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ABSTRACT 

This study proposes adding a porous medium layer to the leading edge of a rigid 
airfoil and investigates the influence of various porous medium properties on the 
passive propulsion performance of the airfoil in a Kármán vortex street, using 
numerical simulation methods. By employing a control variable approach, the study 
compares the force and motion characteristics of airfoils with nine different porosities 
and permeabilities under both the incoming flow mode and Kármán vortex street 
conditions. Porosity (ε) is a parameter that describes the fraction of void volume 
relative to the total volume in a porous medium, ranging from ε=0.2 to ε=0.92. This 
parameter determines the ability of fluid to penetrate the medium, with higher 
porosity allowing more fluid flow, thus significantly affecting the flow field structure. 
Permeability (α), ranging from 10−12 m2 to 10−8 m2, indicates the ease with which fluid 
can pass through the porous medium and is a key factor in determining the flow 
resistance. Both porosity and permeability play crucial roles in the flow field and 
aerodynamic performance of the airfoil, and their interaction jointly regulates the 
formation of flow patterns and propulsion efficiency. The results show that under the 
incoming flow mode, the porous medium can significantly reduce the drag on the 
airfoil, with lower permeability leading to smaller aerodynamic forces. For high-
permeability airfoils, drag reduction can be further achieved by lowering the porosity. 
In the Kármán vortex street, as both porosity and permeability decrease, the airfoil 
experiences reduced thrust, with an increase in horizontal displacement and a 
decrease in lateral deviation after release. This study deepens the understanding of 
passive propulsion phenomena in natural Kármán vortex streets and provides 
theoretical guidance and technical recommendations for related engineering 
applications. 
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1. INTRODUCTION 

In nature, many organisms utilize energy from their 
surrounding environment for passive propulsion, thereby 
conserving energy and enhancing locomotion efficiency. 
Fish are able to swim upstream in turbulent currents 
without exerting physical effort by exploiting Kármán 
vortexes formed behind reefs. This phenomenon 
demonstrates that the interaction between fluids and 
objects can significantly affect the motion state of the 
object, particularly in complex flow fields. When the 
surface of an object possesses specific structures or 
material properties, this interaction can be manipulated, 
enabling passive flow control and increasing movement 
efficiency. Similarly, airfoils are also affected by passive 
propulsion and Kármán vortex streets, where the 
interaction of surface structure, material properties, and 
the characteristic of the surrounding fluid plays a vital role 

in determining the motion state and efficiency of the 
airfoil. 

Porous media, also known as porous materials, are 
solid materials characterized by a pore structure (Bejan, 
1995; Li, 2003) and they have recently emerged as 
significant subjects of research in the fields of flow 
control and passive propulsion. Porous media can 
modulate the pressure distribution and vortex formation 
of fluids by altering the flow structure over an airfoil's 
surface, thereby influencing the lift and drag 
characteristics of the airfoil. By optimizing parameters 
such as porosity, pore shape, and the distribution of the 
porous media, it is possible to effectively control the 
performance of the airfoil in complex flow fields, such as 
turbulence or Kármán vortex streets, thereby achieving 
more efficient passive propulsion. The incorporation of 
porous media is a typical passive flow control technique 
(Zamponi et al., 2020). Flow control technologies are 
generally classified into active and passive flow control 
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methods based on whether they require energy input (Kral, 
2000). Minale (2018) indicates that the influence of the 
porous medium on vortex shedding stability is mainly 
reflected in the following aspects: (1) By altering the flow 
field structure, it can suppress or enhance vortex shedding. 
The presence of the porous medium introduces additional 
resistance and flow diffusion effects in the Kármán vortex 
street, thereby altering the frequency and intensity of 
vortex shedding. When the permeability is high, fluid can 
more easily penetrate the porous medium, which may 
weaken the vortex shedding characteristics. On the other 
hand, when the porosity is low, the porous medium may 
exacerbate the local flow instability. (2) Effect on vortex 
energy dissipation: The porous medium influences the 
energy transfer and diffusion of vortex shedding by 
increasing shear forces and turbulent dissipation. This 
effect is particularly pronounced under low permeability 
conditions. The combined effects of permeability and 
porosity jointly exert a comprehensive influence on vortex 
shedding characteristics by affecting the drag coefficient. 

Porous media can effectively alter flow field 
characteristics, thereby controlling the development of the 
flow field, making the application of porous media on 
blunt body surfaces an effective passive control strategy. 
Zhang et al. (2024) demonstrated that the application of 
porous media significantly regulates the flow 
characteristics of a cylinder in crossflow by altering the 
timing of vortex shedding, the shear layer thickness, and 
the fluid recirculation behavior. Ruck et al. (2012) found 
that the leeward side of porous coatings can significantly 
reduce flow resistance by decreasing the recirculation 
velocity of the wake and the negative pressure, whereas 
full-surface coatings tend to increase resistance. 
Numerical studies by Naito and Fukagata (2012) indicated 
that porous surfaces significantly suppress velocity and 
pressure fluctuations through slip velocity and energy 
dissipation mechanisms, with the suppression effect 
intensifying as the Reynolds number increases. This effect 
particularly achieves complete suppression of vortex 
shedding at Re = 1.0 × 10⁵, showcasing potential for flow 
stability and turbulence control. Experimental results 
from Klausmann and Ruck (2017) revealed that leeward 
porous coatings significantly reduced the drag and 
oscillation amplitude of the cylinder by increasing base 
pressure and decreasing wake pressure fluctuations, with 
a maximum drag reduction of 13.2%. Wei et al. (2016) 
conducted wind tunnel experiments to study the influence 
of porous medium walls on cylindrical surfaces. The 
results showed that the porous medium wall reduced the 
velocity fluctuations and Reynolds stresses in the wake 
region, weakened the instability of the shear layer, and 
extended the vortex formation length. 

Liu et al. (2022) conducted numerical simulations 
after treating the surfaces of two-dimensional airfoil 
trailing edges as porous media. They discovered that, at 
higher Reynolds numbers and low angle of attack, airflow 
could traverse the porous medium domain, forming 
recirculation structures within it. As the angle of attack 
increased, the airflow tended to move from the pressure 
side to the suction side due to the pressure differential 
between the upper and lower surfaces. Li et al. (2025) 
studied the NACA0012 airfoil by covering its surface with 
porous materials to simulate bird wing feathers. They 
found that the semi-covered porous airfoil could 
significantly improve aerodynamic performance, 

particularly enhancing the airfoil's stall characteristics. 
Jiang (2021) investigated the characteristics of the vortex 
flow field, as well as variations in drag and lift around a 
cylinder with externally attached porous media at different 
porosities. Their results revealed that both the lift-to-drag 
ratio and the amplitude of fluctuations were markedly 
reduced. The porous medium suppressed the large-scale 
vortex shedding from the cylinder, decreasing the 
shedding frequency. Research by Yang et al. (2022) 
indicated that the presence of porous media could alter the 
lift and drag characteristics of the airfoil. While 
excessively thin porous media could degrade aerodynamic 
performance, an appropriate thickness could help balance 
aerodynamic performance and noise reduction effects. 
Feng et al. (2020) demonstrated that the porous medium 
trailing edge, driven by the pressure differential between 
the upper and lower surfaces, effectively mitigated 
fluctuations in aerodynamic loads on the airfoil surface. 
High-flow-resistance porous materials significantly 
reduced pressure pulsations on the airfoil surface, with 
trailing edge pressure fluctuations decreasing by over 
20%, while low-flow-resistance materials exhibited a 
weaker effect. 

The application of different porous media 
significantly influences the drag reduction effect on 
cylindrical structures. Research conducted by Hu et al. 
(2020) demonstrates that porous coatings significantly 
affect vortex shedding and noise characteristics by 
adjusting the separation point location and the coverage of 
the coating. Analysis using POD and DMD methods 
revealed that the porous coating reduces drag by altering 
the energy distribution of dominant modes and enhancing 
the stability of the flow field. Aguiar et al. (2018) 
investigated four different laying angle schemes for 
porous media and found that applying porous media at a 
270° angle on the windward side of the cylinder resulted 
in the most effective drag reduction control. These studies 
indicate that porous media enhances the slip velocity at 
the porous interface, thereby reducing the frequency of 
vortex shedding. Furthermore, research by Du et al. (2022) 
showed that, at a Reynolds number of 5.6 × 104, the drag 
reduction effect can reach 8.53% when porous media are 
applied at a 270° angle on the rear edge of the cylinder. 

In previous research conducted by the research group 
(Zhou et al, 2023; Zhou & Wang 2024) flow regulation 
has been a key focus for achieving energy harvesting and 
optimizing fluid systems. Both flexible and rigid 
structures can significantly influence fluid dynamic 
performance through Kármán vortex streets. However, 
this study primarily investigates the effect of the porous 
medium on the regulation flow behavior and drag 
characteristics. By exploring the mechanisms through 
which porosity modulates the flow field, the performance 
of the porous medium in fluid systems can be further 
optimized. However, given the diverse morphologies of 
fish in nature, most studies have opted to investigate the 
NACA0016 airfoil, which resembles the shape of a trout. 
Currently, there is no evidence to suggest that the 
NACA0016 exhibits optimal passive motion performance 
within Kármán vortex flow fields. Therefore, it is essential 
to explore the motion mechanisms of various airfoil 
thicknesses based on the NACA0016 in different media 
within Kármán vortex streets, a process that has been 
examined in reference (Zhou et al., 2023). Additionally, 
due to the unique flow characteristics of porous media, 
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incorporating such materials around the airfoil may 
enhance its passive propulsion effectiveness. To date, 
there has been no research on the role of porous media in 
passive propulsion, opening a new avenue for 
investigation. Therefore, this study will introduce porous 
media structures to the surface of the original airfoil to 
explore their effects on passive propulsion, aiming to 
achieve more efficient energy acquisition and utilization 
within vortex flows. This research seeks to deepen our 
understanding of passive propulsion utilizing Kármán 
vortex streets in nature while providing new theoretical 
foundations and technical guidance for engineering 
applications. 

2. RESEARCH SUBJECTS AND NUMERICAL 

METHODS 

Based on previous research (Zikang & Wang 2024), 
preliminary observations indicate that porous media can 
enhance the horizontal movement distance of airfoils in 
passive propulsion to a certain extent. Building on this 
foundation, this study conducts simulation tests on nine 
different types of porous media. By comparing the flow 
field characteristics of the airfoil in the incoming flow 
field and the Kármán vortex street, as well as analyzing 
the passive motion of the airfoil after release, we explore 
the mechanisms through which porous media influence 
the motion performance of the airfoil. 

2.1 Geometric Model Structure of the Counterflow 
Mode and Parameter Settings for Porous Media 

The focus of this study is on two-dimensional (2D) 
numerical simulations to investigate the effect of the 
Kármán vortex street behind the column bypass on porous 
media airfoil. This study specifically focuses on the 
NACA0016 airfoil, for which numerical calculations of 
the airfoil model were conducted. A semi-circular cylinder 
was placed in the flow field, with the computational 
domain defined as −10D≤x≤10D, −10D≤y≤10D, where D 
is the diameter of the semi-circular cylinder (the 
characteristic length). The top of the airfoil is set as the 
origin of the coordinate system, with the positive direction 
along the x-axis towards the semi-circular cylinder, and 
the distance between the airfoil and the cylinder is 4D. The 
centroid of the airfoil is positioned 0.3L from the leading 
edge, with a mass of 0.01kg. The airfoil length is L=0.1m, 
and the cylinder diameter is D=0. 05m.The left boundary 
is defined as a velocity inlet with a semicircular shape, 
while the right boundary serves as a pressure outlet. The 
semi-circular cylinder and the surface of the airfoil are set 
as no-slip boundary conditions. The velocity is specified 
as U = 0.45 m/s, directed along the positive x-axis. Air is 
chosen as the working fluid, with ρ = 1.225 kg/m³ and ν = 
1.7894 × 10⁻⁵ kg∙s/m. Based on the cylinder diameter D, 
the Reynolds number is Re=1540. The SST k-ω 
turbulence model is employed, and a pressure-based 
solver suitable for low-speed incompressible flows is used. 
The discretization scheme for the momentum equation is 
set to QUICK format, while the pressure term is 
discretized using a second-order upwind scheme. For the 
unsteady discretization, a second-order implicit scheme is 
selected, and the pressure-velocity coupling is handled 
using the SIMPLEC method. It is assumed that the airfoil 
undergoes only passive motion after release; therefore, the 
6DOF dynamic mesh model in Fluent is employed for  

 

Fig. 1 Grid partitioning diagram 

 

simulation. 

To balance computational time and accuracy and 
ensure mesh movement and re-meshing during the passive 
motion of the airfoil, the computational domain is divided 
into blocks. Mesh refinement is applied to the regions 
where the flow is complex and varies significantly, 
ensuring that the first layer of mesh near the wall has a 
thickness smaller than the order of 10−4, keeping the y+ 
value consistently below 1 to ensure computational 
accuracy. Unstructured meshes are used in the areas 
surrounding the semi-circular cylinder and the NACA 
airfoil. The airfoil’s attached grid employs a first layer 
height of 5×10-5 to generate 10 layers with a growth rate 
of 1.0, thereby constructing the near-wall grid region. The 
outer side of the near-wall grid is generated with a growth 
rate of 1.1, resulting in 30 layers of grid. An area 
segmentation technique is applied to the near-wall grid at 
30% of the airfoil's leading edge to delineate the porous 
region grid, as illustrated in Figure 1. The gray area 
surrounding the airfoil represents the fluid region, while 
the red area indicates the porous medium region. For 
clarity, the airfoil with the attached porous medium will 
be referred to as the "porous airfoil" in subsequent 
analyses.  

To accommodate the distortion of the wall region 
grid during motion, a grid overlapping technique is 
employed to facilitate the coordinated movement of the 
airfoil and the porous medium region grid. The foreground 
grid area is a rectangle measuring 2L in length and 0.6L 
in width, with the airfoil positioned at the center of this 
area. To minimize computational errors, the dimensions 
of the foreground grid edge in the overlapping region are 
kept consistent with those of the background grid, as 
shown in Fig 1. The grid used in the flow field tests in this 
chapter accounts for the impact phase of the incoming 
flow during the motion of the airfoil, and is based on the 
original grid, with the addition of a grid excluding the 
semi-circular  cyl indrica l  bodies.  Porosi ty  and 
permeability are key parameters that significantly 
influence the performance of porous media, and their 
values should be determined considering both fluid 
dynamics and structural stability. The recommended 
range for porosity is 0.2≤ ɛ ≤0.92. Below ɛ =0.2, the void 
volume becomes too small, significantly reducing fluid 
permeability, and the material may even exhibit solid-like 
characteristics. According to literature (Bear, 1972; Nield 
& Bejan, 2006), when porosity exceeds 0.92, the 
permeability of the material approaches infinity,  
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Table 1 Properties of porous medium materials 

Serial Number 
Porosity  

ε 

Permeability  

α/m2 

The coefficient of viscous resistance 

Dij/m-2 

Inertial resistance coefficient 

C2/m-1 

1 0.92 4.78×10-7 2.1×106 468.41 

2 0.5 4.78×10-7 2.1×106 1169.10 

3 0.2 4.78×10-7 2.1×106 4621.29 

4 0.8 4×10-8 2.5×107 1996.90 

5 0.8 4×10-9 2.5×108 6314.76 

6 0.8 4×10-10 2.5×109 19969.05 

7 0.8 4×10-12 2.5×1011 199690.51 

8 0.5 4×10-12 2.5×1011 404145.19 

9 0.2 4×10-12 2.5×1011 1597524.13 

 

effectively resembles a frictionless free flow. The 
recommended range for permeability is 10−12 m2≤ α 
≤10−7 m2. When permeability is below 10−12 m2, it 
becomes difficult for the fluid to penetrate the medium, 
and above 10−7 m2, the fluid resistance is too low, 
potentially compromising the ability to regulate the 
flow field. This study employs a controlled variable 
method to test nine different porous medium materials 
characterized by varying permeability and porosity, 
with specific material properties detailed in Table 1. 
The nine porous media are categorized into three 
groups for analysis: samples numbered 1 to 3 represent 
the high permeability with variable porosity group; 
samples numbered 4 to 7 correspond to the constant 
porosity with variable permeability group; and samples 
numbered 7 to 9 are classified as the low permeability 
with variable porosity group. 

2.2 Flow Control Equations 

1) Continuity Equation   

In this research, the flow of water at low Reynolds 
numbers can be approximated as an incompressible fluid, 
allowing the two-dimensional continuity equation to be 
simplified as follows: 

0
u v

x y

 
+ =

 
 (1) 

In fluid mechanics, the momentum equation is a 
fundamental conservation equation based on Newton's 
second law (ANSYS Inc, 2018). By applying Reynolds 
averaging to the instantaneous momentum equation, the 
Reynolds-averaged equations that govern turbulence are 
obtained. The momentum equation is the representation of 
the law of conservation of momentum in hydrodynamics: 

2 2

2 2

1
x

u u u p u u
u v f

t x y x x y



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+ + = − + + + 
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+ + = − + + + 

      

 
(3) 

where: u, v, and w are the three velocity components; p is 

the pressure; ρ is the fluid density; and μ is the 

hydrodynamic viscosity. The convection term u u
u v

x y

 
+

 

 

reflects the contribution of the fluid velocity field to 

momentum transfer; the pressure gradient term 1 p

x


−



 

represents the body force caused by the pressure 

distribution of the fluid; the body force term
xf  indicates 

the external forces acting on a fluid element; the viscous 

term 2 2

2 2

u u

x y

  

+ 
  

 reflects the momentum diffusion due to 

the viscous effects within the fluid. 

In the computational model, the inlet horizontal 
velocity is U=0.45m/s, and the cylinder diameter is 
D=0.05 m. The Reynolds number is the most important 
dimensionless parameter describing the motion of viscous 
fluids, and its physical significance characterizes the 
dimensionless similarity parameter between inertial and 
viscous forces. 

eR vL =  (4) 

where: v and L are the characteristic velocity and 
characteristic length of the flow field, respectively. 

2) Turbulence Models 

The SST k−ω model combines the advantages of 
both the k−ω and k−ε models, exhibiting the following 
characteristics: (1) higher accuracy in predicting flow 
separation (Menter, 1994); (2) a good ability to capture 
flow characteristics in adverse pressure gradient regions 
(Spalart, 2000); (3) more accurate simulation of velocity 
gradients and vorticity variations in the wake region near 
the wall (Langtry & Menter, 2011). Therefore, the SST 
k−ω turbulence model is used for numerical simulations 
in this study. 

( ) ( )i k k k k b

i i i

k
k ku G Y S G
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 
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(6) 

where：k is the turbulent kinetic energy, ω is the turbulent 
dissipation rate, and Γ is the effective diffusion coefficient, 
Gk denotes the turbulent kinetic energy production term 
due to the mean velocity gradient, Gω denotes the ω 
production term, Γk and Γω denote the effective diffusion 
rate for k and ω, respectively, Yk and Yω denote the 
dissipation of k and ω due to turbulence, Sk and Sω are a 
user-defined source term, Gb and Gωb denote the buoyancy 
term. 

3) Modelling of porous media 
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Table 2 Comparison of each parameter of airfoil with different grids 

Grid Name Grid number Ct Cl Ct- 1 Cl- 1 y+ ∆𝑦𝑚𝑖𝑛 

Grid-1 165201 0.01038 0.15931 -0.08039 0.03513 1 5×10-5 

Grid-2 245154 0.01183 0.17671 -0.07695 0.03672 1 5×10-5 

Grid-3 381897 0.01202 0.17947 -0.07626 0.03667 1 5×10-5 

Grid-4 497690 0.01262 0.18224 -0.07618 0.03846 1 5×10-5 
 

Porosity ε is the proportion of the void fraction in a 
porous medium that occupies the entire volume of the 
object. 

0

100
V

V
 =  ％

 
(7) 

where: V is the pore volume. V0 is the total volume of the 
control body. 

The permeability α characterizes the ability of a fluid 
to flow through a porous medium. 

( )

3 2

2
150 1

pD


−
=

 
(8) 

where: Dp is the pore diameter. 

The inertia drag coefficient refers to the ratio of the 
inertial drag in the porous medium to the acceleration, 
with the inertial drag being directly proportional to the 
acceleration of the cylinder. Most studies currently rely on 
experimental analysis methods. Empirical formulas are 
often used to describe it (Ergun & Orning 1949). For 
example, the commonly used inertia drag coefficient C2 
can be expressed as follows: 

( )
2 3

13.5

p

C
D





−
=  

(9) 

Assuming that the porous medium is simple isotropic, 
the porous medium is modelled by adding a source term 
to the standard N-S (Navier-Stokes) equation, which 
consists of two parts: a viscous loss term and an inertial 
loss term, as shown below (ANSYS Inc, 2018): 

3 3

1 1

1

2
i ij j ij j ji i

S D v C v v 
= =

 
= − + 

 
 

 
(10) 

where Dij denotes the viscous loss term and Cij denotes the 
inertial loss term. When it is isotropic, the equation can be 
simplified as. 

2

1

2
i i j jS v C v v





= +  (11) 

where:C2 represents the inertial resistance coefficient of 
the porous medium, α is the permeability. 

3) Calculation of relevant parameters 

To investigate the forces and moments acting on the 
airfoil, this study defines the thrust coefficient Ct whose 
magnitude is equal to the drag coefficient Cd but with the 
opposite direction, as well as the definition of the lateral 
force coefficient Cl. The formulas are as follows: 

20.5

D
t

F
C

U L

−
=

 
(12) 

20.5

L
l

F
C

U L
=

 
(13) 

where: FD is the drag force parallel to the fluid flow, with 
the direction aligned with fluid flow direction. The 
direction of Ct is opposite to the direction of fluid flow 
directions, representing the magnitude of the vortex street 
traction force. FL is the lateral force perpendicular to the 
direction of the fluid flow. 

2.3 Verification of Grid Independence and Time Step 
Independence 

The airfoil used is the NACA0016 profile, and four 
distinct grids were generated, designated as Grid-1, Grid-
2, Grid-3, and Grid-4. The computations continued until 
the Kármán vortex street stabilized and exerted periodic 
forces on the airfoil. The extreme values of the airfoil's lift 
coefficient (Cl) and thrust coefficient (Ct) were recorded 
alongside those of the semi-circular cylinder (Cl-1, Ct-1). 
The results are presented in Table 2. The relative 
difference in aerodynamic forces on the airfoil between 
Grid-2 and Grid-3 was found to be 1.58%, semi-circular 
cylinder force error of 0.91%. For subsequent calculations, 
Grid-2 was selected as the computational grid, 
considering computational efficiency. Additionally, the 
Strouhal number (St), an auxiliary metric used to describe 
periodic unsteady flows in fluid dynamics, was employed 
to evaluate the grid. Roshko (1954) conducted extensive 
experimental studies on the flow around cylinders and 
proposed an empirical formula for calculating St for Re > 
300: 

( )0.212 1 12.7

300 10000

t e

e

S R

R

=  −

 

 
(14) 

The relative errors of Ct compared to Ct-1 are 2.70% 
and 1.69%, while the relative errors of Cl compared to Cl-

1 are 1.36% and 3.94%. For time steps of 0.0005 s and 
0.001 s, the relative errors of Ct compared to Ct-1 are 2.96% 
and 2.86%, and the relative errors of Cl compared to Cl-1 
are 0.42% and 0.08%. To ensure accuracy and optimize 
computational time, a time step of 0.001 s has been 
selected for subsequent research. 

To ensure the accuracy of both the simulation process 
and the results, a comparison was made between the 
simulation outcomes and the empirical formulas of 
Roshko (1954) , as well as the experimental results of 
Peng (2012) and Igarashi (1982) , within the range of Re 
= 1000 to 3000. The computed results, as illustrated in Fig. 
2, demonstrate a strong correlation between the simulation 
results for St numbers in the Re = 1000 to 3000 range and 
the empirical formulas and experimental data, with an 
error margin of less than 3%. 

 



J. Tang et al. / JAFM, Vol. 18, No. 8, pp. 2149-2162, 2025.  

 

2154 

 

Fig. 2 Validation of numerical methods based on 
the Strouhal number 

 

3. CALCULATION RESULTS AND ANALYSIS 

3.1 Calculation Results of Welcoming Flow 

A simulation was conducted on the flow pattern 
around a non-half cylindrical structure. During the 
simulation, the incoming flow directly impacted the 
porous airfoil, and the airfoil was released once the flow 
field reached a stable state. Taking the NACA0016 as an 
example, Fig. 3 illustrates the lift forces of a smooth airfoil 
compared to various porous airfoils under the incoming 
flow condition. When the airfoil is subjected to the 
incoming flow, it primarily experiences drag, resulting in 
a negative lift force. Compared to smooth airfoils, porous 
airfoils generally exhibit reduced drag. Under conditions 
of high permeability, decreasing porosity leads to a 
reduction in drag experienced by the airfoil. At constant 
porosity, reducing permeability also decreases the drag on 
the airfoil. However, at low permeability, reducing 
porosity does not decrease the drag on the airfoil and may 
even lead to an increase in drag. As both porosity and 
permeability decrease, the porous medium transitions 
towards a solid state, resulting in diminished interactions 
the incoming flow on the airfoil surface. As the solid 
characteristics of the porous medium further increase, the 
portion of the porous medium exposed to the incoming 
flow impact intensifies, transmitting this force to the 
airfoil surface. Consequently, at low permeability, the 
drag experienced by the airfoil increases as porosity 
decreases. 

According to the Darcy-Forchheimer model equation 
(Whitaker, 1996), as permeability decreases, viscous 
resistance increases significantly. In this case, the fluid 
resistance is mainly dominated by the viscous effect, and 
the inertial term gradually loses its influence. As porosity 
is further reduced, the fluid resistance tends to behave 
more like solid-to-fluid resistance. Specifically, lower 
permeability increases the fluid's adhesion, reducing flow 
separation and thus decreasing the pressure drag caused 
by separation. When permeability is low, the flow through 
the porous medium becomes more controlled, and the 
boundary layer is less prone to breakdown, which helps 
reduce vortex formation and wake formation, thereby 
lowering drag. 

Figure 4 illustrates the variations in coordinates and  

 

smooth airfoil type after the release of degrees of freedom 
in an incoming flow pattern. The release duration is set to 
1s, with a computational time step of 0.001s, resulting in 
a total of 1000 computational steps. After release, the 
airfoils experience backward motion due to drag effects, 
with the x-direction coordinate changes represented as 
absolute values in the figure. As shown in Fig. 4(a), 
although the porous airfoils experience less drags in a 
fixed state, their retreat speed after release is greater than 
that of the smooth airfoil. As permeability decreases, the 
retreat distance of the airfoils gradually diminishes, and at 
α=4×10-12, the displacement distances of the porous and 
smooth airfoils become nearly identical. At a high 
permeability of α=4.78×10-7, reducing porosity results in 
a decrease in the retreat distance of the airfoil; however, 
at a low permeability of α=4×10-12, changes in porosity 
have minimal effect on the retreat distance. Figure 4(b) 
depicts the vertical displacement changes of the airfoils. 
After release, the airfoils exhibit slight vertical 
displacements. Overall, airfoils with high porosity 
demonstrate smaller lateral displacement amplitudes. 
Figure 4(c) presents the changes in attitude angles of the 
airfoils; under the incoming flow pattern, the amplitude of 
attitude angle variation is small, with the range of change 
for the porous airfoils being smaller than that of the 
smooth airfoil. However, at α=4×10-12, a significant 
deflection occurs 0.2s after release, attributed to the low 
permeability disrupting the normal flow field, thereby 
affecting the attitude angle of the airfoil. As illustrated in 
Fig. 5, at α=4×10-12, the vorticity in the porous medium 
region of the airfoil is obstructed by the external flow field, 
while at α=4×10-8, the vorticity cloud distribution in the 
porous medium region is relatively uniform. 

3.2 Kármán Vortex Calculations 

This chapter presents simulation calculations on 
various types of porous media using the NACA0016 
airfoil. Figure 6 illustrates the vorticity contours of three 
types of porous media with ε=0.8 at Ct, max. The 
permeability of the porous media decreases progressively 
from (a) to (c), resulting in the upstream vortices 
transitioning from direct contact with the airfoil surface to 
being completely obstructed by the porous airfoil. When 
the permeability is high, the fluid can penetrate the porous 
medium, inducing stronger fluid exchange and shear 
forces, which leading to the generation and stability of 
upstream vortices. As permeability decreases, the 
resistance of the porous medium to fluid penetration   

 

Fig. 3 NACA0016 traction of various porous 

wing types 
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(a) Coordinate change in x-axis direction (b) Coordinate change in y-axis direction 

 

(c) Attitude angle variation 

Fig. 4 Variation of coordinates and attitude angle of various porous airfoils for NACA0016 in 

incoming flow condition 
 

  

 

(a)α=4.78×10-7，ε=0.5                    (b) α=4×10-12，ε=0.5 

Fig. 5 Vortex cloud and streamline diagrams of two porous airfoil types 
 

increases, weakening the diffusion effects of the flow. The 
shear forces become insufficient to maintain a stable 
vortex structure, and the vortices gradually weaken until 
they completely vanish. Under low permeability 
conditions, the flow paths inside the porous medium 
become more complex, and local flow recirculation 
increases. This behavior may enhance turbulence 

dissipation, thereby suppressing the generation and 
development of vortices. When the permeability is high 
(e.g., α=4×10−8), the presence of upstream vortices 
enhances the pressure gradient at the leading edge of the 
airfoil, thereby increasing lift. As the vortices gradually 
weaken and disappear (e.g., α=4×10−10), the pressure 
gradient on the airfoil surface decreases, leading to a  
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(a) α=4×10
-8

 (b) α=4×10
-9

 (c) α=4×10
-10

 

 

Fig. 6 Leading edge vorticity plots at Ct, max for three airfoils with ε = 0.8 porous media 

 

   

(a) α=4×10-8 (b) α=4×10-9 (c) α=4×10-10 

 

Fig. 7 Plots of vorticity at the end of the porous region at Ct, max for three airfoils with ε = 0.8 porous media 

 

   

(a) ε=0.92 (b) ε=0.5 (c) ε=0.2 

 

Fig. 8 Vortex profiles at the leading edge of the airfoil at Ct, max for three α = 4.78 × 10-7 porous media 

 

reduction in lift. Under high permeability conditions, the 
vortices can induce greater flow separation and turbulence 
intensity, increasing surface drag, which is consistent with 
the results in the literature (Smith, 1975). 

Figure 7 illustrates the vorticity contours at the 
trailing edge of the porous regions for the three porous 
airfoils with ε=0.8. When permeability is high, the 
vorticity within the porous medium is continuous and 
maintains a consistent strength with external vorticity. As 

permeability decreases, the vorticity within the porous 
region gradually diminishes, ultimately reaching zero at 
the airfoil's surface, resulting in a "step-like" region of 
zero vorticity. This leads to an upward shift of the 
originally high vorticity area and progressively causes the 
vorticity region on the airfoil surface to break apart (as 
indicated by the arrows in Fig. 7). However, altering the 
porosity does not significantly affect the vorticity 
distribution within the porous medium. As shown in Fig. 
7 and 8, changes in porosity have a minimal impact on the  
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(a1) Turbulence intensity (b1) Turbulence intensity 

  

(a2) Surface pressure coefficient (b2) Surface pressure coefficient 

(a) Ct, max (b) Ct, min 

Fig. 9 Airfoil turbulence intensity and surface pressure coefficients for three α = 4.78 × 10-7 porous media 
 

development of vortices within the porous medium, with 
the vortex strength remaining nearly unchanged. 

Figure 9 illustrates the trends in surface turbulence 
intensity and surface pressure coefficient following 
changes in porosity for high permeability porous media. 
As porosity decreases, the maximum turbulence intensity 
at the Ct, max moment at the leading edge of the porous 
airfoil decreases, resulting in a corresponding reduction in 
the range of the turbulence intensity curve, while the range 
of the surface pressure coefficient curve expands. At the 
Ct, min moment, the turbulence intensity curve exhibits a 
slight decrease at the end of the porous medium (at 
x/L=0.3), which is hypothesized to be due to the variations 
in porosity leading to a reduction in turbulence intensity 
at this location. 

Figure 10 illustrates the variations in surface 
turbulence intensity and surface pressure coefficient for 
three porous airfoil types compared to a smooth airfoil 
under low permeability conditions. As porosity decreases, 
the porous medium transitions towards a solid state. 
Similar to the high permeability scenario, the surface 
turbulence intensity and surface pressure coefficient 
remain highly consistent at both time instances under low 
permeability, indicating that changes in porosity have 
little to no significant impact on these two parameters. 

Figure 11 illustrates the extreme values of the drag 
coefficient for various porous media under the influence 
of the Kármán vortex street. Flow separation typically 
occurs when fluid flows around the surface of an object, 

caused by changes in the pressure gradient that prevent the 
fluid from remaining attached to the surface. Additionally, 
an increase or decrease in boundary layer thickness can 
also lead to an increase or decrease in drag (Carotenuto 
and Minale, 2011). For porous airfoils with external 
porous media, the drag force is generally lower than that 
of smooth airfoils. Under high permeability conditions, a 
decrease in porosity results in a slight reduction in drag 
force. The boundary layer thickness decreases, the 
velocity gradient near the wall increases, and the fluid's 
adhesion to the surface strengthens, reducing fluid 
separation and thus lowering drag. When the porosity is 
low, fluid penetration through the porous medium is 
weakened, leading to a more stable surface flow field, 
which reduces the size of the separation region. The 
reduction in the separation region directly decreases both 
vortex drag and pressure difference drag. Conversely, 
when porosity remains constant, a reduction in 
permeability leads to a significant decrease in drag force. 
Under low permeability, a decrease in porosity only 
causes a minor reduction in drag force. These results 
indicate that permeability has a more substantial impact 
on the drag force of airfoils. 

Figure 12 presents the horizontal displacement of 
porous airfoils with varying porosity. When the 
permeability of the porous medium is fixed, reducing 
porosity can increase the displacement of the porous 
airfoil. By comparing the slopes of the airfoil motion 
curves, it is evident that lower porosity correlates with 
higher airfoil velocity. Figure 13 depicts the vertical   
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(a1) Turbulence intensity (b1) Turbulence intensity 

 
 

(a2) Surface pressure coefficient (b2) Surface pressure coefficient 

(a) Ct, max (b) Ct, min 

Fig. 10 Turbulence intensity and surface pressure coefficients for three α = 4 × 10-12 porous media 

 

 
Fig.  11 Maximum traction force of various porous media 

 

  

(a)Ct, max release (b)Ct, min release 

Fig. 12 Horizontal displacement of porous airfoil with variable porosity 
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(a) Ct, max release (b) Ct, min release 

Fig. 13 Vertical displacement of porous airfoil with variable porosity 

 

  

(a1) Coordinate change in x-axis direction (b1) Coordinate change in x-axis direction 

  

(a2) Coordinate change in y-axis direction (b2) Coordinate change in y-axis direction 

(a) Ct, max release (b) Ct, min release 

Fig. 14 Variable permeability porous airfoil coordinate variation 

 

displacement of porous airfoils with varying porosity; as 
porosity decreases, the vertical displacement diminishes. 
Under high permeability conditions, changes in porosity 
have a more pronounced effect on vertical displacement. 
This study hypothesizes that, due to the high inertial 
resistance coefficient in low-permeability porous media, 
external fluids find it challenging to penetrate the internal 
porous regions, resulting in interactions primarily at the 
surface of the porous medium, which leads to a smaller 
magnitude of vertical variation. 

Figure 14 illustrates the displacements of a porous 
airfoil in both horizontal and vertical directions with 
varying permeability. When the porosity of the porous 
medium is held constant, a reduction in permeability leads 
to an increase in the displacement of the porous airfoil. By 
comparing the slopes of the airfoil's motion curves, it is 
evident that lower permeability correlates with higher 
airfoil velocity. In the vertical direction, a decrease in the 
permeability of the porous medium can reduce airfoil's 
offset; however, significant changes in vertical displacement 
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(a) α=4×10
-8 , ε=0.92 (b) α=4×10

-9 , ε=0.8 (c) α=4×10
-12 , ε=0.8 

 

Fig. 15 Horizontal velocity cloud for variable permeability porous airfoils 

 

    

(a) t=0 s (b) t=0.6 s (c) t=2.4 s (d) t=4.2 s 

 

Fig. 16 Pressure cloud during motion of porous airfoil (α=4×10-12, ε=0.8) 

 
only occur when the permeability is altered beyond a 
certain threshold. Notably, during the release of Ct, min, a 
marked decrease in vertical offset is observed only when 
the permeability drops to α=4×10-12. 

Figure 15 illustrates the horizontal velocity contour 
plots at t = 1.8s following the release of three types of 
porous airfoils. As shown in Fig. 16(a), the horizontal flow 
velocity of the fluid within the porous medium at the 
leading edge of the airfoil is comparable to the external 
flow velocity. However, as permeability decreases, a 
discrepancy arises between the fluid velocity near the 
airfoil surface within the porous medium and the velocity 
of the external flow field, as depicted in Fig. 16(b). 
Eventually, when the permeability is reduced to a certain 
extent, the flow velocity within the porous medium 
becomes uniform, completely segregating from the 
external velocity contour, as shown in Fig. 16(c). At this 
point, the fluid velocity within the porous medium 
matches the velocity of the airfoil's motion. Although the 
fluid within the porous region remains connected to the 
external fluid, the high inertial resistance coefficient of the 
low-permeability porous medium restricts the free 
movement of fluid in and out of the porous region, causing 
the fluid within this area to move at the same speed as the 

airfoil. 

Figure 16 presents the pressure contour within a 
porous medium (α=4×10⁻¹², ε=0.8) following the motion 
of a porous airfoil. Initially, when the airfoil is released 
(Fig. 16(a)), its velocity is zero, resulting in a continuous, 
coherent pressure contour both within and outside the 
porous medium. At this stage, the external pressure field 
enters the porous region in a "vertical" manner relative to 
the airfoil surface. However, as the airfoil encounters the 
Kármán vortex street, the pressure contour within the 
porous medium becomes discontinuous from the outflow 
field pressure contour (Fig. 16(b)). At the boundary of the 
porous medium, the external pressure field undergoes 
distortion to connect with the internal pressure field. The 
extent of this distortion is linked to the airfoil’s velocity, 
reaching a peak as the airfoil attains its maximum 
displacement velocity (Fig. 16(c)), which coincides with 
the highest distortion of the surrounding pressure field. 
Once the airfoil moves away from the Kármán vortex 
street and loses its horizontal displacement velocity, 
returning to the incoming flow mode (Fig. 16(d)), the 
distortion in the pressure field decreases. This allows the 
external pressure field to once again enter the porous 
medium in a "vertical" manner. Figure 17 shows that  
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(a) t=0 s (b) t=2.4 s 

 

Fig. 17 Pressure cloud during motion of porous airfoil (α = 4 × 10-9, ε = 0.8) 

 

Under high-permeability conditions, the porous medium 
has minimal impact on pressure field distortion. 

4. CONCLUSION 

This chapter employs the control variable method to 
test nine different porous media with varying porosities 
and permeabilities. It analyzes the impact of different 
porous media on the aerodynamic forces and motion of the 
porous airfoil under both Kármán vortex street and 
incoming flow conditions, drawing the following 
conclusions: 

(1) Under incoming flow conditions, porous media 
can effectively reduce the drag on the airfoil. The lower 
the permeability of the porous medium, the smaller the 
drag acting on the airfoil. Additionally, decreasing 
porosity can further reduce the drag on high-permeability 
porous surfaces; however, this effect is less significant for 
low-permeability porous surfaces. Upon release, the 
airfoil moves backward, with the porous airfoil retreating 
more than the smooth airfoil. As permeability decreases, 
the backward motion of the airfoil diminishes, and the 
vertical displacement of the high-permeability airfoil is 
relatively smaller. By optimizing the permeability and 
porosity of porous airfoils, significant improvements can 
be made in the performance of vehicles, particularly in 
reducing drag during low-speed flight or steady states. For 
small aircraft or unmanned aerial vehicles, selecting a low 
permeability and appropriate porosity porous airfoil can 
enhance maneuverability and extend endurance, thereby 
improving overall efficiency. 

(2) Under Kármán vortex street conditions, as 
permeability and porosity decrease, the lift acting on the 
airfoil also decreases. After release, reducing porosity can 
decrease the vertical displacement of the airfoil while 
increasing its horizontal displacement. Reducing 
permeability also increases horizontal displacement, but 
permeability must be reduced to a certain level to achieve 
a reduction in vertical displacement. By adjusting porosity 
and permeability appropriately, it is possible to reduce 
vertical displacement while increasing horizontal 
displacement, thus improving propulsion efficiency. In 
applications such as biomimetic fish or other propulsion 

systems, optimizing these parameters can enhance lateral 
thrust, reduce energy consumption, and improve 
movement performance in complex flow environments. 
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