrangement are shown in Fig. 11a. With
the same tilt angle, the tortuosity of the triangu-
lar-arrangement model was higher than that of the
square-arrangement  model. In  the triangu-
lar-arrangement model, we observed that the larger
the tilt angle, the lower the tortuosity and velocity in
the micro-channel. The maximum tortuosity was
2.0397 when the tilt angle was 0°. When the tilt angle
was 90°, the tortuosity was nearly 1.0, which was
caused by the horizontal direction channel of prefer-
ential flow. The same tendency was also presented in
the square-arrangement model, except for a tilt angle
of 0°, at which the tortuosity was only 1.0389, far
lower than the value (1.3918) when the tilt angle was
30°. In addition, when the tilt angle was 0°, the ve-
locity vector of the square-arrangement model was
almost in the horizontal flow direction channel and
the velocity magnitude was as high as 5.95 x
1073 m/s, which was higher than in other models.
This can be explained by the fact that the flow rate
was constant and the velocity was in reverse propor-
tion to the flow area.
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Figure 11. Effects of tilt angle on (a) tortuosity and

(b) permeability

Based on the microfluidic chip’s geometrical
structure, we obtained a geometric solution for each
microfluidic model (Fig. 11a). The geometric solu-
tions were generally consistent with those determined
by numerical simulation. However, the general ob-
servation was that results obtained by geometric so-
lution were higher than those obtained by numerical
simulation, especially for the triangular-arrangement
model with a tilt angle of 0°. The geometric solution
was 2.50, 25% higher than the numerical solution.
The assumption of geometric analysis was that the
streamline was a straight line in the center of the mi-
cro-channel, while the streamlines were curves in the
numerical simulation, as shown in Fig. 11a. More
details are given in Appendix C.

Due to the high aspect ratio, fabric in clay-rich
sediments was reoriented during consolidation and
shearing, causing a change in permeability. Daigle
and Dugan (2011) developed a model to describe
development of permeability anisotropy; it took into
consideration the grain aspect ratio, porosity, and
average angle of grains with respect to the horizontal
plane. Results obtained by numerical simulation were
compared to this model. It was clear that the model

J Zhejiang Univ-Sci A (Appl Phys & Eng) inpress | 11

could not predict the numerical results accurately,
because it produced far higher values than those ac-
quired by numerical simulation. In the model, fabric
particles were assumed to be flat cylindrical grains,
while a 2D rectangular particle was idealized in this
study. Thus, we propose an analytical model based on
2D rectangular particles (see Appendix D):

r2cos?0

T=14+— -
(;+2)(rc059+sm0)

(22)

where r is the aspect ratio. As shown in Fig. 12a, the
results from the analytical model correspond to the
numerical results.

Based on the results shown in Fig. 11a, we de-
termined the effects of anisotropy on permeability by
varying the tilt angle of unit cells (see Fig. 11b).
Several general observations were obtained. At the
same tilt angle, we observed lower permeability in the
triangular-arrangement  model than in  the
square-arrangement model, in both the numerical
simulation and KC equation. With the same ar-
rangement, permeability of microfluidic models in-
creased by nearly four times as the tilt angle increased
from 0° to 90° . Equivalent permeability of
two-dimensional fractured rock-mass flow with dif-
ferent direction angles was discussed by Wang (2014).
The same result: the equivalent permeability in-
creased with the higher tilt angles, was obtained.
Compared to the experimental permeability, numer-
ical simulation led to higher permeability for the same
model, while the KC equation led to lower permea-
bility. The deviation was in two times. This indicated
that the KC equation could roughly predict the per-
meability of the microfluidic test under the effects of
anisotropy.

For the rectangular-micropillar model, the
shape factor was the same. It was noted that the tor-
tuosity was only 1.0389, yet the permeability was
2.03 x 10711 m? for the square-arrangement model
with a tilt angle of 0°. The effective porosity of this
model was only 0.12, far lower than its intrinsic po-
rosity of 0.41. The effective porosity is defined as the
ratio of the pore volume with streamlines to the total
volume. Due to the pore structure and wall effect of
the microfluidic model with rectangular-micropillar
arrangement, the phenomenon of preferential flow
was clearly observed, as shown in Fig. 11a. Although
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the pore channels were interconnected, the stream-
lines only exist in the pore channel of flow direction.
Thus, compared to tortuosity, porosity had a more
considerable influence on the permeability of porous
media.

4.5 Effects of tortuosity on permeability
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Figure 12. Variation of permeability with tortuosity

The effects of tortuosity on permeability in the
experimental models are depicted in Fig. 12. As ex-
pected, there was an inverse relationship between the
permeability and tortuosity. Permeability was found
to decrease with an increase in tortuosity. The coef-
ficient of determination R? for the rectangu-
lar-micropillar models and circular-micropillar mod-
els, as well as the results of Li et al. (2019), were
0.9639, 0.8962, and 0.9163, respectively. These val-
ues are all higher than 0.80, which means that the
linear regression model fits the correlation between
permeability and tortuosity. It is observed that the
fitting coefficient for these three models were -57.237,
-6.6, and -2.5226, respectively. Compared to the cir-
cular-micropillar models and the results of Li et al.
(2019), permeability of the rectangular-micropillar
models was the most sensitive to change in tortuosity.
This is because the porosity increased from 0.33 to
0.90 for the rectangular-micropillar models, while the
porosity for the circular-micropillar models was 0.41,
and it was 0.30 for the models designed by Li et al.
(2019). Compared to tortuosity, permeability is more
sensitive to porosity.

When the porosity is constant, the permeability
anisotropy ratio can be defined as the ratio of hori-
zontal permeability to vertical permeability: 6 =
ky/k, (Daigle and Dugan, 2011). For the circular
micropillar models and models of Li et al. (2019), the

anisotropy ratio is defined as the ratio of maximum to
minimum permeability. Therefore, the anisotropy
ratio for the circular micropillar models is 5.43, while
it is 3.28 for the models designed by Li et al. (2019).
The latter were three-dimensional digital cores of
tight sandstone. Overall, the higher the anisotropy
ratio, the larger the change in permeability.

4.6 Effects of porosity on permeability
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Figure 13. Comparison of permeability obtained from
experiment and numerical simulations with that obtained
from formulas available in the literature, for Asg-500

As a structural parameter, porosity plays a key
role in permeability, especially when it is small. In the
current work, the pores of microfluidic chip models
were interconnected. In Fig.13, permeability gener-
ated by experiment and numerical simulation for
Asqg-500 are compared with permeability obtained
from formulas available in the literature (Carman,
1939; Happel, 1959; White, 1991; Koponen et al.,
1998; Kruczek, 2014). Details of these formulas are
displayed in Table 3. Permeability generated by nu-
merical simulation was consistent with that obtained
from  experiments, and the error was
9.78%~28.43%. The permeability prediction equa-
tions displayed in Table 3 are either the KC equation
or modified KC equations, except the White equation
(1991). For parallel plates duct flow, the equivalent
permeability can be expressed by the White equation
(1991). However, all the KC equations and modified
KC equations fail to predict the permeability of mi-
crofluidic models accurately. For example, permea-
bility estimated by the classic KC equation with the
values of tortuosity in Fig. 8 roughly agreed with
experimental results when the porosity was only in
the range of 0.50-0.60. When the porosity was lower
than 0.50, the permeability estimated by the KC
equation was lower than the experimental results, and
the error was within one time. When the porosity was



higher than 0.60, the permeability estimated by the
KC equation was higher than the experimental results,
and the error increased with the porosity increment. It
was observed that the error was more than one order
of magnitude. The Kozeny-Carman equation is not
suitable for porosities above 60% (Koponen et al.,
1998; Miguel 2012; Sharma et al., 2023). It was also
observed that the Koponen equation (1998) had po-
tential to predict the experimental results fairly ac-
curately. Yet, it only fit the experimental points when
porosity ranged from 0.60 to 0.80. When the porosity
exceeded 0.80 or was below 0.60, the error was as
high as 71%.

Table 3. Predicted equations of permeability in the
literature

Authors Models for permeability K
Carman 1 &
(1939) T Cot2S2 (1 —¢)?
2 (1-e%-1
Happel K=—-———[-In(1- —_—
(155'09) IO LA cp e ¥
Note: d is defined as the mean particle diameter
2
White K = @
(1991) 12 .
Note: hy is the height of the duct
83
Koponen T CoSo?
etal, Note: C, is 2 for cylindrical capillaries, S is the
(1998)  ratio of fluid—solid interfacial area to total sam-
ple volume
DZdi &3
T 180 (1 —¢)2
Kruczek . - . .
(2014) Note: & is sphericity of the particles in the

packed bed, d, is the diameter of the equivalent
spherical particle

When porosity was close to 1.0, the flow char-
acteristics in the microfluidic chip model and the
parallel plates duct flow model (White, 1991) were
similar. This tendency is clear in Fig. 13. With a po-
rosity of 1.0, the permeability obtained by White
(1991) was 2.08 x 1071% m?2, while that obtained by
numerical simulation was 2.23 x 10719 m?. Based
on above the analysis and literature research, a pre-
dicted model for the permeability of a microfluidic
model was proposed:

K= észrczr

(23)

where 7. is the pore radius and c is a shape parameter.

For a quasi-2D microfluidic model, ¢ is 3.4
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(Mathavan and Viraraghavan, 1992). Carman (1956)
proposed the hydraulic radius as a candidate for the
pore radius, which is defined by the ratio of total pore
volume to the total wetted surface area. The plot de-
picted in Fig.13 shows that the porosity is 0.60, and
the permeability values obtained by the proposed
model and experiment are 6.07 X 1071 m? and
6.02 x 10711 m? | respectively. The permeability
obtained by proposed model can be in line with the
experimental results. In addition, permeability ob-
tained by the proposed model is about 40% below the
numerical results when the porosity is lower than 0.60.
On the other hand, it matches the numerical results for
high porosities, especially for a porosity of 0.90. In
short, permeability of microfluidic models generated
by the proposed model can predict the experimental
and numerical results well compared to other equa-
tions in the literature.
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Figure 14. Comparison of experimental results (Gunda et
al., 2013) with those producted by the predicted model

To validate the applicability of the predicted
model, a comparison of experimental results obtained
by Gunda et al. (2013) with the results of the pre-
dicted model is displayed in Fig. 14. In the experi-
ments of Gunda et al. (2013), the micro-pillars were
arranged in a square formation and the porosity of the
microfluidic models ranged from 0.50 to 0.95. The
predicted model appears to succeed in presenting the
varying permeability of structured porous media.

4.7 Sources of error
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Figure 15. Comparison of experimental permeability with
numerical simulation and different models 0fAsq-0.60-500
plotted as a function of microchannel depth

Comparison of the experimentally derived
permeability values with the numerical simulation
and different models for Asg-0.60-500, was plotted as
a function of microchannel depth (Fig. 15). Compared
to experimental results, numerical simulation induced
25%~43% higher permeability values with the same
microchannel depth, and the deviation increased
proportionally to the channel depth increase. It was
evident that microchannel depth was one important
source of error. When the microchannel depth was 30
um, both models could accurately predict the per-
meability of the microfluidic chips; but when the
microchannel depth was larger than 50 um, the KC
equation failed to predict the permeability accurately.
At the same time, when microchannel depth increased
from 30 um to 100 um, the permeability generated by
the predicted model was very consistent with the
experimental data. When the microchannel depth was
200 um, the permeability obtained by the predicted
model was 51.17 x 10~11 m?, while that obtained in
the experiment was 40.86 x 10~ m?,

There was a limitation to the above permeability
prediction models. In the KC equation, the
Kozeny-Carman constant was affected by porosity,
porous microstructure, tortuosity, and other factors. It
was to be 5.0 for spherical particle porous based on
generous experiments (Kaviany, 1995). For the peat
bed, however, the Kozeny-Carman constant was 3.4
(Mathavan and  Viraraghavan, 1992). For
Asg-0.60-500, the tortuosity was about 1.2, so the
Kozeny-Carman constant was 3.6. However, the
Kozeny-Carman constant did not remain constant
when the microchannel depth increased from 30 um
to 200 um. Meanwhile, the specific surface area de-
creased from 0.111m~2to 0.019 m~2 when the mi-

crochannel depth increased from 30 um to 200 pm.
The predicted model, it was meant to represent a
quasi-two-dimensional porous medium with numer-
ical simulation, and was applicable to microfluidic
chip models. However, when the microchannel depth
was 200 um, the flow in microchannel pores was
closer to three-dimensional conditions. Thus, there
was error in the results. In addition, micropillars in the
microfluidic models were fabricated in a uniform
periodic arrangement. Yet, the type of packing and
geometry of solid parts play the main relevant role on
permeability (Koponen et al., 1997; Serrenho and
Miguel, 2011; Koponen et al., 2017), and therefore
warrant further study.

5 Conclusions

We estimated permeability for single-phase flow
through microfluidic models with integrated mi-
cro-pillars, with Reynolds numbers varying between
0.83 and 142.98. The experimental results were
compared with those obtained by numerical simula-
tion and empirical theoretical models. The following
conclusions can be drawn:

(1) Anisotropy induced by the tilt angle (0°~90°)
of rectangular micropillars formed preferential flow
and decreased the effective porosity. Especially for
the square arrangement model with a tilt angle of 0°,
the tortuosity was only 1.0389, yet the permeability
was 2.03 X 1071 m?. The effective porosity of this
model was only 0.12, far lower than its intrinsic po-
rosity of 0.41. The Permeability of the various models
increased by nearly four times as the tilt angle in-
creased from 0° to 90°. When the tilt angle increases
from 0° to 90°, the tortuosity declines from 2.04 to
1.03, causing the permeability to rise from 1.0 X
107 m? to 4.3 x 10~ m?. Therefore, an analyti-
cal tortuosity model based on the 2D rectangular
particles is proposed.

(2) We observed that the threshold of the Reyn-
olds number was 1. When Re is below the threshold,
the permeability is independent of the Reynolds
number. When Re is over this threshold, the viscous
force plays a dominant role and the permeability
drops as the Reynolds number increases.

(3) The permeability of the microfluidic chip



models is influenced by the diameter, arrangement,
and shape of the micropillars. With the same porosity,
due to the increase in side friction, microfluidic chips
with smaller micropillar diameters yielded lower
permeability than those with larger micropillar di-
ameters; the permeability of triangular-arrangement
model is 4.5%~7.4% lower than that of the
square-arrangement model, due to a 5.1%~7.9% in-
crease in tortuosity. Based on this, a mathematical
model for calculating 2D circular-based soil tortuos-
ity with different particle arrangements is proposed.

(4) The permeability generated by numerical
simulation is consistent with that obtained from ex-
periments, and the error is 9.78%~28.43%. How-
ever, permeability estimated by classic the KC equa-
tion roughly agrees with experimental results when
the porosity is only 0.50-0.60. It was proved that the
predicted model is suitable for estimate the experi-
mental permeability of microfluidic models.

(5) As microchannel depth increases from
30 um to 200 um, the permeability obtained by nu-
merical simulations is 25%~43% higher than that
obtained by experiments. When the microchannel
depth is more than 50 um, the KC equation fails to
predict the permeability of microfluidic chip models.
The predicted model is therefore suitable for esti-
mating experimental permeability with microchannel
depths ranging from 30 pm to 200 pm.
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