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ABSTRACT
This study experimentally investigates the wake structure

of a porous square cylinder, emphasizing permeability across a
broad range of Da (i.e., 2.4×10−5 < Da < 2.9×10−3). With
a simple cubic lattice configuration, the cylinder was produced
using advanced additive manufacturing techniques. By com-
bining this technique with a periodic and scalable lattice de-
sign, permeability was effectively separated from porosity, al-
lowing for an in-depth parametric study. The primary param-
eter, permeability, was determined by measuring the pressure
drop and superficial velocity for each porous disk within an
open-loop pipe flow system. Standard planar particle-image
velocity (PIV) measurements in an open-loop wind tunnel cap-
tured downstream wake characteristics. The data provided in-
sights into structural alternation in the near-wake related to
permeability, revealing four distinct flow regimes based on Da.
Additionally, the internal flow adjustment length (Li) was ex-
amined by incorporating a permeability-based source term into
the momentum equation, leading to the development of an an-
alytical model for Li. The experimental results validate this
model, highlighting Li as a characteristic length scale in the
near-wake.

Introduction
Flow past a porous body with an infinite length has been

often encountered in both engineering and environmental con-
texts (i.e., aircraft landing gear, river ecosystems, etc.). In this
context, the wake structure is primarily governed by two pa-

rameters: porosity and permeability, which are intrinsically
linked, reflecting the geometric features of the internal porous
structure. Although they are intertwined, porosity is frequently
used as the primary control parameter in experiments to mod-
ify the aerodynamic/hydrodynamic properties of the porous
cylinder, due to its ease of manipulation.

Open-cell foam, which is preferred for its consistent
global porosity despite its complex internal structure, has of-
ten been used to coat cylinders, effectively reducing drag
and noise (Klausmann & Ruck, 2017). Recent studies uti-
lizing two-dimensional porous bodies with uniform and or-
ganized structures have provided better insights into the role
of porosity in wake manipulation. For instance, Steiros et al.
(2021) employed PIV measurements to study flows past perfo-
rated plates with varying porosities, formulating an analytical
model that describes the dynamics of downstream recircula-
tion bubbles in both laminar and turbulent states. Through di-
rect numerical simulation (DNS), Nicolle & Eames (2011) re-
vealed the impact of porosity on the downstream wake pattern,
identifying three distinct flow regimes. In a different study,
Rominger & Nepf (2011) experimentally explored flow ad-
justments both upstream and within two-dimensional cylinder
patches, inspired by emergent vegetation. By properly scaling
the momentum equations, they formulated a new parameter,
the canopy drag length scale, defined as a product of the cylin-
der drag and the frontal area density, (CDa)−1. They revealed
that this parameter correlates with the flow deceleration, and
they proposed an analytical model to describe both upstream
and interior flow adjustment length with respect to (CDa)−1.
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Figure 1. (a) Simple cubic lattice structure as a base porous structure; (b) schematic illustration of decoupling process of permeability
from porosity; (c) examples of the current porous square cylinder; (d) experimental setup of the permeability measurement and its
sample porous disks; (e) schematic representation of the PIV measurements

Subsequent studies on a circular cylinder patch further con-
firmed the relationship between downstream flow patterns and
the cylinder drag length scale (Chen et al., 2012, 2013).

Despite numerous experimental efforts, the structural
modification underlying a two-dimensional porous cylinder re-
mains elusive, due mainly to the intertwined nature of porosity
and permeability. In contrast, numerical studies can effectively
isolate these parameters, offering deeper insights into the role
of permeability in wake dynamics. Cummins et al. (2017) con-
ducted numerical simulations (DNS) to investigate flow past
porous disks across a broad range of Da (10−9 < Da < 1),
where Da = K/D2 (K is the permeability and D is the cylinder
width), in a laminar state. They discovered a direct correla-
tion between Da and the downstream flow patterns, identifying
several distinctive flow regimes with respect to Da. Further,
Ledda et al. (2018) examined the wake structure and its insta-
bility at low Reynolds numbers (Re =UoD/ν , where Uo is the
upstream velocity and ν is the kinematic viscosity), highlight-
ing the stronger influence of permeability compared to poros-
ity on flow patterns, as it predominantly affects the force and
frequency of the oscillating wake.

While significant advances have been made in under-
standing the wake dynamics of two-dimensional porous cylin-
ders, a notable knowledge gap persists. Many experimental
studies have yet to use permeability as a primary control pa-
rameter due to the challenges in creating complex porous mod-
els. Some studies (Rominger & Nepf, 2011; Chen et al., 2012)
have employed a non-dimensional flow-blockage parameter
(CDaD) resulting from the drag length scale as a representa-
tion of permeability. However, this approach serves as an in-
direct measure. On the other hand, despite their potential for
in-depth analysis, numerical studies often restrict themselves
to low Re due to high computational costs, leaving the perme-
ability effect at higher Re largely unexplored.

In this study, we take the first experimental attempt to in-
vestigate the influence of permeability on the wake structure
of porous cylinders at high Reynolds numbers (Re ∼ O(104)).
We have fabricated various porous square cylinders whose
base structure consists of a periodic and scalable lattice. Uti-

lizing a high-resolution 3D printing technique, we successfully
isolated the permeability from porosity, allowing a systematic
study of the wake structure behind the porous cylinders in rela-
tion to permeability. Detailed permeability, drag, and particle-
image velocimetry (PIV) measurements were conducted for
the porous cylinders over a wide range of Da. Based on the ex-
perimental data, we first examine the evolution of wake struc-
ture as it relates to Da. Subsequently, we propose a new an-
alytical model to estimate the interior flow adjustment length
with respect to the cylinder permeability and validate it using
experimental data.

Experiments
The porous cylinders in this study employ a simple cu-

bic lattice structure characterized by the length of the unit cell
(d1) and the strut width (d2). As illustrated in figure 1a, this de-
sign ensures isotropic permeability, with its porosity (φ ) deter-
mined by the ratio d1/2d2. Notably, when d1 decreases while
preserving the ratio d2/d1, permeability (K) decreases, even
though porosity remains consistent. This unique aspect en-
ables us to isolate the impact of permeability on the flow struc-
ture of the porous cylinder, separate from porosity effects. Ad-
vanced stereolithography (SLA) 3D printing techniques allow
the precise fabrication of these complex designs with excellent
surface quality.

For this study, we employed 2D square cylinders due
to their compatibility with the Cartesian coordinate system.
Specifically, 2D cylinders with rectangular cross-sections, in
contrast to those with circular ones, are better suited to manip-
ulate the permeability, given the tensor nature. For simplic-
ity, we set the aspect ratio of the rectangular cross-section to
1, yielding a square shape. All the cylinders, whether porous
or solid, were fabricated using the SLA 3D printer (Anycubic
Photon Mono X), using a width D of 40-42 mm and a length
of 320 mm, as represented in figure 1c. Detailed design speci-
fications and attributes of each cylinder can be found in table 1
and in our previous experiment (Seol et al., 2023).

For permeability measurements, we employed an open-
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Figure 2. Contour maps of mean longitudinal velocity superimposed with streamlines for each case. Schematic representation of the
porous cylinders was included at the origin to give a better understanding of cylinder cross-section and flow patterns depending on the
pore size.

loop acrylic pipe of 3.5 m length and 65 mm diameter, as
shown in figure 1d. Using advanced 3D printing techniques,
porous disks replicating the lattice structures in our study were
fabricated with thicknesses varying from 20 mm to 60 mm.
This design ensured pressure drops below 2000 Pa at a super-
ficial velocity (Us) of 15 m/s. The porous disk was positioned
1.2 m from the inlet, and the pressure drop (∆P) was acquired
using a high-resolution pressure transmitter (FCO560, Furness
Control). Thus, the permeability of each porous disk was es-
timated by applying a linear regression on the profile of ∆P
versus Us, based on the Forchheimer equation.

Drag and particle-image velocimetry (PIV) experiments
were taken in an open-loop wind tunnel facility at Seoul Na-
tional University of Science and Technology. This tunnel fea-
tures a 0.35 m x 0.35 m x 2 m test section. Cylinders were po-
sitioned 1 m from the inlet, and drag measurements were con-
ducted using a three-component balance unit (AFA3, TecQuip-
ment). PIV measurements were performed for all cylinder
cases, with an upstream speed of 11.5 m/s (or Re ∼ 3.1×104).
Measurements were taken at two streamwise locations in the
x − y plane to capture long wake structures from the cylin-
ders using two 12 MP TSI Powerview cameras (4k×3k, 8-bit)
equipped with 105 mm Nikkor lenses, providing a 6D× 3D
field of view (see figures 1e).

Results
Figure 2 displays selected contour maps of the mean lon-

gitudinal velocity, superimposed with streamlines that rep-
resent a characteristic downstream flow pattern with respect
to permeability. The coordinate system was normalized by
the cylinder width, D, and a schematic representation of the
porous cylinders is included at the origin to facilitate a better
understanding of the cylinder cross-section and the flow pat-
terns depending on the pore size. In figure 2, the longitudi-
nal bleeding flow, observed along the symmetric plane in all
porous cases is significantly influenced by the permeability of
the cylinder, which alters the downstream wake structure. As
Da increases, the bleeding flow extends, pushing the primary
recirculation bubble further downstream and reducing its size
(Cummins et al., 2017; Ledda et al., 2018). At a critical point
(Dac1 = 2.0×10−4), as depicted in figure 2c, the reverse flow
disappears and is replaced by a positive and constant veloc-
ity region that indicates a steady wake (Zong & Nepf, 2012).

Table 1. Parameters for the structured porous square cylin-
ders. φ : porosity; d1: length of the unit cell; d2: strut width;
D: cylinder width; Li,exp: downstream adjustment length from
the measurements; Da: Darcy number.

Case Φ d1 d2 D Li,exp/D Da

(mm) (mm) (mm) (×10−4)

S 0 − − 40 − −

A1 0.7 2.0 0.36 40 0.68 0.24

A2 0.7 4.0 0.73 40 2.02 0.64

A3 0.7 6.0 1.09 42 2.65 0.97

A4 0.7 8.0 1.45 40 3.74 2.03

A5 0.7 10.0 1.82 40 4.73 4.07

B1 0.8 2.0 0.29 40 1.47 0.58

B2 0.8 4.0 0.57 40 2.87 1.39

B3 0.8 6.0 0.86 42 3.95 2.17

B4 0.8 8.0 1.15 40 4.81 4.17

B5 0.8 10.0 1.44 40 5.52 8.62

C1 0.9 2.0 0.20 40 3.32 1.09

C2 0.9 4.0 0.39 40 4.67 2.30

C3 0.9 6.0 0.59 42 − 7.16

C4 0.9 8.0 0.78 40 5.58 16.8

C5 0.9 10.0 0.98 40 4.86 28.6

When Da becomes sufficiently high (see figure 2f), a second
pair of recirculation bubbles attached to the trailing edge of the
porous cylinder completely disappears, indicating the predom-
inance of small-scale vortices that shed from the individual lat-
tices (Nicolle & Eames, 2011; Seol et al., 2023). This transi-
tion marks another critical Darcy number, Dac2 = 1.0×10−3.
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The downstream flow adjustment length Li represents the
distance from the leading edge of the porous media to the lo-
cation where the flow pressure balances with the drag encoun-
tered as the flow passes through the porous media (Rominger
& Nepf, 2011). In the context of flow past a single porous
cylinder, this adjustment length plays a role as a characteristic
length scale for the mean longitudinal velocity along the cylin-
der center (Zong & Nepf, 2012; Chen et al., 2012). Here, we
propose an analytical model to assess the downstream flow ad-
justment length, leveraging the governing equations. Utilizing
the Darcy-Brinkman-Forchheimer extended model, we specify
the governing equations for the longitudinal and lateral mo-
mentum to describe the flow within the porous region (Chen
et al., 2008; Yu et al., 2010). To determine the downstream
adjustment length Li, the governing equations are scaled using
the following characteristic values: x = Li, y = D/2, u = Ue,
ν = DUe/2Li, and ∂ p/∂x ∼ ∆p/Li. Then scaled equations are
further simplified by dividing each by the inertial term as
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In scaling the pressure term in 1 and 2, a dual scal-
ing approach is adopted, as suggested by Rominger & Nepf
(2011). The change in kinetic energy (∆p/ρU2

e = (ρU2
e −

ρ ⟨u⟩2
x=0)/ρU2

e ), which represents the pressure change at the
leading edge, is found to be logarithmically proportional to
Da (not shown for brevity). Therefore, the scaling ∆p/ρU2

e ∼
log(1/2

√
Da) is applied to cases with low flow-blockage

(Da > Dac1), while ∆p/ρU2
e ∼ 1 applies to cases with high

flow-blockage (Da < Dac1)).
Building on the aforementioned dual scaling for the pres-

sure term, the length scale of the downstream adjustment re-
gion for low flow-blockage (Li1 for Da < Dac1)) and high
flow-blockage (Li2 for Da > Dac1) can now be expressed as
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Figure 3 presents the downstream flow adjustment length
as a function of the modified non-dimensional parameter√

Dac1/
√

Da, obtained from analytical models (1 and 2). This
figure features dashed and dashed-dot lines, representing data
calculated from the analytical model for low and high flow-
blockage cases, respectively. For comparison, experimental
data on flow adjustment length (Li,exp) are also plotted in fig-
ure 3. Specifically, Li,exp for high flow-blockage cases is de-
fined as the distance from the trailing edge of the cylinder to
the first stagnation point behind the cylinders. In contrast,
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Figure 3. downstream flow adjustment length over the modi-
fied non-dimensional parameter

√
Dac1/

√
Da. Li1 and Li2 are

obtained from the analytical model (3-4) for the low and high
flow-blockage cases, respectively. Li,exp is measured data.

for low flow-blockage case, Li,exp represents the distance to
the point where the gradient of centerline velocity decrease
falls below ∂ (U/Uo)/∂ (x/D)<−0.1. Detailed methodology
for determining Li,exp, based on PIV measurements, was dis-
cussed in our prior work (Seol et al., 2023).

As shown in figure 3, there is excellent agreement be-
tween the experimental result and the analytical model across
the entire permeability range examined. Notably, the analyti-
cal model (3) for low flow-blockage cases shows a local maxi-
mum in Li1, followed by a decrease as

√
Dac1/

√
Da decreases,

aligning with the experimental observations. Conversely, Li2
for high flow-blockage cases declines sharply with an increase
in

√
Dac1/

√
Da, closely matching the experimental data.

In investigating the role of the downstream flow adjust-
ment length as a characteristic length scale in the flow past
porous cylinders, mean longitudinal velocity profiles along the
cylinder centerline were examined using different normaliza-
tion methods (figures 4a and 4b). Figure 4a displays profiles
normalized by cylinder diameter D, revealing significant dis-
persion among the profiles, suggesting D is not an appropriate
scale for characterizing velocity immediately behind the cylin-
der. Conversely, figure 4b, which normalizes profiles by the
downstream adjustment length Li,exp derived from measure-
ments, shows a close alignment of velocity profiles, indicat-
ing a uniform flow adjustment behavior in the near wake. This
alignment highlights Li as an appropriate scaling parameter for
flow adjustment, consistent with prior experimental observa-
tions (Zong & Nepf, 2012; Chen et al., 2012, 2013).

Conclusion
In this study, we investigated the impact of permeability

on the wake characteristics of the porous square cylinders. The
permeability was systemically decoupled from porosity by uti-
lizing a periodic and scalable lattice structure, fabricated by
using high-resolution 3D printing, serving as an isolated con-
trol parameter over two decades of Da. This approach allowed
the identification of two critical Darcy numbers, from which
four distinct flow regimes were classified based on Da. In ad-
dition to the wake structure, our findings confirmed a close
correlation between the drag induced by the porous cylinder
and its permeability, indicating that the pressure drop across
the porous cylinder is a function of Da (Yu et al., 2010; Ledda
et al., 2018). Based on this observation, the current study re-
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Figure 4. Profiles of mean longitudinal velocity along the centerline, (a) normalized by the cylinder width D and (b) normalized by
the measured Li,exp for x > 0 and Lo,exp for x < 0. Symbols for the current study are summarized in table ??. Grey open and solid
symbols are from figure 4 in Chen et al. (2012).

visited the method of determining the interior flow adjustment
length (Li), which was previously defined through the cylin-
der drag and front areal density (Rominger & Nepf, 2011).
The present process involved integrating a Darcy-Brinkman-
Forchheimer extended model into the momentum equation. As
a result, we proposed a new analytical model to evaluate Li in
relation to permeability, and the present experimental data val-
idated this analytical model. Furthermore, Li was employed to
normalize the x-axis of the mean longitudinal velocity profiles
at the cylinder center for all porous cases. The result showed
an excellent alignment, implying a rapid flow adjustment in
the near wake with respect to the Li. This observation con-
firms that Li plays a crucial role as a characteristic length scale
for the flow around the porous cylinder and further validated
the analytical model for Li proposed herein.
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