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ABSTRACT

This study examines experimentally the hydrodynamic interaction between a regular porous medium and an adjacent free-flow channel at
low Reynolds numbers (Re < 1). The porous medium consists of evenly spaced micro-structured rectangular pillars arranged in a uniform
pattern, while the free-flow channel features a rectangular cross-sectional area. The overall arrangement comprises a polydimethylsiloxane
microfluidic model where distilled water, doped with fluorescent particles, is the examined fluid. Using micro-particle image velocimetry,
single-phase quantitative velocity measurements are carried out at the pore scale to reveal the microscopic characteristics of the flow for
such a coupled system. Interfacial velocity-slip and stress-jump coefficients are also evaluated with a volume-averaging method based on the
Beavers-Joseph and Ochoa-Tapia-Whitaker models, respectively. The results show that, from a microscopic point of view, parallel flow at
the interface is not obtained due to the periodically generated U-shaped flow profile between the interface pillars. However, the interface
coefficients show no sensitivity to moderate flow angles. The highly resolved experimental information obtained in this study can also be used
for the validation of numerical models providing a unique dataset for free-flow and porous media coupled systems.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5092169

I. INTRODUCTION

The interaction between a permeable solid and an adjacent
free-flow is of central interest in many natural and industrial pro-
cesses and on multiple scales. Particular examples include atmo-
spheric flows that govern evaporation rates from soil matrices,1

exchange processes of therapeutic agents in biological tissues,2 water
management in fuel cells,3 transpiration cooling,4 drying processes
in food industry,5 or even noise reduction at the trailing edge
of aircraft wings.6 A detailed knowledge of the underlying flow
physics is therefore crucial for the proper description of the flow
domain, as well as the optimisation of the associated technological
applications.

From a macroscopic point of view, the fluid motion through
an isotropic and homogeneous porous medium is governed by
Darcy’s law7 (or Brinkmann’s equation8), while the Navier-Stokes

equations, being microscopic, are typically applied to describe the
free-flow regime, often in their simplified Stokes’ approximation
due to the small length-scales, and hence, low Reynolds numbers.
However, this leads to mathematical difficulties arising from the
coupled system of equations of different orders in different regions.
The use of Brinkman’s extension over the entire flow domain
(“single-domain” approach) may simplify the situation through a
transition zone with spatial variation of effective properties, e.g., per-
meability, viscosity, and porosity. Nevertheless, the determination
of such parameters is intricately obtained,9,10 while the applicabil-
ity of single-domain methods at high-porosity media is still under
consideration.11–14 Furthermore, two-phase flow problems require
that the free-flow and the porousmedium are separately treated con-
stituting the so-called “two-domain” modeling approaches.15 Here,
the quantification of mass, momentum, and energy transport fluxes
is a challenging task that depends on the use of an appropriate
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hydrodynamic boundary condition at the interface between the two
distinct regions.16

The foremost boundary condition, initially proposed by
Beavers and Joseph,18 introduces a dimensionless slip coefficient to
relate the interface velocity gradient to a tangential slip velocity as
follows:

∂⟨u⟩
∂y
∣
y=0−
= αBJ√

k
(⟨u⟩∣y=0 −UD), (1)

where ⟨u⟩|y=0 and UD denote the volumetric-averaged interfacial
and Darcy velocities, respectively; k is the permeability of the porous
material, and αBJ is the Beavers and Joseph slip coefficient. Saffman19

proposed to neglect UD due to the relatively small magnitude com-
pared to the interface boundary. This condition, which is schemat-
ically shown in Fig. 1, has been extensively studied in the litera-
ture demonstrating the high sensitivity of aBJ to various parame-
ters, such as the interface location,19–22 the fluid properties,23,24 the
flow conditions,21,25 the free-flow confinement,26,27 and the surface
microstructure.21,24 An alternative approach, proposed by Ochoa-
Tapia and Whitaker,28,29 allows the transition from the microscopic
to the mesoscopic description of the problem through a volume-
averaging method, and then to the macroscopic one through the
introduction of a “stress-jump” boundary condition. The interface
momentum transfer is then given by the following expression:

1

φ

∂⟨u⟩
∂y
∣
y=0+
− ∂⟨u⟩

∂y
∣
y=0−
= β√

k
⟨u⟩∣y=0, (2)

where φ is the porosity of the porous material and β is a dimension-
less constant. Similar to αBJ, the a priori determination of β is very
complex with typical values varying in the order of one, and obtain-
ing both positive and negative signs which are determined by the
surface of a given material.30,31 Apparently, the two-domain inter-
face boundary conditions involve coefficients (αBJ, β) whose physical
interpretation is not adequately understood, and their appropriate
use requires separate readjustments for each individual flow prob-
lem. For a more detailed overview, the reader may also refer to lit-
erature sources that extend the aforementioned classical concepts to
multiphase flow conditions.32–35

Macroscopic numerical models are, in general, inadequate to
account for the detailed pore scale flow fields that can also be

FIG. 1. Velocity profile for a flow over a porous medium. UD is the Darcy velocity
inside the porous medium and far from the interface, and u|y =0 is the slip velocity

between the two distinct regions. Inspired by Wu and Mirbod.17

characterised by viscous eddies and flow separation at sharp corners,
even at creeping flow conditions.36–38 The knowledge of the micro-
scopic flow field in a porous medium and free-flow coupled system
is however the key for gaining insight into the developing models, as
well as the pore scale physical processes, such as convective trans-
port. For example, Direct Numerical Simulations (DNS) showed
that different topological features exist in a porous medium,39 while
their further influence on convective transport from the porous sur-
faces has been only numerically evaluated.40,41 Quantitative mea-
surements of the microscopic velocity field in the vicinity of the
interface are, however, very difficult to obtain. The majority of
experimental studies have focused on high-porosity media with void
spaces of more than 90%, e.g., 0.93,42 0.9–0.975,43 and 0.95–0.99,17

while the porous material was adjacent to a nearly open channel
flow. Using laser Doppler anemometry (LDA),42 pressure probes,44

and particle image velocimetry (PIV) techniques,10,43,45–47 the objec-
tive was to reveal the velocity profiles near the interface, evidencing
the existence of a slip velocity at different flow conditions. How-
ever, in all the above-mentioned studies, the hydraulic diameters
of the pores were well inside the meso-/macroscopic scale, e.g., 5–
10 mm,10 3.18 mm,43,45 2–6 mm,46 and 1.59–4.56 mm,47 being at
a certain significant distance from the microscopic world. Evidently,
there is limited experimental information regarding the microscopic
flow field that will provide knowledge towards the generalisation and
the physical meaning of the aforementioned interface boundary con-
ditions, including their semi-empirical velocity slip and stress jump
coefficients.

The objective of this paper is therefore twofold: to reveal the
microscopic velocity field of an entire porous medium that is adja-
cent to a channel flow and to derive the interface coefficients for
the Beavers-Joseph-Saffman and Ochoa-Tapia-Whitaker boundary
conditions. To achieve this, single-phase microfluidic experiments
are carried out at low Reynolds numbers in a model of evenly spaced
micro-structured rectangular pillars that constitute a regular porous
structure of 75% porosity. The flow through the porous medium
originates from the adjacent free-flow channel. This geometry is
practical since it can be easily represented by computational tools.
Hence, apart from the great fundamental interest, the results of this
study can be further used for the validation of numerical models.
The paper is organised as follows: Sec. II presents the experimental
setup, the instrumentation, and the methodology, while Sec. III is
classified into three parts. The description of the macro- and micro-
scopic flow fields is given in Secs. III A and III B, and the derivation
of the associated coefficients for the interface boundary conditions
is given in Sec. III C.

II. MATERIALS AND METHODS

A. Microfluidic model and experimental procedure

Figure 2 shows a schematic of the microfluidic model, which
was made of polydimethylsiloxane (PDMS) and fabricated via soft-
lithographic techniques.48–51 The model comprises a channel flow
with a rectangular cross-sectional area of 2000 × 200 µm2, which is
adjacent to a porous structure that consists of 80 × 20 evenly spaced
and finite-depth square pillars of 240 µm size. The porosity of the
porous structure is therefore 0.75, while the thickness of the model
equals the channel depth, e.g., 200 µm. PDMS micromodels have
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FIG. 2. (Left) Schematic illustration of the polydimethylsiloxane (PDMS) microfluidic model that consists of a rectangular channel flow that is adjacent to 80 × 20 evenly
spaced square pillars. (Right) Typical field-of-view during the micro-PIV experiments.

also been used to study electro-kinetics52–54 and dispersion effects in
porous media.55,56

The porous medium was initially saturated by dispensing
through the feeding port a 50% (by volume) water-ethanol binary
mixture facilitating the saturation process. This was due to the
reduced surface tension that resulted in significant wetting on
the low-energy PDMS surfaces. As soon as the model was com-
pletely saturated, the feeding port was blocked and distilled water
(72.8 mN/m, 1 mPa s) was delivered for 30 min from the inlet of
the model eliminating the percentage composition of ethanol. Then,
doped water was inserted through a 3-way stopcock valve, intro-
ducing the fluorescent particles in the flow. Once the particles were
diffused over the complete micromodel, the free-flow velocity was
regulated by a Harvard Apparatus syringe pump (Model Pump 11
Elite Series) to meet the requirements of the desirable volumetric
flow. The Reynolds numbers, based on the pillar size (l) and channel
free-stream velocity (uo), were varied from 0.14 to 0.33.

FIG. 3. Micro-PIV arrangement indicating the imaging process and the flow control
system.

B. Velocity measurements

The pore scale velocity distributions were obtained with micro-
Particle Image Velocimetry (µPIV)57,58 using a LaVision micro-PIV
system that is embedded in a Carl Zeiss Axio Observer Z1. The dis-
tilled water was doped with fluorescent Rhodamine 6G particles of
2 µm diameter and 1005 kg/m3 density. The particles were excited
at a wavelength of 542 nm through a Carl Zeiss HBO 100 illumina-
tor and identified at their emitting wavelength (612 nm) by an IDS
CMOS camera (UI-3180CP, 2592 × 2048 pixels), as shown in Fig. 3.
Each Field-Of-View (FOV) consists of five and three pillars in x-
and y-directions, respectively, as highlighted in Fig. 2. The complete
coverage of the model was therefore achieved by 16 × 8 experiments,
comprising 116 individual velocity scans. The velocity vectors were
determined from consecutive image pairs of the video sequences,
while the frame rate was adjusted depending on the flow condi-
tions so that the maximum particle displacement never exceeded
one-quarter of the final interrogation window, eliminating peak-
locking effects.59,60 The velocity correlations were obtained by reduc-
ing 75% of the initial interrogation areas with a triple-pass FFT win-
dow deformation algorithm in MATLAB.61 An initial window size
of 128 × 128 pixels was reduced to 32 × 32 pixels providing veloc-
ity vectors with a spatial resolution of approximately 20 × 20 µm2.
The length of each individual pore space is therefore represented
by approximately 12 velocity vectors. An uncertainty quantifica-
tion based on cross-correlation statistics and the differences between
the two consecutive images to be matched62 indicated that the par-
ticle displacement field is always estimated with an error below
6%. More details about the velocity measurements can be found
elsewhere.63

III. RESULTS AND DISCUSSION

A. Macroscopic flow field

1. Contour plots

Figure 4 shows the v-velocity component and the flow angle
contour plots over the entire porous medium and the free-flow
region at a Rel = 0.14. Since the advective inertial forces are smaller
compared to viscous forces, the flow enters the porous structure
to bypass the free-flow channel at x/l = 0 and escapes at the
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FIG. 4. (a) v-velocity component (y-direction) (v/uo) and (b) flow angle [θ (○)] contour plots over the complete micromodel area. Rel = 0.14.

downstream endwall (x/l = 161) in analogy to low Reynolds number
flows over cavities.64,65 In particular, the maximum level of inward
and outward porousmedium velocity (v) is about 60% of the average
streamwise channel velocity (uo) indicating the intensity of the ver-
tical flow motion in these regions. In the streamwise direction, the
v-velocity magnitude is gradually reduced until reaching zero val-
ues in the middle of the model (x/l = 80.5), as shown in Fig. 4(a).
Therefore, the flow in the porous structure within the first 10 pillar
rows from the interface (y/l = 0) is macroscopically parallel to the
free-flow between x/l = 60 and 100. However, at larger depths, e.g.,
y/l > 20, a V-shaped flow distribution can be observed, especially in
the flow angle contour of Fig. 4(b). This is attributed to the triangu-
lar reservoir at the bottom of the micromodel (see Fig. 2) where the
flow experiences lower pressure drop, and hence, an easier flow path
influences the surrounding fluid motion. Nevertheless, the overall
macroscopic flow pattern demonstrates a typical U-shaped Stokes
distribution where in the middle of the micromodel parallel flow is
satisfactorily obtained.

2. Local velocity distributions

Figure 5 shows the local streamwise distributions of the veloc-
ity components for two different vertical locations: at the interface
(y/l = 0) and the throat of the first pillar row (y/l = 0.5). The veloc-
ity component distributions can be generally classified into three
regions: (I) the flow enters the porous structure from x/l = 0 to 60,

(II) the porous media flow is parallel to the free-flow from x/l = 60
to 100, and (III) the flow escapes from the porous structure towards
the channel flow from x/l = 100 to 161.

In Fig. 5(a), the v-velocity magnitude shows initially intensive
fluctuations according to the position of the pillars at y/l = 0, while
the positive sign of v shows that part of the main flow enters the
porous structure. As the flow develops, the magnitude of v is grad-
ually reduced until the middle of the model at x/l = 80.5, and the
corresponding fluctuations are significantly smaller. In particular,
their amplitude is less than 0.04 mm/s between x/l = 60 and 100 with
both positive and negative values, signifying a more complex flow
situation that will be examined in Sec. III B. This is the region where
the flow in the porous structure is macroscopically parallel to the
channel flow, and hence, dominated by the u-velocity component.
At further downstream positions, the v-velocity magnitude is pro-
gressively increased in the opposite direction since the flow escapes
from the porous material and the corresponding fluctuations are
enhanced. Directly below the interface, at y/l = 0.5l, similar trends
are observed. However, the difference between the inward/outward
velocity regions and the middle of the micromodel is more pro-
nounced. More specifically, the v-velocity magnitude is larger at the
edges of the micromodel, indicating that the flow is accelerated as
passing through the pillars, and nearly zero between x/l = 60 and
100, demonstrating a low momentum region.

The streamwise u-velocity component, shown in Fig. 5(b), indi-
cates strong similarities with the spanwise one. The distribution of
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FIG. 5. Local velocity component distributions at the interface region (y = 0) between the free-flow and the porous structure. u and v are the velocity components in x- and
y-directions, respectively. (a) v-velocity component and (b) u-velocity component.

u at y/l = 0 is characterised by large fluctuations at the inlet and the
outlet of themicromodel, while its magnitude is gradually reduced to
fluctuate around 0.17mm/s in the region of parallel flow. At y/l = 0.5,
a similar distribution is observed; however, the u-velocity magnitude
is significantly smaller compared to the interface. In particular, in
the middle of the micromodel (x/l = 60–100), u is 90% lower com-
pared to y/l = 0 with a fluctuation amplitude less than 0.01 mm/s.
Since the v-velocity in this region is also very small, this indicates a
very lowmomentum region in themiddle of the model, and between
the pillars. Due to the similarity between the distribution of the two
velocity components, one can say that the flow is generally decel-
erated until the middle of the micromodel and then it is accelerated
again towards the outlet. This is a consequence of the constant mass-
flow ratio in the streamwise direction and the triangular bottom of
the model that increases locally the global cross-sectional area of the
model.

B. Microscopic flow field

Figure 6 highlights the areas of the porous medium that
are microscopically examined in Figs. 7 and 8. These include the
v-velocity field and the corresponding velocity vectors in the vicin-
ity of the interface (y = 0) for three different streamwise locations,
that are A, B, and C, as well as region D which is inside the porous
medium.

In region A, which is close to the inlet, Fig. 7(a) shows an
oblique flow at the interface as the channel flow enters the porous
medium. However, the direction of the flow is perpendicular to
the free-flow channel at the void spaces between the pillars in the
x-direction. In addition, the vertical velocity is clearly decelerated
from pillars 12 to 19, while similar trends are observed for the
2nd pillar row. The maximum vertical velocity component is about
45% of the streamwise channel velocity in this region indicating the
significant momentum transport in the vertical direction.

In the middle of the micromodel (region B), the flow is macro-
scopically parallel to the channel flow. However, Fig. 7(b) indicates

FIG. 6. Porous medium regions examined in Figs. 7 and 8.
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FIG. 7. Microscopic flow field at different
streamwise positions in the vicinity of the
interface (y = 0) at Rel = 0.14. The v-
velocity magnitude is normalised by the
average freestream channel velocity in
the different regions A, B, and C. (a) Pil-
lars 12–19 (region A near the inlet of the
micromodel), uo,A = 0.6 mm/s, (b) pil-
lars 37–44 (region B in the middle of the
micromodel), uo,B = 0.3 mm/s, and (c)
pillars 62–69 (region C near the outlet of
the micromodel), uo,C = 0.6 mm/s.

that parallel flow at the interface does not exist. Instead, the flow
goes in and out of the porous medium by continuously crossing
the interface location. Between the interface pillars, and due to the
low Reynolds numbers, the flow generates typical Stokes U-shaped
flow profiles. As a result, between the pillars in the x-direction, espe-
cially between pillars 38 and 42, the velocity vectors indicate stag-
nant flow conditions at y = 0.5l. The dynamic behavior of the flow
is similar for both pillar rows, although the overall intensity of the
velocity fluctuations is less pronounced for the second row. Overall,
the maximum v-velocity magnitude is about 15% of the stream-
wise channel flow in this region indicating significantly less momen-
tum transport between the two regions compared to the inlet of the
micromodel.

In region C, which is close to the outlet of the porous medium,
Fig. 7(c) shows the opposite trend compared to Fig. 7(a). The flow
escapes the porous structure with an upward motion and an oblique
direction compared to the channel flow. The v-velocity compo-
nent is therefore accelerated in the streamwise direction with the
maximum values reaching 45% of the freestream channel velocity.
Therefore, one can say that region C is actually a flip mirror of
region A with the middle of the micromodel being the symmetry
plane.

Regarding the velocity field inside the porous medium (region
D), Fig. 8 shows that the flow distribution is similar to the interface
location, especially in the region between the pillars 39 and 41. The
flow goes in and out of the pore spaces with a v-velocity magnitude

FIG. 8. Microscopic flow field (region D)
in the middle of the micromodel (pillars
37–44) and far from the interface (pillar
rows 16th to 18th) at Rel = 0.14. The v-
velocity magnitude is normalised by the
average freestream channel velocity in
region D, uo,D = 0.3 mm/s.
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FIG. 9. Streamwise u-velocity profiles at three different axial positions indicate a
slip velocity at the interface (y = 0).

that is similar to the one at the interface. However, before and after
pillars 39 and 41, there is a clear tendency of downward and upward
fluid motion, respectively, that was not observed in Fig. 7(b). This
means that the length of the macroscopically parallel flow between
the free-flow and the porous medium is reduced with increasing
the distance from the interface. This is a direct effect of the tri-
angular bottom of the micromodel that generates a V-shaped flow
distribution [see Fig. 4(b)].

C. Interface boundary conditions

1. Velocity profiles

Figure 9 shows the streamwise-averaged velocity profiles at var-
ious locations in the x-coordinate. These include the regions close to
the inlet (x/l = 10–20), the outlet (x/l = 140–150), and the middle
(x/l = 75–85) of the micromodel where the flow in the porous
medium is macroscopically inward, outward, and parallel to the
free-flow channel, respectively.

Due to the overall geometrical symmetry, the ⟨u⟩-velocity pro-
files close to the inlet and the outlet are nearly identical, showing
gradually reduced velocity oscillations in the y-coordinate, with the
maximum amplitude obtained between the pillars. In the free-flow
regime, a laminar boundary layer is developed with a freestream
velocity that is significantly higher than the oscillated velocities in
the porous material. More specifically, the maximum ⟨u⟩ is gradu-
ally reduced from about 0.6uo between the first two pillar rows to
less than 0.1uo at the bottom of the porous medium. These are the
regions where the flow is characterised by a significant v-velocity
component as the flow enters and escapes the porous medium,
respectively (see Fig. 7). In the middle of the micromodel, on the
other hand, the velocity oscillations are more pronounced, while the
free-flow channel velocity is decelerated to compensate the continu-
ity equation. As a result, the level of ⟨u⟩ in the porous medium is
comparable to the channel freestream velocity, while a reduction of⟨u⟩ at larger depths is not observed. Instead, the amplitude of ⟨u⟩
oscillations is about 65% of the freestream channel velocity in this
region, and over the full depth of the porous material. This is the
region where the flow is macroscopically parallel to the free-flow.

In all velocity profiles, however, a slip streamwise velocity,⟨u⟩y=0, can be observed at the interface between the free-flow and
the porous medium. The slip velocity is relatively constant being
about 20%–25% of the free-flow velocity at each individual stream-
wise position, that is, 0.1/0.5uo(x = 75−85) in themiddle and 0.25uo
at the two edges of the micromodel.

2. Interfacial coefficients

The existence of a slip velocity at the porous medium and
free-flow boundary demonstrates the possibility to derive the veloc-
ity slip and stress jump coefficients for the Beavers-Joseph18 and
Ochoa-Tapia-Whitaker29 boundary conditions. The calculation of
the interface coefficients αBJ and β is based on a volumetric-averaged
method, which has been extensively used in the literature in upscal-
ing techniques.22,29,66–68 For the interface, the volume-averaging
includes the first PIV interrogation window above and below the

FIG. 10. Volume-averaging domains used for the calculation
of velocity-slip and stress-jump interface coefficients.
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nominal interface which is assumed to be the top of the first pil-
lar row, as shown in Fig. 10. For the Darcy velocity, on the other
hand, the volume-averaging includes the flow region around each
individual pillar at the bottom of the porous medium. Note also
that the micro-PIV interrogation areas and window overlaps (see
Sec. II B) were spatially selected so that any possible effects on the
interfacial velocities are negligible.22 Therefore, the obtained data
are adequately accurate to provide a fair estimation of the derived
interface coefficients.

The velocity slip, αBJ, and stress jump, β , constants are shown
in Fig. 11. On the left side, the coefficients are plotted against the
length of the porous medium, where the flow direction is gradually
varied from 90○ to −90○, as shown in Fig. 4(b). Therefore, similar
to the streamwise velocity distributions in Fig. 5, the variations of
αBJ and β can be also classified into three different regions. These
include the two regions where the spanwise v-velocity component
is significant as the flow enters and escapes the porous structure,
e.g., oblique flow at the interface, and the region of macroscopically
parallel flow. Regarding the latter, Fig. 11(a) shows that αBJ remains

FIG. 11. Interface velocity slip and stress jump coefficients calculated based

on the Beavers-Joseph-Saffman18,19 and Ochoa-Tapia-Whitaker boundary con-

ditions28,29 as a function of (a) streamwise position and (b) flow direction at
Rel = 0.14.

FIG. 12. Beavers and Joseph slip coefficient αBJ as a function of Reynolds number
based on the pore length scale l and channel average free-stream velocity uo.

essentially constant from x/α = 40 to 120, reaching an average value
of 2.259. However, at the regions where non-parallel flow conditions
exist, αBJ significantly decreases to 0.5. The coefficient β , on the other
hand, is not affected by the streamwise position and remains essen-
tially constant with an average value of 0.085. This value is within
the range reported in the literature,29 e.g.,−1 < β < 1. Apparently, the
flow direction at the interface influences dramatically the level of αBJ,
while β remains unaffected. The obtained trends are better visualised
in Fig. 11(b) which shows the interface coefficients as a function of
flow angle for both “inward” and “outward,” towards the porous
medium, flow directions. At moderate flow angles, e.g., θ < 30○, αBJ

is not influenced by the oblique interface flow. However, the velocity
slip coefficient significantly decreases as the flow substantially devi-
ates from a typical Poiseuille flow (θ = 0), which is in agreement
with theoretical literature models.21 Interestingly, no differences are
observed between “inward” and “outward” flow directions demon-
strating a similar behavior as the flow enters or escapes the porous
structure.

Regarding the influence of free-flow velocity, Fig. 12 shows
the variation of αBJ with respect to the Reynolds number based on
the pillar size l. The experiments took place in a Reynolds num-
ber regime slightly above 0.1, where inertial effects start becoming
significant, and hence, αBJ is slightly increased.21 The results show
nearly no dependence of αBJ with the Rel in the range of 0.14–0.33,
and the differences lie within the experimental uncertainties. How-
ever, very good agreement with literature models is observed since
the average value of αBJ in this flow regime is 2.3.

IV. CONCLUSIONS

In this study, single-phase microfluidic experiments were car-
ried out to reveal the full velocity field in a free-flow and porous
media coupled system at creeping flow conditions (Re < 1). The
results showed that the flow field is macroscopically characterised
by a typical U-shaped Stokes distribution where the flow in the
middle of the porous medium is parallel to the free-flow. How-
ever, a microscopic interpretation of the flow physics demon-
strated that parallel flow at the interface does not exist, even if the
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advective inertial forces are considerably smaller than the viscous
forces. Instead, the interface flow field is characterised by velocity
oscillations where the free-flow periodically crosses the nominal
interface (y = 0), generating small-scale U-shaped flow profiles
between the pores of the first pillar row. Nevertheless, the volume-
averaging velocity profiles indicated a slip velocity at the inter-
face over the full length of the porous medium. For a porous
medium that consists of evenly spaced micro-structured rectan-
gular pillars arranged in a uniform pattern (porosity 0.75), the
Beavers-Joseph-Saffman velocity-slip coefficient is αBJ = 2.3, and the
Ochoa-Tapia-Whitaker stress-jump coefficient is β = 0.085. The lat-
ter showed no sensitivity with the interface flow angle, while αBJ

decreases as the flow significantly deviates from a typical Poiseuille
flow.

Finally, it should also be mentioned that the derived values of
αBJ and β are valid over a narrow range of low velocities, while
the single-phase characteristics of the flow, and hence the absence
of capillary effects, allow their extension at reasonably larger scales
provided that the Reynolds numbers are maintained at the same
level. On the other hand, different porous systems (e.g., staggered
or randomly distributed pillars) will definitely influence the micro-
scopic characteristics of the flow, and thus, other transport processes
such as convective heat transfer. However, the theoretical treatment
on the macro- or the REV-scale will result in similar outcomes for
the momentum transfer, provided that the permeability and the
roughness of the irregular porous medium are the same. Plausible
extensions of the current work will therefore involve experiments to
examine the validity of interface boundary conditions for turbulent
multiphase flows.
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