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Abstract: Porous medium models are commonly used in Computational Fluid Dynamics (CFD) to
simulate flow through permeable screens of various types. However, the setup of these models is
often limited to replicating a pressure drop in cases where fluid inflow is orthogonal to the screen.
In this work, a porous medium formulation that employs a non-diagonal Forchheimer tensor is
presented. This formulation is capable of reproducing both the pressure drop and flow deflection
under varying inflow angles for complex screen geometries. A general method to determine the
porous model coefficients valid for both diagonal and non-diagonal Forchheimer tensors is proposed.
The coefficients are calculated using a nonlinear least-squares optimisation based on an analytical
solution of a special case of the Navier–Stokes equations. The applicability of the proposed method is
evaluated in four different scenarios supplemented by local CFD simulations of permeable screens:
wire mesh, perforated screens, air louvers, and expanded mesh panels. The practical application of
this method is demonstrated in the modelling of windbreaks and permeable double-skin facades,
which typically employ the aforementioned types of porous screens.

Keywords: computational fluid dynamics (CFD); forchheimer tensor; resistance coefficients; porous
volume; permeable screen; air louver; large-scale civil structures

1. Introduction

Permeable screens are often employed as wind-shielding devices: these can be used as
free-standing porous elements or they can be adopted in bridges to realise wind breakers.
More recently, porous panels have been employed in buildings as cladding elements with
a wide variety of installation contexts: these include their usage as the outer cladding
layer, placed at a certain distance from the inner wall, realising the so-called double skin
façades [1,2]. For those cases, it is expected that the wind-interaction of such permeable
elements depends on its installation context within the building or bridge and on the
free-standing aerodynamics of the mesh itself, usually dictated by geometrical details of
a much smaller scale than the structure itself. This difference in scale introduces unique
challenges in designing civil structures with permeable elements. A purely experimental
approach, based on wind tunnel tests, with scaled models is limited by the multi-scale
nature of the problem: the main limitation lies in the representation of the porous elements
in the scaled model and in the possibility of pressure sensor placement on such elements
to measure pressure fluctuations [3]. A recent promising alternative for wind load estima-
tion is represented by Computational Fluid Dynamics (CFD) simulations, specifically the
ones employing Large Eddy Simulation models: several studies [4,5] assess its potential
application in building design, allowing for a direct estimate of design pressure values.
Additionally, it is currently a standard practice to complement wind tunnel tests with
CFD simulations to obtain additional information on the flow characteristics around and
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inside large-scale civil structures [6]. This is especially true for coupled and decoupled
thermodynamic simulations [7].

When referring to large-scale permeable screens in the CFD framework, relying on a
model which includes all geometrical details of porous structures would result in unattain-
able computational requirements. However, there exists the possibility to model such
screens using a macroscopic representation through a porous-media approach. An advan-
tage of this is the possibility to model the porous medium in most modern “off-the-shelf”
CFD packages. This avoids an explicit modelling of porous layer geometry or an intro-
duction of a custom code to the CFD solver. Even though this is a viable strategy to
assess wind interaction with permeable façades or windbreak barriers, the application of a
porous-media approach in this specific contexts is still in its early stages of research and
the number of studies on the topic is currently limited [8,9]. This is, not in the least, due
to the lack of a well-established methodology to compute the coefficients governing the
porous-media model, that characterise porous structures and reflect the flow interaction on
a macroscopic scale.

Porous-media models have been otherwise widely used and experimentally verified
in other application fields, such as ocean engineering and ventilation systems design, with
different methodologies for the computation of the input coefficients, as discussed in the
next section.

1.1. Current Modelling Practice

A macroscopic description of the porous structure can be realised as a 2D surface
with zero thickness or as a 3D volume. When the former is used, the method is usually
referred to as a porous baffle. A porous baffle relies on a pressure-jump condition to realise
the resistance source [10], while both approaches use the Darcy–Forchheimer formulation
to define an additional source term in the momentum equations, the latter defines the
resistance source through a tensorial term. As a consequence, it is (at least theoretically)
able to describe isotropic or anisotropic porous medium characteristics [11].

A porous baffle is typically characterised by a porous resistance that acts normal to the
baffle surface and is defined by two scalar Darcy–Forchheimer resistance coefficients (dx
and fx, respectively). This approach is typically used to model very thin membranes [12] or
permeable windbreak barriers [13–16]. However, as shown by the experiments conducted
by [17], in the case of inclined perforated screens, the pressure drop is not always propor-
tional solely to the normal component of the flow, and therefore cannot be defined by scalar
resistance coefficients. This fact has been recently addressed in [18,19], in which the authors
proposed a custom pressure–velocity jump condition to model permeable surfaces.

In cases when a volumetric porous medium is adopted, the question of how to set
coefficients for the other two directions (dy, dz and fy, fz) in the resistance tensor arises.
In practice, CFD modellers (such as [20,21]) often set these coefficients related to the non-
orthogonal components of the flow to some values that are several orders of magnitude
higher than dx and fx. Such an approach is erroneous as discussed in Section 2.4. Con-
versely, in [22], only the normal component of the flow is considered when establishing
the value of the resistance coefficients, essentially resulting in fy = fz = 0. In fact, this lack
of clarity about the role of the resistance coefficients in characterising permeable screen
macro behaviours leads the authors of [23] to recommend the use of isotropic coefficients
( fx = fy = fz) as they compare the performance of porous baffles to volumetric porous
media with isotropic and orthotropic resistance coefficients, without sufficient insight on
the differences in behaviour of the models considered on the fundamental level. (Note:
The orthotropic formulation in the mentioned work applies resistance only in the direction
normal to the sheet surfaces, i.e., fy = fz = 0.)

The authors of [24], while modelling air louvers, also propose to set fy = fz = 0
and to rotate the porous medium reference frame such that the x-axis is aligned with
the slut tilt angle. This approach is dubious, as the rotation of a reference frame will not
preserve translational periodicity. Meanwhile, ref. [25] proposed empirical relations to
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derive resistance coefficients. However, no in-depth investigation on the behaviour of
louvers under varying inflow conditions was presented. In fact, in cases of flow incoming
at high angles of attack, the difference in velocities between the porous media model and
the resolved geometry was as high as 38%.

At the same time, in the field of ocean engineering, while modelling thin permeable
structures, such as fishing nets, the authors of [26–28] rely on a simplified analytical model
that assumes a linear relationship between the total forces experienced by the nets and
the Darcy–Forchheimer coefficients. The coefficients are obtained by a least-squares fit of
total forces obtained from the simplified model to the experimental data or high-fidelity
CFD simulations. This approach provides meaningful resistance coefficients and is similar
to the method proposed in the present paper. The major difference is that the analytical
formulation presented in this paper is derived by solving a system of non-linear differential
equations describing the flow through a porous medium.

On the topic of selecting the porous resistance coefficients without the availability
of high fidelity simulations or experimental tests, ref. [29] proposes an approach valid
for fishing nets, based on the transformation of the Morison-type load model. This ap-
proach can be adopted for wired mesh panels, while more complex geometries still rely on
experimental results and empirical relationships derived from them.

Thus, based on the current modelling practice, there is no rigorous framework that
allows CFD modellers to connect Darcy–Forchheimer resistance coefficients to the macro-
scopic behaviour of complex permeable screens. The overwhelming majority of existing
works consider only the pressure drop in the case of fluid inflow orthogonal to the screen.
This is also reflected in the experimental set-ups used to characterise these screens. The
permeable panels, if tested in the wind tunnel, are placed in wall-bounded flow conditions.
In rare cases where the effect of the inclination is tested [17], the panel remains in the
wall-bounded flow. In such a set-up, the flow deflection cannot be possibly measured,
and the total pressure drop is affected by the imposed boundary condition. Meanwhile,
the approach proposed by [26], in the context of modelling fishing nets, while taking into
account the effect of inflow angles of attack, can only be adopted for wired meshes and
perforated screens. An extension of this approach is required to model screens with more
complex geometries.

1.2. Research Scope

As discussed above, employing porous medium models is not a novel approach.
This approach has been, at least partially, validated through the experimental results in
certain set-ups. However, there is little to no rigorous research on the selection of porous
model coefficients such as to replicate macro-scale screen behaviour not only in terms
of permeability but also in terms of flow deflection (or equivalently, in terms of forces
experienced by a portion of the screen). Moreover, as will be discussed in the following
sections, modelling certain types of permeable screens such as air louvers and expanded
mesh panels is not possible within the current porous medium framework and requires the
introduction of extradiagonal terms to the Forchheimer tensor. Therefore, it is fundamental
for a new modelling framework to meet the following requirements:

- Exhibit similar macro behaviour (pressure drop and flow deflection) to the permeable
screen under varying inflow conditions, i.e., for different angles of attack.

- Capture the inherent lack of symmetry for complex geometries such as expanded meshes.
- Provide a possibility to evaluate resistance coefficients using geometry resolved CFD

or wind tunnel test results.

The aim of the present paper is twofold. Firstly, it is intended to introduce a general
method to compute the coefficients for the porous-media approach. Secondly, it is to pro-
pose an application of such methodology in modelling of typical geometries of permeable
cladding panels with the adoption of a non-diagonal Forchheimer tensor. In addition, this
study aims to establish the necessary basis for the use of the porous-media model as a
design tool for permeable cladding within the CFD framework. It is given that this would
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ultimately require the adoption of unsteady approaches to perform full-scale simulations
with incoming turbulent atmospheric boundary layer. Nevertheless, it is essential to guar-
antee the capability of the porous-media model to reflect the complex flow interaction
with porous panels, foremost with a steady state assumption. Hence, this paper assess
the applicability of the proposed methodology from a practical point of view though an
application of porous medium models in steady state simulations of permeable cladding
panels such as wired meshes, perforated panels, expanded metal mesh panels and air
louvers (Figure 1).

Figure 1. Permeable screen types on building facades: perforated screens, louvers, expanded mesh
(left to right).

Perforated cladding panels and wire mesh

The main characteristic of these panels is the presence of multiple planes of symmetry.
As discussed in Section 2.4, this greatly simplifies the modelling of such screens.

Louvers and expanded metal mesh cladding

Unlike perforated cladding, air louvers and expanded mesh panels have only one
plane of symmetry. These panels introduce a significant flow deflection also in cases of
inflow normal to the screen. Expanded mesh panels are most geometrically complex.

1.3. Paper Organisation

In Section 2, the theoretical basis for the modelling framework is established, and
the method to evaluate Forchheimer resistance coefficients is presented. In particular,
Section 2.2 introduces a porous medium formulation with non-diagonal Forchheimer
tensor along with the derived analytical solutions, and Section 2.4 lists the necessary steps
to obtain Forchheimer resistance tensor coefficients, such that porous media exhibit the
same macro-behaviour as permeable screens. Moreover, some practical conclusions about
resistance coefficients for the four major typologies of permeable screens are drawn based
on the analytical derivations. Then, in Section 3, the practical applicability of the proposed
method is discussed. The setup of geometry-resolved CFD simulations is presented in
Section 3.1, while the equivalent porous volume counterparts are presented in Section 3.2.
In Section 4, the proposed method is applied to evaluate resistance coefficients in the
case of four major typologies of permeable screens. The results are discussed in terms of
correspondence of the analytical solutions to the ones obtained from CFD solvers, and,
generally, in terms of porous model capabilities and limitations. Finally, overall conclusions
are drawn in Section 5 along with an indication of possible future research.
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2. Evaluation of Forchheimer Coefficients
2.1. Darcy–Forchheimer Formulation

In the case of presence of porous medium, the Navier–Stokes Equation is modified
by adding a source (or rather “sink”) term Si on the right-hand side based on Darcy–
Forchheimer law.

Si = −
(

3

∑
j=1

dijµuj +
1
2

3

∑
j=1

fijρUuj

)
(1)

Conventionally, d and f are diagonal matrices. The first term of Equation (1) can be
dropped, if the viscous stresses can be neglected. This is a valid simplification for modelling
windscreens on building facades or windbreaks as a porous medium. The forces exerted
on these screens are dominated by the resultant of pressure field integration, rather than
by viscous stresses. Additionally, it is reasonable to start with a steady state assumption
as the atmospheric boundary layer turbulence scale is much larger than a permeable
screen characteristic length, i.e., the size of the openings. Thus, assuming inviscid and
incompressible steady state flow, the governing equation becomes

uj
∂ui
∂xj

=
1
ρ

∂p
∂xi

− 1
2

fiUui (2)

2.2. Non-Diagonal Forchheimer Tensor Formulation

Equation (2) can be used to model the flow through a perforated screen; however, in
the case of air louvers and expanded mesh due to inherent lack of symmetry, two extra-
diagonal terms need to be introduced, as follows, starting with a more general definition:

uj
∂ui
∂xj

=
1
ρ

∂p
∂xi

− 1
2

3

∑
j=1

fijUui (3)

In the case of porous screens, it is possible to assume a porous zone infinite in two
directions, neglecting the effect of borders. This is true to some extent also for air louvers.
The computational domain can be represented as in Figure 2a. The x-axis is aligned to the
normal of the screen/porous volume and the panel extends in y- and z- (tangential) direc-
tions. In this configuration, for incompressible flow, the pressure gradient is present only
in the x-direction, due to momentum conservation. Thus, Equation (3) can be simplified to

∂p
∂x = 1

2 ρ|U|( fxxux + fxyuy + fxzuz)
∂uy
∂x ux = − 1

2 |U|( fyxux + fyyuy + fyzuz)
∂uz
∂x ux = − 1

2 |U|( fzxux + fzyuy + fzzuz)

(4)

where |U| =
√

u2
x + u2

y + u2
z , while ux and ρ are constant. In this case, the f tensor is a

3 × 3. Each fij coefficient in this setup relates i-th component of the force experienced by the
porous screen due to the j-th component of the fluid velocity vector. Louvers and expanded
mesh panels have a mirror symmetry with respect to the xy plane. The introduction of
non-null coefficients fxz, fzx, fyz, fzy would break the symmetry. For instance, the forces
Fx and Fy should be same for uz and −uz. Conversely, Fx is different for uy and −uy for
porous screens that are not symmetric with respect to xz plane. Moreover, the incoming
flow is deflected in the y-direction. These considerations necessitate the definition of fxy
and fyx coefficients. 

∂p
∂x = 1

2 ρ|U|( fxxux + fxyuy)
∂uy
∂x ux = − 1

2 |U|( fyxux + fyyuy)
∂uz
∂x ux = − 1

2 |U| fzzuz

(5)
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The solution of Equation (5) is still not straightforward. To further simplify the
problem, two different flow conditions are considered:

Case 1:
∂uz

∂x
= 0 and Case 2:

∂uy

∂x
= 0

Case 1

The first case implies uz = 0, resulting in a 2D flow through the porous screen in the
xy-plane, described by {

∂p
∂x = 1

2 ρ|U|( fxxux + fxyuy)
∂uy
∂x ux = − 1

2 |U|( fyxux + fyyuy)
(6)

The analytical solution for uy, thus, can be decoupled from the rest of the system. It is
a hyperbolic function, presented here in its exponential form. With uy defined, it is possible
to solve for p.

uy(x) = ux
2 fyyc1eαx − fyxe2αx + fyxc2

1

2 fyxc1eαx + fyye2αx − fyyc2
1

(7)

p(x) = c2 − ρ
fxx

fyy
u2

x f1(x) + 2ρ
fxy

f 2
yy

u2
x f2(x), (8)

defining the following:

α = 1
2

√
f 2
yy + f 2

yx, β = 2 fyxc1eαx + fyye2αx − fyyc2
1;

f1(x) = αx − ln β + ln 2, f2(x) = 1
2 fyx f1 − 4c1eαxα2/β;

c1, c2 are integration constants obtained by imposing proper boundary conditions.

Case 2

The second case is a particular 3D flow through the porous screen, which does not
introduce any change to uy (i.e., Fy is null). In Case 2, both ux and uy are constant throughout
the entire domain. From Equation (5), it is clear that this is possible for some combinations
of ux and uy, i.e., only for some inflow conditions.

fyxux
∣∣
x=0 + fyyuy

∣∣
x=0 = 0 (9)

Writing Equation (9) in the spherical coordinate system defined in Figure 2b,

fyx|U| cos ψ sin θ + fyy|U| sin ψ sin θ = 0 (10)

ψ = 2 ∗ tan−1
fyy ±

√
f 2
yx + f 2

yy

fyx
(11)

In this case, uz(x) can be simply computed as

uz(x) =
√

u2
x + u2

y
2c1eαx

e2αx − c2
1

, (12)

defining

α = 1
2

√
u2

x+u2
y

ux
fzz;

c1 is the integration constant obtained by imposing suitable boundary conditions.
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(a) Porous 3D domain. (b) Spherical coordinate system.
Figure 2. Computational domain and coordinate systems.

The analytical solutions of the pressure and flow fields derived above are exact, given
the inviscid, incompressible, and steady-state assumption. Thus, a CFD finite-volume solver
employing a porous medium though a Forchheimer sink term is expected to provide the
same results. Therefore, these solutions create a link between the Forchheimer coefficients
and the macroscopic behaviour of the porous model. The goal is, therefore, to match this
macroscopic behaviour to that of an actual screen. However, the measurement of pressure
drop and flow deflection in a wind tunnel setup (rather than a local geometry resolved CFD
simulation) is rather challenging. Meanwhile, it is much more straightforward to measure
total forces experienced by a portion of a screen, with force-balance devices.

2.3. Forces on the Permeable Screen

Total porous forces (equivalently the forces experienced by a portion of a permeable
screen) FScreen can be obtained using a Control Volume (CV):

FPressure + FViscous + FBody + FScreen =
d
dt

∮
CV

ρ dV +
∮

CS
ρu(u · n̂) dA (13)

where

FBody is computed integrating forces acting throughout CV such as gravity;
FPressure = −

∮
CS p n̂ dA;

FViscous is computed integrating the viscous stresses on the Control Surface (CS).

Rearranging Equation (13) to solve for FScreen and applying the aforementioned sim-
plifications by disregarding gravitational and viscous forces in an incompressible steady
flow, total porous resistance can be computed as follows:

FScreen =
∮

CS
ρu(u · n̂) dA +

∮
CS

p n̂ dA (14)

In the specific case of a cyclic domain (Figure 2a),
Fx = (p

∣∣
x=0 − p

∣∣
x=t)(h · b)

Fy = ρux(uy
∣∣
x=0 − uy

∣∣
x=t)(h · b)

Fz = ρux(uz
∣∣
x=0 − uz

∣∣
x=t)(h · b)

(15)

where h, b, and t are the CV dimensions for the permeable screen/equivalent porous media
considered.

2.4. Resistance Tensor Coefficients

Assuming that the forces on a permeable screen can be obtained either from high-
fidelity CFD simulation or from wind tunnel tests, the resistance coefficients can be com-
puted by solving a nonlinear least-squares optimisation problem. The implementation itself
is straightforward [30], and the general procedure can be summarised in the Algorithm 1.



Fluids 2024, 9, 147 8 of 18

Algorithm 1: A Method to Evaluate Forchheimer Tensor

Input : [Fi
x, Fi

y . . . FN
x , FN

y ] with U−90◦<ψ<90◦ ,θ=90◦

inlet and [Fi
z . . . FM

z ] with Uψ=const,0◦<θ<180◦

inlet
Result: fxx, fxy, fyx, fyy, fzz

1 Obtain a set of Fx, Fy from high fidelity simulations/wind tunnel measurements varying
the inflow conditions ux|x=0, uy|x=0 by changing angle of attack ψ and fixing θ = 90◦. The
flow conditions are described by Case 1;

2 Perform non-linear least-squares optimisation to find fxx, fxy, fyx and fyy, that provides the
best fit of the analytical solution (Equations (7), (8) and (15)) to the measured forces;

3 Obtain a set of Fz measured in conditions that belong to Case 2. The set is obtained varying
inflow vector θ coordinate, while ψ is set to a constant value given by Equation (11);

4 Perform non-linear least-squares optimisation using Equations (12) and (15) to find fzz.

It should be noted that steps 3 and 4 are necessary only for the definition of porous
coefficients in the case of expanded meshes, as explained further. Before proceeding with
the implementation of the proposed modified porosity model, several observations can be
pointed out in relation to the f resistance tensor coefficients.

Perforated plates and wired meshes

In the case of perforated plates and wired meshes, due to the double symmetry,
fxy = fyx = 0, resulting in a diagonal f tensor. Therefore, perforated plates and wired
meshes can be modelled using standard porous theory equations. Moreover, wired meshes
and some perforated plates also have a 90◦ rotational symmetry around the x-axis. In these
cases, fzz = fyy.

A common mistake in the modelling of these objects is to set fzz, fyy to high values
by arguing that the panel itself is not permeable in these directions (see [20,21]). However,
from Equation (7), one can observe that v(x) = 0 as fyy → ∞ for any u|x=0 and v|x=0.
Therefore, such a porous panel would align the flow to its normal, regardless of the inflow
angles. This describes the behaviour of a perforated plate with thickness t much larger than
the perforation dimension. Only in this case would one expect the outflow to always be
aligned with the x-direction.

On the contrary, most perforated plates introduce only slight deflections to the in-
coming flow at an angle with respect to the normal. As a result, fzz, fyy are often of an
order of magnitude lower than fxx. An extreme case is that of an infinitely thin plate,
often referred to as “baffle”. Such a model is not expected to introduce any noticeable
flow deflections regardless of the inflow condition. From Equation (5), it is clear that such
behaviour for a volumetric porous medium is possible only with fzz = fyy = 0. This fact
should be recognised, when neglecting tangential resistance coefficients, as was considered
for instance in [23].

Air louvers

Air louvers are not expected to introduce flow deflections in the xz-plane, and therefore,
fzz = 0. As mentioned before, both, fxy and fyx will be non-null. Generally, fxy is not
equal to fyx (see Section 4), and therefore, the resistance tensor cannot be diagonalised, as
suggested by [24].

Expanded mesh

Expanded meshes introduce a slight flow deflections in xz-plane; however, as will be
shown in the following chapters, the Fz is usually an order of magnitude less compared to
the other two components. Consequently, fzz plays a minor role in describing the behaviour
of these objects.
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3. CFD Simulations Setup for Method Applicability Study

Many modern CFD solvers have the ability to model porous regions. Before perform-
ing the applicability study of the proposed methods and assessing the capability of the
porous model to simulate the flow past screens in practical problems, OpenFOAM and
Fluent finite volume method (FVM) solver results were compared against the analytical
solution. Both solvers are widely used in the industry and yielded results consistent with
the solution derived in Section 2. To implement the modified sink term with a non-diagonal
resistance tensor, some changes to the code are required. In the case of OpenFOAM, these
code changes have been described in [31]. Meanwhile, the most recent version of Fluent
allows users to directly implement source terms in the properties of the fluid region.

3.1. Resolved Geometry CFD Simulations

To assess the applicability of the proposed method in practice and explore the lim-
itations of the porous model, in general, the authors utilised available CFD simulations
performed in the past on the portions of the wire mesh, perforated screens, and expanded
mesh. These simulations provided realistic (albeit possibly not precise) sets of forces expe-
rienced by permeable screens under various inflow conditions. A detailed description of
the resolved CFD simulations can be found in previous publications [11,31]. In addition, a
model with louver geometry was prepared to complete the demonstration of practical use
cases. Forces obtained from medium/high-fidelity simulations were used to characterise
equivalent porous mediums as described by Algorithm 1.

Geometry and Domain

All resolved geometry simulations modelled a portion of a permeable screen (see
Figure 3) placed in a rectangular-shaped domain as shown in Figure 2a. Their main
geometrical characteristics are as follows:

- Wire mesh: wire diameter 4 [mm] with 6 [mm] × 6 [mm] square openings.
- Perforated panel: hole diameter 6 [mm], porosity 50%.
- Louvers: plate 150 [mm] × 15 [mm] , 45◦ tilt angle.
- Expanded mesh: opening 250 [mm] long and 50 [mm] wide.

To represent an infinitely extended screens, periodic boundary conditions are applied
to the lateral surfaces. Null pressure condition is enforced at the outlet, while the velocity
vector of 10 m/s magnitude and null pressure gradient are specified for the inlet for all
simulations. Table 1 summarises the dimensions of the computational domains for the
resolved geometry CFD models.

Figure 3. Resolved portions of the permeable screens.

Table 1. Computational domain section for resolved geometry and porous volume simulations.

Simulation Resolved Portion
(b × h) [m]

Wired mesh 0.070 × 0.070
Perforated panel 0.088 × 0.069
Louvers 0.150 × 0.150
Expanded mesh 0.250 × 0.084
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Numerical setup and validation of resolved geometry models

Resolved geometry CFD simulations were performed adopting steady state solvers
and RANS (κ − ϵ and κ − ω) turbulence models. The detailed numerical set-up can be
found in [11,31]. Meanwhile, rigorous performance evaluation of the resolved geometry
models lies outside the scope of this paper. This work does not seek to answer the question
whether a CFD simulation can reproduce the flow through a given permeable screen using
a geometry resolved model. The performance of the porous models is also not a focus of this
study. The algorithm described in Section 2.4 minimises the least-square error between any
set of forces provided by a geometry resolved simulation (or wind tunnel measurements)
and the values attainable from the analytical solution. Therefore, the question of the true
value of forces experienced by the permeable panel should be answered separately in each
specific case. This can be achieved by performing verification and validation through wind
tunnel testing or uncertainty quantification. The following cases are employed merely
as a demonstration of the proposed method to evaluate resistance coefficients. They do,
however, indicate that the simplified porous model, in principle, is capable of exhibiting
the same macro-physical behaviour as a permeable screen.

3.2. Porous Volume CFD Simulations

In these simulations, the characteristics of an equivalent porous medium are set up
following the Algorithm 1 so as to exhibit the same macro behaviour as the resolved geom-
etry counterparts. In cases with a non-diagonal resistance tensor, the porous formulation
cannot be used “as is” in OpenFOAM or Ansys Fluent. A modified OpenFOAM solver was
previously used in [11,31]. On the other hand, Ansys Fluent allows a user to define custom
source terms as defined by Equation (5) in the properties of the fluid region. The reader
can refer to the user manual for practical implementation.

Geometry and Domain

The computational domain for all the porous volume simulations was the same as
the one for their resolved geometry counterpart (see Table 1). Naturally, the solid regions
representing the resolved geometry of the screens were replaced with a porous volume.
The thickness of the porous volume can be arbitrary and is limited only by the desired
discretisation. Nevertheless, the resistance coefficients in the Forchheimer tensor are defined
per unit of length, and therefore, the thickness should be fixed before performing the least
square optimisation to the total forces. In this study, porous volume thickness for all the
simulations was chosen at t = 0.2 [m].

Numerical Setup

The numerical simulations have been performed using steady-state solvers with RANS
turbulence models. However, as noted before, the current framework does not address
viscous and turbulence effects. Hence, an inviscid solver provided similar results. The
adoption of the RANS solvers, nevertheless, is necessary in practical simulations such as
the case of porous façades which are simulated together with the building itself. Neglecting
the porous volume effects on the turbulent flow likely may lead to an underestimation of
turbulence in the permeable screen wake, but it is reasonable to assume that it will have a
minor contribution to the macro flow characteristics. A second order differentiation scheme
has been adopted across all simulations.

In terms of discretisation, a structured mesh with hexahedron elements with a char-
acteristic size of 0.05 m has been adopted. Additional tests with coarser and finer meshes
showed little sensitivity to the mesh refinement, with the bare minimum requirement of
three elements across the thickness of the porous zone. It is important to remark that, in the
case of OpenFOAM, the initial testing showed the necessity to significantly reduce the size
of the cells in the x-direction next to the porous zone interfaces. This allows us to achieve
results consistent with the general theory. The reasons for such behaviour are most likely
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related to the interpolation of the values at the cell faces and particular implementation of
the porous solver.

4. Results and Discussion
4.1. Perforated Panels and Wired Mesh

In this section, the proposed method is discussed in application to the modelling of
wire meshes and perforated panels. Additionally, three different cases of perforated plates
with plate thicknesses of 0, 2 and 4 mm were considered.

In general, for these geometries, Case 2 flow is equivalent to Case 1, as can also be
deduced from the analytical solutions. As discussed in Section 2.4, due to double mirror
symmetry, the resistance tensor is diagonal, and rotational symmetry implies fyy = fzz.
In fact, due to the xz-plane mirror symmetry, Fx(ψ) is even and Fy(ψ) is odd, as can be
observed in Figures 4 and 5.

Analytical Resolved Geometry Porous Volume: Fluent Porous Volume: OpenFOAM
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Figure 4. Wired mesh: analytical, FVM porous vs. resolved geometry CFD solutions in the Case
1 flow.

Wired mesh

Given the set of forces obtained from a CFD simulation of a wire mesh, the optimisation
algorithm resulted in the following resistance tensor:

d = 0, f =

13.90 0.00 0.00
0.00 8.55 0.00
0.00 0.00 8.55


The overall macro-behaviour of the wire mesh was captured reasonably well by a

porous model, as can be observed in Figure 4. FVM solvers provided results consistent with
the analytical solution, as in the benchmark cases. However, there is no combination of
coefficients that would result in a porous volume that exhibited exactly the same behaviour
as the one observed in the resolved geometry model. In practice, the porous model did
not match a steep gradient of Fx at increasing angles of attack. This gradient would be
possible only with a significant increase in the value of fyy coefficient and consequently
overestimation of the Fy. Naturally, the least-squares error optimisation provided a “middle
ground”. The resistance coefficients were set in a way to underestimate Fx at small ψ and
overestimate Fx at higher angles of attack. To fully assess the potential of the porous
model in terms of accuracy, however, uncertainty should be quantified for the resolved
geometry results.
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Analytical Resolved Geometry Porous Volume: Fluent Porous Volume: OpenFOAM
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(c)
Figure 5. Perforated panels: analytical, FVM porous vs. resolved geometry CFD solutions in the Case
1 flow; (a) 0 mm thickness, (b) 2 mm thickness, (c) 4 mm thickness.

Perforated Panel, 0 mm thickness

Resolved geometry simulations of a perforated plate with null thickness show a
negligible Fy compared to Fx (see Figure 5a). Consequently, in a resulting optimisation fxx
term dominates the resistance tensor. For such an idealised geometry, it is reasonable to
assume a porous jump.

d = 0, f =

21.26 0.00 0.00
0.00 0.05 0.00
0.00 0.00 0.05


Perforated Panel, 2 mm thickness

A perforated panel with a non-null thickness introduces resistance in the y direction
due to the uy component of the flow, as can be observed in Figure 5b. As a result, the fyy
component of the resistance tensor is no longer null.



Fluids 2024, 9, 147 13 of 18

d = 0, f =

19.82 0.00 0.00
0.00 6.72 0.00
0.00 0.00 6.72


In this instance, the porous model also managed to reproduce the macro-behaviour

of the resolved case rather closely. The sets of forces seem to have several outliers.
This did not pose a problem for optimisation, as the remaining data outweighed the
inconsistent readings.

Perforated Panel, 4 mm thickness

An increase in thickness of the the perforated plates resulted in a higher Fy forces, and
consequently, the optimisation algorithm returned higher value of the fyy coefficient. The
fit of the porous model to the resolved geometry CFD results is not as good as in the other
two perforated plate cases. The problem is opposite to the wire mesh case, resulting in a
slight underestimation of Fx and Fy at high angles of attack.

d = 0, f =

19.29 0.00 0.00
0.00 18.35 0.00
0.00 0.00 18.35


The results discussed above illustrate the importance of a proper set-up of the fyy and

fzz resistance coefficients. As can be observed in Figure 5, even relatively thin perforated
plates experience a non-negligible force in the tangential direction at high angles of attack.
This results in an incoming flow deflection that cannot be captured by a porous model if
the resistance coefficients are not chosen properly. At the same time, the effect of these
resistance coefficients on the pressure drop (as seen from Fx) is not as pronounced. As
discussed previously, it is expected that a plate with a thickness much greater than its
perforation size can be modelled by setting fyy and fzz coefficients to values that are several
orders of magnitude higher than fxx.

4.2. Louvers

This case is presented in Figure 6. In contrast to the previous cases of perforated
panels and wired mesh, the Fx(ψ) is no longer and even function. Furthermore, as expected,
Fy(ψ = 0) is no longer null, as the incoming flow is deflected by the louvers. The resulting
resistance tensor is the following:

d = 0, f =

 403.92 −210.75 0.00
−300.41 155.60 0.00

0.00 0.00 0.00


As can be observed, in Figure 6, the porous model managed to capture the behaviour

of Fx (and, therefore, of a pressure drop), while there was no solution that would closely
match the observed Fy (related to flow deflection). The former is shifted by a constant value
towards lower angles of attack.

It is not clear whether this observed behaviour is a limitation of the porous model
itself in representing a particular permeable screen typology or it is a result of uncertainty
in forces obtained from the resolved geometry CFD simulation. This issue is related to a
correct estimation of the lift force generated by an array of louvers.
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Analytical Resolved Geometry Porous Volume: Fluent Porous Volume: OpenFOAM
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Figure 6. Louvers: analytical, FVM porous vs. resolved geometry CFD solutions in the Case
1 flow.

4.3. Expanded Mesh Panels

Figure 7 reports the behaviour of expanded mesh and its porous equivalent in the
Case 1 flow. To demonstrate the flexibility of the proposed framework, during LSE optimi-
sation the values of Fy(ψ) at ψ = 20◦, 40◦ and 60◦ have been given more weight (assuming
these values as more certain). As a result, a porous model approximates Fy much better in
this range of angles of attack.

Analytical Resolved Geometry Porous Volume: Fluent Porous Volume: OpenFOAM
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Figure 7. Expanded Mesh: analytical, FVM porous vs. resolved geometry CFD solutions for Fx
and Fy in the Case 1 flow.

In the case of expanded meshes, the resistance tensor also contains fzz coefficient, as
mentioned before. Given the results of LSE optimisation for the Case 1 flow, the condition
for Case 2 flow is ψ = 46.83◦. Figure 8 compares Fz under this condition. The resulting
resistance tensor is the following:

d = 0, f =

 134.21 −125.65 0.00
−101.56 95.26 0.00

0.00 0.00 1.05


As in the case with other permeable panels, the proposed framework managed to

capture the macro-behaviour of the expanded mesh, especially in terms of Fx. Additionally,
the porous model manages to reproduce the sign reversal of the forces at extreme angles of
attack. It can be seen that Fz is an order of magnitude less compared to Fx and Fy. Therefore,
the influence of fzz coefficient is marginal in this case.
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It is worth noting that across all the resolved geometry simulations, the pressure
forces were several orders of magnitude higher than the viscous ones. This justified the
initial assumptions taken while developing the proposed framework, at least, for the screen
typologies and sizes considered in this study.

Analytical Resolved Geometry Porous Volume: Fluent Porous Volume: OpenFOAM
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Figure 8. Expanded mesh: analytical, FVM porous vs. resolved CFD solutions for Fz in the
Case 2 flow.

5. Conclusions

The analytical solution, derived in the present work, established a relation between
Forchheimer stress tensor coefficients and the forces experienced by a portion of a perme-
able panel that is far from the edges, modelled as a porous medium. The least-squares
optimisation provided a straightforward and flexible way to match porous model output
with geometry resolved results. This is the essential first step in addressing the multi-
scale modelling problem for permeable screens in the double skin facades or windbreaker
contexts and reliably representing the screens’ macro behaviour in CFD simulations.

In the case of wired mesh panels and perforated panels, the porous model successfully
replicated the macro behaviour across all inflow angles. It has been demonstrated that
for these two typologies, the proper setup of the resistance coefficients in the tangential
directions is essential to properly characterise even relatively thin screens. Moreover, it
has been shown that the magnitude of the coefficients is highly correlated with the panel
thickness. The current modelling practice of setting these values an order of magnitude
higher with respect to the normal direction resistance coefficient results in entirely different
flow from the one occurring in reality.

In cases of complex geometries such as air louvers and expanded meshes, it has been
demonstrated that a volumetric porous media with a non-diagonal Forchheimer stress
tensor can model the macro behaviour of permeable screens, as well. For these geometries,
the tangential forces (or equivalently the flow deflection) were not as closely replicated as
the normal force (or equivalently the pressure drop). Further investigation is required to
establish the reason for this observation.

The method to evaluate resistance coefficients described in this study allows for an
efficient search of a macro-flow solution, which is realisable within the porous modelling
framework. Meanwhile, to fully assess the applicability of the porous modelling approach
itself, it is necessary to quantify the uncertainty of the macro-behaviour of permeable
screens in question. At the same time, adopting the proposed framework to characterise
permeable panels in the double skin facade or windbreaker contexts requires a modification
of the current experimental practice. Instead of solely measuring the pressure drop in
wall-bounded flow conditions, a screen should be placed in an open section, and the forces
in all principal directions should be measured under varying inflow angles of attack on a
cutout portion of the screen sufficiently far from the edges.

The computational gains introduced by the adoption of porous medium models
provide the possibility to carry out practical CFD simulations of large-scale civil engineering
structures with permeable double skin facades or wind-screens. The work presented in
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this paper provides CFD modelers with clear guidelines on the implementation of porous
models and furthers their understanding of possible model limitations.

Future scope of work

In this work, only a volumetric porous medium was considered. This was mainly
driven by the fact that most existing CFD software packages already include a capability
to model such media using Darcy–Forchheimer formulations. It is, however, possible to
define custom pressure jump baffles similar to the ones proposed by [18], characterised by
5 Forchheimer coefficients. The modelling capability of such baffles as well as computa-
tional gains and solution stability can be compared with respect to the modelling techniques
considered thus far. In the derivation of the analytical solution, the viscous stresses have
been neglected, which limits the applicability of the analytical solution to cases where this
assumption holds. It is possible to seek an analytical solution without such simplifica-
tion [32]. Another possibility is to use a black-box optimisation framework to search for
the optimal coefficients that will minimise the difference between the porous model and
geometry resolved simulation results. However, this may prove to be computationally
demanding, due to the high number of model evaluations.

In terms of medium- and high-fidelity simulations, uncertainty quantification can be
performed. Ideally, a series of targeted wind tunnel tests can provide high-confidence data
sets describing the macro-behaviour of the facade panels. This can serve as a basis for
further validation of the porous modelling approach against experimental studies.
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Nomenclature
The following nomenclature is used throughout this manuscript:

u Fluid velocity vector
U Fluid velocity magnitude
p Fluid pressure
ρ Fluid density
d Darcy tensor
f Forchheimer tensor
F Total Force vector on a portion of the permeable screen (or porous volume) considered

for the estimation of the Forchheimer tensor coefficients
x, y, z Cartesian coordinate system axis, where x is aligned with the permeable screen normal

and y, z are aligned in the directions tangential to the screen plane
ψ, θ Angles of attack of the incoming flow in the spherical coordinate system
t Thickness of the 3D porous volume region
h, b Height and width of the portion of the permeable screen
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