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Abstract: Darcy flow behavior in porous media is of significant importance in engineering problems such
as energy extraction and groundwater transport, with its macroscopic permeability characteristics
largely controlled by the geometry of the pore throat structure. To quantitatively analyze the influence of
regular pore throat structures on Darcy flow behavior and equivalent permeability, this study employs a
microfluidic experimental method, selecting two types of chips with identical porosities but different pore
throat geometries for comparative experiments. The permeability performance of these chips under
Darcy flow conditions was then compared. By measuring the relationship between the pressure gradient
and volumetric flow rate under steady-state conditions, the equivalent permeability of the two chips was
calculated based on Darcy's law, thereby studying the impact of pore throat geometry on flow
characteristics. The experimental results show that the permeabilities of the two chips are 2.083 x107% m?
and 4.16x10°% m? respectively. Despite having similar porosities, the triangular pore throat chip
exhibited a significantly higher permeability due to differences in geometric structure. During the
experiment, bubble retention and local preferential flow phenomena were observed, but these did not
disrupt the linear relationship of Darcy flow and only had a slight effect on the quantitative results of the
equivalent permeability. This study reveals the influence of regular pore throat structures on Darcy flow
characteristics in porous media through microfluidic experiments, providing experimental evidence for
understanding and predicting macroscopic permeability based on pore-scale structures.
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1. Introduction

Flow in porous media is ubiquitous in energy extraction, groundwater transport, and environmental
engineering. The macroscopic flow characteristics of porous media are fundamentally controlled by the
microstructure of the pores!!l. Under low flow conditions, the flow of fluid in porous media is primarily
governed by viscous resistance, and the process can be described by Darcy’s law. This law provides a
linear relationship between the flow rate and pressure gradient under steady-state laminar flow conditions
in porous medial?. The general form of Darcy's law is expressed as:

Q:AZT (D

Where @ is the volumetric flow rate, A4 is the cross-sectional area of the porous medium, u is

the dynamic viscosity of the fluid, K is the permeability of the porous medium, AP is the pressure
difference across the medium, and L is the characteristic length of the flow. This equation indicates
that under low-speed flow conditions, the flow rate and pressure gradient exhibit a linear relationship,
and permeability is the key parameter that quantifies the flow capacity of the porous medium.

Experimental measurement is the most intuitive and effective method for studying the Darcy flow
characteristics of porous media. Early studies focused on particle beds or natural rock samples, using
macroscopic experimental techniques to establish empirical relationships between permeability and
structural parameters. Lei et al. [’ derived an empirical formula for permeability based on particle bed
experiments; Scholz et al. “'measured the permeability of randomly packed elliptical particles, showing
that permeability is primarily dependent on the overlap probability of particles rather than their shape.
Jiang et al. *! developed an empirical formula for the permeability of porous media using measurements
of power-law fluids; Adler et al. ! derived permeability expressions for glass particle media. For natural
rock samples, Ehrenberg et al. [’! investigated the impact of porosity and pore throat diameter on the
permeability of carbonate rocks, while Burgisser et al. ¥l demonstrated the critical role of pore throat
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structure in controlling magma flow in volcanic rocks. Baker et al. ¥ discovered a power-law relationship
between permeability and porosity in basalt. Additionally, studies by Rust '%, Klug ['"!, and Farquharson
et al. (12l have shown that bubble structure, connectivity, pressure differences, and fluid viscosity
significantly influence permeability.

Despite significant advancements in traditional experimental studies on Darcy flow laws, the impact
of pore throat geometry on flow behavior remains challenging to directly observe and quantify due to the
inherent randomness of natural pore structures. With the development of microfluidic technology,
microfluidic experiments using artificially designed pore networks have provided new insights into the
study of flow in porous media. Xu et al. [** developed a microfluidic platform to observe the flow
behavior of oil droplets in simulated pore throat structures and studied the role of nanoparticles in
enhancing non-wetting phase displacement. Wang et al. '* 11 used microfluidic experiments to visualize
and quantify displacement processes in complex porous media and proposed a novel displacement model
to enhance displacement efficiency in heterogeneous porous media.

In addition to the displacement process, microfluidic techniques have been widely applied to study
pore-scale flow behaviors in porous media. Relevant studies include bubble growth and coalescence
behaviors [1% 171 evaporation and salt precipitation processes [°!, gas-liquid displacement and capillary
instability M%), high-pressure multiphase flow "%, as well as multiphase flow, preferential flow, and
imbibition processes 2231, Furthermore, microfluidic technology has been used for the quantitative
measurement of interfacial properties at the pore scale, such as surface charge measurements at liquid-
liquid interfaces 241 These studies demonstrate the advantages of microfluidic experiments in visualizing
and analyzing pore-scale flow mechanisms.

In summary, while microfluidic experiments have demonstrated high controllability and
visualizability for studying pore-scale flow in porous media, experimental studies on Darcy flow
characteristics and equivalent permeability in regular pore throat structures are still limited. Therefore,
this study employs microfluidic experiments to investigate Darcy flow behavior in porous media with
regular pore throat structures under low flow conditions. By analyzing the relationship between pressure
gradient and volumetric flow rate, the equivalent permeability under different pore throat structures was
quantitatively characterized. Additionally, the relationship between pore-scale flow features and
macroscopic flow behavior in regular pore throat structures was explored, considering the bubble
retention and local preferential flow phenomena observed during the experiment.

2. Experimental Method
2.1 Experimental Setup

The microfluidic experimental system used in this study consists primarily of microfluidic pore throat
chips, a syringe pump, pressure sensors, and an optical microscopy system, as shown in Figure 1. The
syringe pump is employed to inject fluid into the chip at a stable flow rate, while the pressure sensors
monitor the pressure variations at both ends of the chip to determine the pressure gradient under steady-
state conditions. The optical microscopy system is used to observe the flow behavior within the chip and
pore-scale phenomena.

Microscope
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Waste liquid
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Figure 1: Schematic of the experimental setup and testing system
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The fluid used in the experiments is deionized water, which serves as the single-phase fluid for the
displacement process. To minimize the effects of dissolved gases on experimental results, the deionized
water is degassed for 30 minutes before use. The entire setup operates at room temperature, with an
ambient temperature of approximately 20°C to ensure consistent experimental conditions.

2.2 Microfluidic Chips

The microfluidic chips used in this study are fabricated from polydimethylsiloxane (PDMS) through
soft lithography, and bonded to glass substrates using plasma treatment to form enclosed flow channels.
The chips are designed with inlet and outlet ports for connecting external injection and measurement
devices.

The pore throat chips selected for the experiment are square-shaped and triangular-shaped, as shown
in Figure 2. The chip dimensions are specified as follows: length /=20mm, width W =10mm, and
depth H =0.lmm , with cylindrical micro-pillars designed d =0.2mm inside the chip having
diameters and depths. The square-shaped pore throat chip has a porosity of 0.68905, a center-to-center
spacing of 0.3 mm, and a micro-pillar angle of 0°; the triangular-shaped pore throat chip has the same
porosity as the square-shaped chip, with a center-to-center spacing of 0.3 mm and a micro-pillar angle of
10°. Based on these pore throat chips, this study adjusts the pore throat geometric structure to investigate
the impact of pore throat morphology differences on Darcy flow characteristics.
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(a)Physical image of triangular chip; (b) Schematic diagram of square chip, (c) Schematic diagram of
triangular chip

Figure 2: Schematic diagram of microfluidic pore-chip structure
2.3 Experimental Procedure

The experimental procedure consists of the following main steps: preparing degassed water,
saturating the chip, and performing the flow tests.

Before starting the experiment, the deionized water is placed in a vacuum chamber for 30 minutes to
remove dissolved gases. After assembling the experimental system and calibrating the pressure sensors,
the chip is injected with degassed water at a high flow rate (1000 pL/min) to remove air bubbles. The
chip is observed under a microscope to ensure it is free from visible air bubbles before it is considered
saturated.

Once the chip is saturated, the flow rate is gradually decreased to 100 uL/min, and degassed water is
continuously injected. The pressure sensor readings are monitored until they stabilize, and the
corresponding pressure values are recorded. Afterward, the flow rate is increased incrementally to 2000
puL/min, and for each new flow rate, the system is allowed to stabilize before recording the pressure
values. The entire procedure is repeated three times for each type of pore throat chip, and the average of
these measurements is used for further analysis.
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3. Results and Discussion
3.1 Darcy Permeability Fitting

Under low flow conditions, microfluidic experiments were conducted to compare the flow behavior
of the square-shaped pore throat chip and the triangular-shaped pore throat chip. The experimental results
demonstrate that, within the studied flow range, the pressure gradient and flow rate for both the square-
shaped and triangular-shaped chips exhibit a good linear relationship (as shown in Figure 3), which aligns
with the basic assumption of Darcy's law.

By performing linear fitting on the pressure gradient and volumetric flow rate data, the equivalent
permeability for each chip was obtained, as shown in Table 1. The results reveal that the equivalent
permeability of the square-shaped chip is 2.083x10°* m?, while the equivalent permeability of the
triangular-shaped chip is 4.16x107® m?. The permeability of the triangular-shaped pore throat chip is
significantly higher than that of the square-shaped pore throat chip. This difference indicates that, despite
having the same porosity, the distinct pore throat geometries exert a substantial impact on permeability
performance.

As the micro-pillar angle increases, the guiding effect on flow lines is enhanced, reducing local flow
resistance and thereby increasing permeability. This phenomenon is closely related to the flow
characteristics of fluids in different pore geometries, where the triangular pore throat geometry facilitates
smoother fluid flow, reducing local energy dissipation.

Table 1: Equivalent Permeability of Chips with Different Pore-Channel Structures

Chip type Fit slope Darcy permeabilitym? R?
Square-shaped chip 0.481 2.083x10°° 0.99
Triangular-shaped chip 0.241 4.16x10°¢ 0.99
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Figure 3: Relationship between pressure gradient and flow rate in chips with different pore and throat
structures

3.2 Pore-Scale Characteristics of Bubble Retention and Preferential Flow Phenomena

During the experiment, although the chips were thoroughly degassed prior to the flow testing, bubble
retention phenomena were still observed in certain pore throat regions, particularly at locations of pore
throat contraction and areas with local geometric discontinuities. As shown in Figure 4, the presence of
bubbles occupies part of the effective flow path, altering the surrounding streamlines and thereby
impacting local flow resistance.
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Figure 4: shows a schematic of the bubbles within the chip (square pore throat chip, 10 uL/min).

The presence of bubbles modifies the effective cross-sectional flow area of the local pore throat,
introducing additional flow resistance at the pore scale. When a bubble occupies part of the pore throat
space, the fluid is forced to bypass the bubble through the remaining channel, causing changes in the
local velocity distribution. On the macroscopic scale, this localized blockage effect does not disrupt the
overall linear relationship between pressure difference and flow rate, but may influence the quantitative
value of the equivalent permeability.

In addition, clear preferential flow phenomena were observed in some pore throat structures, as shown
in Figure 5. Microscopic observations reveal that in a regular pore throat network, fluid does not flow
uniformly through all the pores, but instead tends to preferentially flow along continuous pathways with
lower resistance, forming a stable primary flow channel.

Figure 5: lllustrates the preferential flow phenomenon (square pore throat chip, 20 uL/min).

From a physical mechanism perspective, both bubble retention and preferential flow phenomena
result from the modulation of local flow by the pore throat geometry. The inhomogeneity at the pore
throat scale, as well as local geometric constraints, amplify the impact of small disturbances on flow path
selection, leading to non-uniform flow distribution at the pore scale. It is important to note that within
the low flow rate range studied in this work, these pore-scale phenomena do not cause failure of Darcy’s
law, but rather affect the measurement of equivalent permeability by altering the local flow structure.

4. Conclusion

This study, based on microfluidic experimental methods, investigates the Darcy flow characteristics
and equivalent permeability of square-shaped and triangular-shaped pore throat chips under low flow
conditions. The following main conclusions were drawn by comparing the permeability of the two pore
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throat structures:

(1) The square-shaped and triangular-shaped pore throat chips, with the same porosity, exhibit
significant differences in permeability. The equivalent permeability of the triangular-shaped pore throat
chip is 4.16x107® m?, which is higher than that of the square-shaped pore throat chip (2.083x107% m?).
This difference is primarily attributed to the geometric disparity between the two pore throat structures,
where the geometric optimization of the triangular pore throat reduces local flow resistance and enhances
permeability performance.

(2) Both pore throat structures exhibit a good linear relationship between pressure gradient and flow
rate within the experimental flow range, consistent with the basic assumptions of Darcy's law. The
experimental results show that the flow process remains under low Reynolds number conditions, with no
noticeable inertial effects observed.

(3) Although bubble retention and preferential flow phenomena were observed during the experiment,
these pore-scale effects had a minimal impact on the linear relationship of the overall Darcy flow
behavior, only slightly affecting the quantitative results of equivalent permeability.

This study provides experimental evidence for the investigation of flow characteristics in porous
media using microfluidic experiments and offers insights for further optimization of pore structure to
improve the accuracy of permeability measurements. More broadly, this work demonstrates the utility of
microfluidic experiments as a versatile tool for investigating pore-scale transport phenomena, with
potential applications extending from geoscience to biomedical engineering and materials design.
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