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A B S T R A C T

Permeable surfaces are nowadays widely adopted in the construction industry, with applications ranging from
wind shields for bridge decks to the external layer of permeable double skin facades. However, due to the
large scale separation between the overall structure dimension and the size of the pores, their modelling
in CFD simulations is still extremely challenging and over-simplified homogenized models are often used
in practice. Inspired by previous studies, the authors recently proposed a generalization of the well-known
pressure-jump approach which accounts for flow deflections, denoted as pressure–velocity jump, PVJ. In this
study, the derivation of the PVJ approach is briefly recalled and contextualized in the existing literature. Then,
we use PVJ to study the influence of a lamellar screen positioned upstream of a ground-mounted obstacle using
2D URANS. In particular, simulations are performed using the proposed PVJ approach and Explicit Models,
EM, in which lamellae are explicitly modelled, for square and a rectangular obstacles. Results show a good
agreement between EM and PVJ based models, confirming the high potential of the proposed technique.
1. Introduction

Permeable surfaces find numerous applications in the construction
industry, ranging from wind shields used for bridge decks to the
external layer of permeable double skin facades. Despite being their
use usually limited to non-structural ancillary elements, they are well-
known to play a fundamental role in the definition of the overall
aerodynamic behaviour of structures exposed to the wind action.

In particular, the impact of wind barriers on the aerodynamic
behaviour of bridge decks is widely recognized and has been examined
in recent experimental studies, for instance, in Kozmar et al. (2014) and
Buljac et al. (2017). Permeable barriers are also used to mitigate wind-
blown sand and recent studies on such regard can be found in Bruno
et al. (2018) and Raffaele et al. (2021). Another typical application of
permeable surfaces is as cladding elements (see Zhou and Chen (2010)
and Pomaranzi et al. (2021a)) or louvers (see Packwood (2000) and Lo
et al. (2020)). A review paper analysing their use in the optimization
of high-rise building performance can be found, for instance, in Jafari
and Alipour (2021).

Despite being so widely and increasingly adopted, studying struc-
tures including the effects of porous surfaces poses several challenges
for Wind Tunnel Tests, WTTs (Allori et al., 2013; Belloli et al., 2014).
In particular, in reduced-scaled WTT models, concerns are often raised
regarding the actual representativeness of permeable elements, whose
geometry cannot be simply scaled down like the rest of the model and

∗ Corresponding author.
E-mail address: luca.patruno@unibo.it (L. Patruno).

usually need to be simplified and modified to ensure manufacturability.
This often requires to increase the thickness of the porous elements and
modify the pores arrangement. As a result permeable elements adopted
in WTTs are selected to match their full-scale aerodynamic resistance
rather than their geometry, which might be anyway not representative
of their full-scale behaviour due to the strong mismatch in Reynolds
number. Additional problems derive from the impossibility to measure
pressure distributions, if not for a few points, due to the lack of space
to accommodate the piping system.

Regarding CFD simulations, reproducing the geometry considering
all the pores, hereinafter denoted as Explicit Modelling EM, usually
leads to prohibitive computational costs and models which are ex-
tremely cumbersome to set-up. In fact, EM, require to mesh in a
sufficiently accurate way the elements composing the permeable bar-
rier, leading to numerous small cells. The situation is further worsened
by the fact that pores often induce velocity concentrations in correspon-
dence of such small cells, which might impose to decrease the time
step to guarantee the simulation stability, so sensibly increasing the
computational costs.

To solve the problem, approaches based on homogenization tech-
niques can be used, allowing to simulate the presence of permeable
surfaces representing in a simplified way their interaction with the
flow. Two main approaches are available to this purpose, namely the
pressure-jump approach, PJ, and the use of porous media.
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Table of symbols

𝐶𝑑 Drag coefficient
𝐶𝑙 Lift coefficient
𝐷 Side length of the ground-mounted square
𝐹𝑑 Drag force
𝐹𝑙 Lift force
𝐿 Distance between the lamellar screen and the

ground-mounted square
𝑅𝑒 Reynolds number based on the distance between the

elements of the lamellar screen
𝑈𝑖𝑛𝑙𝑒𝑡 Inlet velocity magnitude
�̄� Time-averaged velocity magnitude
�̄�𝑦 Time-averaged velocity vertical component
𝒄(𝛼) Coefficient that can be expressed means of a Fourier

expansion
𝒖 Velocity vector upstream the permeable element
𝛾 Coefficient to be calibrated
�̂� Velocity versor
𝜌 Fluid density
𝑏𝑛𝑖, 𝑏𝑡𝑖 Model parameters where 𝑖 = 0, 1, 𝑒𝑡𝑐
𝑑 Distance between the elements of the lamellar

screen
𝑓𝑛 Force per unit area exerted by the fluid on the

permeable element along its normal direction
𝑓𝑡 Force per unit area exerted by the fluid on the

permeable element along its tangential direction
𝑝𝑖 Pressure measured upstream the permeable element
𝑝𝑜 Pressure measured downstream the permeable ele-

ment
𝑞 Dynamic pressure
𝑢𝑛𝑖 Velocity component in the normal direction up-

stream the permeable element
𝑢𝑡𝑖 Velocity component in the tangential direction

upstream the permeable element
𝑢𝑡𝑜 Velocity component in the tangential direction

downstream the permeable element
EM Explicit Model
PJ Pressure Jump
PVJ Pressure–Velocity Jump
URANS Unsteady Reynolds-averaged Navier–Stokes
WTT Wind Tunnel Test

Following the PJ approach, the presence of the porous surface is
epresented introducing a jump in the pressure value between the
wo sides of the permeable element, calculated according to the local
elocity. It can be easily shown that this corresponds to accounting
nly for forces exchanged between the fluid and the permeable ele-
ent along its normal direction, so disregarding the force tangential

omponents. The value of the pressure-jump can be also related to the
urface porosity and, eventually, the pore Reynolds number, relying
n analytical and semi-analytical relations (Xu et al., 2020; Eckert
nd Pfluger, 1942; Taylor, 1944; Wieghardt, 1953). A review of these
elations is reported in Azizi (2019). This approach has been widely
dopted for modelling internal flows passing through nets and filters,
hile external aerodynamics problems have been rarely considered (see

or instance Tominaga and Shirzadi, 2022; Xu et al., 2022c,a,b).
Alternatively, following the approach based on the use of porous

edia, the presence of the porous surfaces is represented by introduc-
2

ng a distributed resistance to the flow in a thin volume using the
Darcy–Forchheimer model (Darcy, 1856; Forchheimer, 1901), i.e. in-
troducing a distribution of appropriately specified momentum sinks. As
mentioned in Ooi et al. (2019) and Pomaranzi et al. (2021b), by using
a full matrix to relate the local velocity to the momentum sinks, the
approach is able to account for shearing effects. The method has as
main drawback the need to define a thin porous zone which makes the
case setup cumbersome and might be prone to numerical errors due
to the reduced number of cells usually adopted along the permeable
element thickness. Additionally, as for the PJ approach, the model is
usually accurate for flows impinging the porous elements orthogonally,
while accuracy decreases for flows impinging almost tangentially.

Inspired by the aforementioned works, the authors recently devel-
oped a generalization of the PJ approach, conceived to account for
shearing effects and preserve a good accuracy for all flows incidence
angles. It can be easily proved that shearing effects lead to jumps in the
velocity tangential component and, thus, the model has been denoted as
pressure–velocity jump approach, PVJ. The model has been successfully
tested for the simple case of an isolated ground-mounted permeable
barrier, proving its ability to reproduce flow patterns for barriers
characterized by very different aerodynamic behaviour, ranging from
perforated plates to lamellar screens with lamellae oriented in various
directions (Xu et al., 2023). An OpenFOAM implementation of the
method is freely available for download at https://site.unibo.it/cwe-
lamc/en.

In this paper, we further investigate the accuracy of the PVJ ap-
proach for two-dimensional Unsteady Reynolds-averaged Navier–
Stokes, URANS, models. To this purpose, we consider a ground-mounted
permeable barrier composed of lamellae, located upstream of an ob-
stacle at varying distance (both a square and a rectangular obstacle
are considered). The study is aimed at assessing the accuracy of the
obtained results against cumbersome EM and considerably extends the
validation presented in Xu et al. (2023), considering cases in which
the wake of the permeable element impinges on a bluff body. The case
is conceived to be as simple as possible but still retain considerable
technical value. In particular, within the well-known limitations of
URANS models, for short distances between the permeable surface
and the obstacle, the case is representative of configurations usually
found when louvers (nowadays sometimes represented by solar panels)
are positioned in front of building facades (please notice that the
conclusions of this study shall not be automatically extrapolated to
other model typologies as, for instance, those using scale resolving
approaches to turbulence modelling).

The paper is organized as follows. In Section 2 a brief summary of
the recently proposed PVJ approach is provided. Then, in Section 3
the test case is introduced and the settings adopted in the definition of
the numerical model are detailed. Results obtained using EM and PVJ
approaches are compared in Section 4. Finally, conclusions are drawn
in Section 5.

2. The PVJ approach

The starting point of the PVJ approach is to define the pressure-
jump and the tangential-velocity-jump according to the forces ex-
changed between the fluid and the permeable surface. In particular,
with reference to Fig. 1, accounting for mass conservation and momen-
tum conservation along the normal to the permeable surface, is can be
easily shown that

𝑝𝑜 − 𝑝𝑖 = −𝑓𝑛, (1)

being 𝑝 pressure, the pedices 𝑖 and 𝑜 referring to values measured
upstream and downstream the permeable element, respectively, and
𝑓𝑛 the force per unit area exerted by the fluid on the permeable ele-
ment along its normal direction. Analogously, considering momentum
conservation along the tangential direction (we here consider only one
tangential direction for the sake of simplicity), we obtain

𝑢𝑡𝑜 − 𝑢𝑡𝑖 = −
𝑓𝑡 , (2)

𝜌𝑢𝑛𝑖

https://site.unibo.it/cwe-lamc/en
https://site.unibo.it/cwe-lamc/en
https://site.unibo.it/cwe-lamc/en
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Fig. 1. Overview of a permeable element.
Source: Image taken from Xu et al. (2023).

where 𝑢𝑡 and 𝑢𝑛 represent the velocity component in the tangential
and normal direction, respectively, 𝜌 is the fluid density and 𝑓𝑡 is the
force exerted by the fluid on the permeable element along its tangential
direction.

Eqs. (1) and (2) allow to evaluate pressure and tangential-velocity-
jumps when crossing the permeable element and require in input the
aerodynamic forces for all incidence angles, 𝛼. Following the approach
adopted in Xu et al. (2023), aerodynamic forces are expressed as

𝒇 (𝛼) = 1
2
𝜌|𝒖|2|�̂�𝑛|𝛾𝒄(𝛼), (3)

being 𝒇 (𝛼) = [𝑓𝑛(𝛼), 𝑓𝑡(𝛼)], 𝒖 the upstream velocity vector 𝒖 = [𝑢𝑛𝑖, 𝑢𝑡𝑖],
̂ the velocity versor 𝒖∕|𝒖|, 𝛾 a coefficient to be calibrated. The co-
efficients 𝒄(𝛼) can be conveniently expressed by means of a Fourier
expansion

𝒄(𝛼) =
[

𝑐𝑛
𝑐𝑡

]

=
[

𝑏𝑛0 + 𝑏𝑛1 cos(𝛼) + 𝑏𝑛2 sin(𝛼) + 𝑏𝑛3 cos(2𝛼) + 𝑏𝑛4 sin(2𝛼)...
𝑏𝑡0 + 𝑏𝑡1 cos(𝛼) + 𝑏𝑡2 sin(𝛼) + 𝑏𝑡3 cos(2𝛼) + 𝑏𝑡4 sin(2𝛼)...

]

,

(4)

in which 𝑏𝑛0, 𝑏𝑡0, 𝑏𝑛1, 𝑏𝑡1, 𝑒𝑡𝑐.. are model parameters which can be
obtained from data fitting or, for some cases, analytically.

In particular, for the case of closely spaces lamellar screens, the
lamellae impose a kinematic constraint to the outgoing flow, forcing
it to be tangential to the lamellae. It is thus possible to demonstrate
that

𝒇 = 1
2
𝜌|𝒖|2|�̂�𝑛|

[

2 tan2(𝜃) −2 tan(𝜃)
−2 tan(𝜃) 2

] [

�̂�𝑛
�̂�𝑡

]

(5)

being 𝜃 the angle between the lamellae tangential direction and the
permeable surface normal direction. It can be easily seen that Eq. (5)
is a particular case of Eq. (4) when 𝑏𝑛0 = 𝑏𝑡0 = 0 and the expansion is
truncated at the first harmonic. The interested reader is invited to refer
to Xu et al. (2023) for further details.

3. Numerical model

As anticipated, in this study we consider a ground mounted lamellar
screen positioned upstream of an obstacle. The obstacle is a square
of side length 𝐷 (see Fig. 2(a)). Overall the considered computational
domain measures 80𝐷 in the along wind direction and a has a height of
50𝐷, resulting in a blockage ratio of 2.0%. The distance 𝐿 between the
lamellar screen and the obstacle is systematically varied, so that 𝐿∕𝐷
is equal to 3.0, 2.0, 1.0, 0.7, 0.5, 0.3, and 0.1.
3

Two configurations of the lamellar screen are considered, corre-
sponding to orientations of the lamellae which deflect the flow of 45
degrees upward and downward, respectively. In the following, those
will be denoted as B−45 and B+45, respectively (see Fig. 2(b) and (c)).
As it can be seen in the aforementioned figure, lamellae are closely
spaced, being their chord equal to 𝐷∕9 and their spacing equal to
𝑑 = 𝐷∕18.

Numerical simulations are performed adopting the well-known
URANS 𝑘 − 𝜔 𝑆𝑆𝑇 turbulence model (Menter et al., 2003). As regard
boundary conditions, for pressure null gradient is prescribed at the inlet
and zero pressure is imposed at the outlet. For velocity, a fixed velocity
value, 𝑈𝑖𝑛𝑙𝑒𝑡, is imposed at the inlet boundary, while a zero-gradient
boundary condition is imposed at the outlet. Values for 𝑘 and 𝜔 are
imposed assuming a 1% turbulence intensity and a turbulent viscosity
ratio equal to 2 at the inflow, while null gradient is imposed at the
outlet. Symmetry conditions are imposed at the top of domain, while
wall-functions are used for the bottom of the domain, the obstacle
and the lamellae. A centred second-order differentiation scheme is
adopted for the diffusive terms, while for non-linear advective terms,
the Linear-Upwind Stabilised Transport (LUST) scheme is used (Weller,
2012). Time integration is performed using the Crank–Nicolson scheme
and the time step is selected to make the maximum Courant number
approximately equal to 1.0. The coupling of pressure and velocity
is obtained using the well-known Pressure-Implicit with Splitting of
Operators (PISO) algorithm.

Simulations are run for 200 non-dimensional time units, 𝐷∕𝑈𝑖𝑛𝑙𝑒𝑡
and data used for postprocessing are extracted from the last 100
non-dimensional time units. The open-source Finite Volume software
OpenFOAM® v2112 is used.

We here remark that the Reynolds number based on 𝑑 and 𝑈𝑖𝑛𝑙𝑒𝑡 is
approximately equals to 5.6 × 105, a value for which results reported
in Xu et al. (2023) show that the aerodynamic behaviour of the barrier
is not prone to Reynolds effects (no effect was found in the range
𝑅𝑒 =1.0 × 104 to 1.0 × 106). Additionally, to ensure mesh independence,
the mesh resolution here adopted is chosen in agreement with Xu et al.
(2023), where 32 cells are used along each lamella chord. Employing
this cell size results in a total of approximately 200𝑘 cells. On overview
of the mesh is shown in Fig. 3(a), while close ups of the zone near the
lamellar screen is shown in 3(b) and (c).

The model settings presented up to now are those adopted for the
EM case, which is used as reference in the present study. The same
settings are kept identical for the cases in which the lamellar screen
is modelled using the PVJ approach. The only difference is that, using
the PVJ approach, the lamellae are not represented explicitly and the
permeable element is represented only by its middle plane, which in
two-dimensions corresponds to the line passing through the centres of
the lamellae.

In order to adopt the PVJ approach, the forces exchanged between
the fluid and the permeable element shall be characterized considering
all incidence angle. To this purpose the analytical formulation reported
in Eq. (5) can be adopted. However, despite being able to capture
the exchanged forces quite accurately, such formula does not account
for flow detachments from the lamellae, which can lead to deviations
between its predictions and measured forces. In this paper, we thus pro-
ceed adopting the calibration of the coefficients appearing in Eq. (4),
presented in Xu et al. (2023). The calibration is performed considering
an isolated elementary portion of the barrier in period conditions
(see Xu et al. (2023) for details). For the sake of comparability, the
mesh used to represent the lamellae for such calibration is substantially
identical to the one here adopted for the 𝐸𝑀 model.

4. Results

In this section, we proceed to compare the results obtained from
for the EM and PVJ models, where the former approach is considered
as a reference to evaluate the performance of the latter one. Firstly,
a detailed discussion of the results obtained for a square obstacle is
presented. Then the results obtained for the rectangular obstacle are
shown.



Journal of Wind Engineering & Industrial Aerodynamics 250 (2024) 105756M. Xu et al.
Fig. 2. Overview of the studied cases.
Fig. 3. The adopted mesh: (a) overall domain, (b) permeable barrier for B−45 and (c) permeable barrier for B+45.
4.1. Overall flow organization

We start the comparison between EM and PVJ models for the case
of a square obstacle by inspecting the streamlines of the time-averaged
velocity field, shown in Fig. 4 for B−45 and in Fig. 5 for B+45. For
the sake of conciseness, only the cases with 𝐿∕𝐷 = 3.0, 1.0 and 0.1
are here reported. Comparing such two figures, it can be seen that the
orientation of the lamellae, as expected, has a great effect on the overall
flow organization. The structure of the major vortical structures is well
reproduced by PVJ in all cases. In general, differences appear to be
more pronounced for the B+45 cases when the distance 𝐿 ⩾ 𝐷. Such
differences appear to be quite limited in the zone between the lamellar
screen and the obstacle, but lead to remarkable differences in its wake.

We now analyse the distribution of the time-averaged velocity. The
contours of the time-averaged velocity magnitude, 𝑈 , are reported in
Figs. 6 and 7, respectively. The figures further emphasize the good
agreement between the EM and PVJ models for all cases, even those
in which the lamellar screen is very close to the obstacle. The result is
worth noticing as such conditions substantially differ from those used to
calibrate the PVJ model (i.e. an elementary barrier element in periodic
conditions with no wall in its proximity).
4

4.2. Velocity profiles

Figs. 8 and 9 report profiles of the velocity magnitude in terms of
𝑈∕𝑈𝑖𝑛𝑙𝑒𝑡, measured downstream the permeable barrier at 𝑥∕𝑑 = 1 and
𝑥∕𝑑 = 5 along vertical paths starting from the ground. As expected,
results once again point to a good agreement between EM and PVJ
models for all cases. Notice that the jiggling observed in the profiles
measured at 𝑥∕𝑑 = 1 for EM are due to the presence of the solid
elements composing the lamellae and quickly fade away proceeding
downstream the barrier.

Similarly, Figs. 10 and 11 report profiles of the time-averaged verti-
cal velocity component, 𝑈𝑦∕𝑈𝑖𝑛𝑙𝑒𝑡, further emphasizing the differences
induced by the inclination of the lamellae for the two considered cases,
B−45 and B+45, respectively.

4.3. Aerodynamic forces

We now proceed to analyse the forces induced by the flow on the
lamellar screen and the obstacle. Drag and lift forces are indicated as
𝐹𝑑 and 𝐹𝑙, respectively, and aerodynamic coefficients are defined as
𝐶𝑑 = 𝐹𝑑∕𝑞𝐷 and 𝐶𝑙 = 𝐹𝑙∕𝑞𝐷, where 𝑞 = 1∕2𝜌𝑈2

𝑖𝑛𝑙𝑒𝑡. Fig. 12 reports
the aerodynamic coefficients measured on the lamellar screen for all
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Fig. 4. Streamlines of the time-averaged velocity field for the B−45 barrier.
Fig. 5. Streamlines of the time-averaged velocity field for the B+45 barrier.
the previously considered cases. Forces calculated using the EM and
the PVJ approach appear to be in good agreement in all cases, with
trends always well-reproduced. It is worth to notice that variations in
the aerodynamic forces mainly occurs for 0 < 𝐿 < 1𝐷 and tend to
stabilize for higher values of 𝐿, as expected.

Percent differences of the aerodynamic forces obtained using EM
and PVJ models are reported in Fig. 13. In general, differences are
in the order of 10%–20% for 𝐿 ⩾ 0.3𝐷. For cases characterized by
𝐿 ⩽ 0.3𝐷, noticeable percent differences are obtained but it shall be
noticed that absolute values are quite small.

We now proceed to assess the accuracy of the obtained results
in terms of the aerodynamic forces measured on the square obstacle
immersed in the lamellar screen wake. In particular, in Fig. 14, EM
and PVJ are compared in terms of the drag and lift coefficients exerted
on the obstacle. As expected, in the case in which the flow is deflected
in the direction of the ground (i.e. B−45), higher drag is observed due
to velocity intensification at the stagnation point, together with a slow
decrease as 𝐿∕𝐷 increases. When the flow is deflected away from the
ground (i.e. B+45), negative drag values are predicted for 𝐿 > 𝐷 which
5

quickly turn into positive ones when 𝐿 is reduced and the lamellar
screen is unable to deflect the flow from the obstacle.

For the sake of completeness, the differences of the forces measured
on the immersed obstacle considering the EM and PVJ models are
reported in Fig. 15. Values are mostly less than 20%, with some larger
discrepancies found for 𝐶𝑙 when 𝐿 > 𝐷.

Finally, time-averaged pressure distributions along the path de-
picted in Fig. 2, are reported in Figs. 16 and 17 for the cases 𝐿 = 0.1𝐷
and 𝐿 = 3𝐷, respectively. Again, while showing some inaccuracies in
quantitative terms, results obtained with EM and PVJ models are in
good qualitative agreement.

4.4. Rectangular obstacle

To further investigate the performance of the PVJ approach, a
rectangular obstacle is here considered, with aspect ratio 4:1. All nu-
merical setups are identical to those previously adopted. According to
the previously presented cases (based on a square obstacle) differences
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Fig. 6. Time-averaged velocity magnitude distribution, 𝑈∕𝑈𝑖𝑛𝑙𝑒𝑡, for the B−45 barrier.
Fig. 7. Time-averaged velocity magnitude distribution, 𝑈∕𝑈𝑖𝑛𝑙𝑒𝑡, for the B+45 barrier.
between EM and PVJ can be noticed especially when 𝐿 ⩾ 𝐷. We thus
here consider the case 𝐿∕𝐷 = 1.0. Firstly, the time-averaged streamlines
are shown in Fig. 18(a) for the case B−45. In this case good agreement
is found between EM and PVJ models. Despite being the flow deflected
down by the lamellar screen, no reattachment is predicted by both
EM and PVJ models. On the contrary, for the case B+45, shown in
Fig. 19(b), remarkable differences are recorded in the wake zone and
the flow, which is deflected upward by the lamellar screen, tends to
reattach on the obstacle upper part, although in an incomplete way.

Figs. 20 and 21 show the velocity field in the zone between the
lamellar screen and the obstacle for the four analysed cases. It can
6

be seen that the agreement in such zone is very good and, thus,
the differences previously discussed must arise due to downstream
amplification of small mismatches developed in such area. In particular,
Fig. 21 shows that the high velocity zone of the flow downstream
the lamellar screen B+45 impinges the obstacle right at the corner, so
representing a particularly delicate condition, especially when a long
after-body which allows for reattachment is present.

Despite the aforementioned differences, the overall forces acting
on the body and the lamellar screen appear to be in reasonably good
agreement, arriving to 20% for the 𝐶𝑙 of the B+45 case delicate case, as
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Fig. 8. Vertical profiles of time-averaged velocity magnitude, 𝑈∕𝑈𝑖𝑛𝑙𝑒𝑡, downstream the
B−45 barriers.

Fig. 9. Vertical profiles of time-averaged velocity magnitude, 𝑈∕𝑈𝑖𝑛𝑙𝑒𝑡, downstream the
B+45 barriers.

reported in Tables 1 and 2 (for the sake of simplicity, force coefficients
are calculated also in this case based on the obstacle height).

5. Conclusions

In this paper, the accuracy of the PVJ approach as an alternative
to the explicit modelling of permeable elements has been assessed for
7

Fig. 10. Vertical profiles of time-averaged velocity component along the 𝑦-direction,
𝑈 𝑦∕𝑈𝑖𝑛𝑙𝑒𝑡, downstream the B−45 barriers.

Fig. 11. Vertical profiles of time-averaged velocity component along the 𝑦-direction,
𝑈 𝑦∕𝑈𝑖𝑛𝑙𝑒𝑡, downstream the B+45 barriers.
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Fig. 12. Aerodynamic force coefficients measured on the lamellar screen.
Fig. 13. The relative differences of aerodynamic coefficients measured on the lamellar screen.
he case of a lamellar screen upstream of a square and a rectangular
bstacles. The approach is simple, straightforward to setup and can lead
o substantial savings in terms of computational and set-up time.

Overall, good agreement is found between results obtained adopting
M and PVJ approaches. In particular, for all the studied cases, good
8

qualitative agreement is found, with PVJ always able to correctly
capture the trends observed in the EM. In quantitative terms, differ-
ences between the two modelling approaches have been found to be
in the order of 20% in the majority of the cases, with higher percent

differences usually associated to small absolute values of the considered
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Fig. 14. The aerodynamic coefficients measured on the immersed obstacle.
Fig. 15. The differences of aerodynamic coefficients measured on squares.
quantities. As expected, differences appear to be higher when a strong
aerodynamic interaction is established between the lamellar screen and
the obstacle immersed in its wake, i.e. for 𝐿∕𝐷 ≈ 1, which corresponds,
for one of the analysed cases, to the case in which the flow downstream
the lamellar screen impinges the obstacle right at the frontal corner.
9

In a summary, the proposed PVJ approach offers significant advan-
tages in the modelling of permeable elements with respect to other
homogenized approaches. In fact, contrarily to the classical pressure-
jump approach, it is able to correctly capture flow deflections allowing
for the modelling of lamellar screens and, contrarily to porous-media
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Fig. 16. Distribution of time-averaged pressure coefficient, 𝐶𝑝, for the lamellar screen B−45.
Fig. 17. Distribution of time-averaged pressure coefficient, 𝐶𝑝, for the lamellar screen B+45.
Fig. 18. Streamlines of the time-averaged velocity field for the B−45 barrier when 𝐿∕𝐷 = 1.0.
Fig. 19. Streamlines of the time-averaged velocity field for the B+45 barrier when 𝐿∕𝐷 = 1.0.
Fig. 20. Time-averaged velocity magnitude distribution, 𝑈∕𝑈𝑖𝑛𝑙𝑒𝑡, for the B−45 barrier when 𝐿∕𝐷 = 1.0.
models, it does not need to introduce a porous zone of very small
thickness.

As a last note, we highlight that the present investigation using
two-dimensional URANS shall not be extrapolated to other model
10
typologies. In particular, it is deemed necessary to repeat the same val-
idation using scale-resolving turbulence models and, finally verify the
accuracy of the obtained results with respect to experimental data. De-
spite such limitations, the present results clearly confirm that PVJ can
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Fig. 21. Time-averaged velocity magnitude distribution, 𝑈∕𝑈𝑖𝑛𝑙𝑒𝑡, for the B+45 barrier when 𝐿∕𝐷 = 1.0.
Table 1
Force coefficients for the B−45 cases.

𝐶𝑑 𝐶𝑙

EM PVJ Difference EM PVJ Difference

Lamellar screen 0.62 0.57 8.1% 0.55 0.53 3.6%
Obstacle 0.84 0.88 4.8% 1.93 1.82 5.7%

Table 2
Force coefficients for the B+45 cases.

𝐶𝑑 𝐶𝑙

EM PVJ Difference EM PVJ Difference

Lamellar screen 0.65 0.59 9.2% −0.59 −0.56 5.1%
Obstacle 0.41 0.37 9.8% 2.86 2.20 23.1%

be fruitfully used in two-dimensional URANS instead of cumbersome
EM for the simulations of permeable surfaces.
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