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Abstract

In the last decades, porous surfaces became increasingly popular in modern archi-
tecture due to their aesthetic value, the possibility to be used in energy efficient
cladding solutions and their ability to maintain ventilation. From the aerodynamic
point of view, porous structures can be fruitfully used in order to decrease wind
loads compared to fully solid ones, especially with respect to vortex shedding.
Additionally, porous elements are commonly found as secondary structures (e.g.
wind shields) on bridge decks to protect traffic against strong cross wind.

Nevertheless, due to the remarkable length scale separation existing between the
overall structure and the pores, usually in the range of two or three orders of mag-
nitude, it is extremely difficult to study structures presenting porous surfaces in
wind tunnel tests. In particular, the installation of the pressure taps and the piping
system including pressure scanners is challenging in many situations. Addition-
ally, due to these difficulties, only a small number of pressure taps can be well
arranged, while pressures must be scanned on both sides of the surface. This in-
evitably leads to poor sampling of the pressure field so that measurements using
balances are usually preferred, although the obtained information is restricted to
global forces.

Computational Fluid Dynamics (CFD) has been rapidly expanding in the last
decades for Wind Engineering applications and might provide substantial bene-
fits in the study of porous structures. In fact, it completely eliminates all problems
related to the installation of measurement systems and allows to provide very fine
space sampling of the obtained results.

However, when the geometry of porous surfaces is explicitly modeled, compu-
tations rapidly become intractable due to the large number of cells required to
represent the pores. This leads to prohibitive computational costs in the majority
of the cases. An alternative approach is to model the presence of porous surfaces
by means of appropriate homogenized models and ignore the flow details, being
the usually adopted one so-called pressure-jump approach. When pressure jumps
are adopted, two main hypotheses are introduced. Firstly, pores are of vanishing
size, so that details of the flow in their surroundings do not affect the overall flow.
Secondly, only the forces normal to porous barrier are accounted for. This means
that shearing effects due to the presence of the barrier are disregarded. Currently,
this modeling approach has been fairly validated for internal aerodynamics (e.g.
flows through porous filters), which generally provides good results, but it is not
widely validated for external aerodynamics problems.



Within this framework, this thesis focuses on the use of pressure jumps for external
aerodynamics problems. For this purpose, firstly, the flow through porous grid
was analyzed in detail and a new model able to predict the pressure jumps based
on porosity was derived. Then, the proposed model was preliminary assessed by
comparing itself with several simulated and experimental results.

To further evaluate the performance of pressure-jump approach in CFD-based
simulation, the results obtained using explicit and pressure-jump models of the
porous surfaces geometry were compared considering cases of increasing com-
plexity, namely a forward facing step, an hollow porous 5:1 rectangular cylinder,
bridge decks with wind shields and a ground mounted porous prism exposed to
both smooth and turbulent flow. For all cases, a systematic comparison was carried
out between the two aforementioned modeling strategies. Moreover, to identify
the potential influences on its accuracy, mesh resolutions, turbulence models, sur-
face thickness, pore shapes and size were respectively investigated for most cases.

Results show that the overall external flow arrangement of these two modeling
strategies are usually found to be in good agreement, at least in the limits of the
proposed investigations. This agreement is possible to be affected by numerous
factors, in which the pore arrangement is remarkable, especially when only a few
pores are studied. Moreover, taking the few available experimental results as a
reference, the accuracy of these modeling strategies for the porous cases appears
to be lower than that for fully solid cases, but overall trends are respected. In sum-
mary, considering the convenience given by the adoption of homogenized models
and the scarce influence from this simplification, the use of pressure-jump ap-
proach is a viable solution.
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Chapter 1

Introduction

1.1 Motivation

Over the years, porous surfaces have been increasingly adopted in modern archi-
tecture (see for instance [1, 2, 3]), which is mainly because of several coexisting
properties. In particular, porous surfaces allow to provide spatial separation while
keeping ventilation. Additionally, they provide protection against sunlight, allow
for innovative energy-efficient cladding solutions and reduce wind loads. Impor-
tant application of porous elements are also routinely found in wind shields po-
sitioned on bridge decks in order to protect vehicular traffic against cross-winds.
However, compared to completely solid structures, the aecrodynamic behavior of
porous ones received relatively little attention from the scientific community. Con-
sequently, the aerodynamic behavior of structures partially or entirely composed
of porous surfaces currently represents a problem of growing technical interest.

Several theoretical and experimental researches regarding porous surface have
been reported for both internal flows (the porous surface located in a confined
flow field) and external flows (the porous surface located in a open flow field).
In these studies, a wide range of aerodynamic problems were discussed, e.g. the
wind loading ([4, 5, 6, 7], ESDU item 72009 and 80025), characteristics of wake
flow [8, 9, 10, 11, 12] and turbulence generating [13]. A systematic review of
the literatures is reported in Section 1.2. Surely, it can be concluded that in all
the considered applications, the presence of small-scale porosity introduces pecu-
liar features to the flow field that render arduous its simulation with reduced-scale
physical models, as well computational simulations.



In particular, the usual experimental strategy for completely solid structure, for
which the pressure field is characterized by means of pressure taps on the external
side of the considered geometry, is hard to be performed for scaled porous sur-
faces. The interference of the piping system on the flow fields is difficult to be
avoided, because the diameter of such pipes might be similar or even larger than
that of the pores. Additionally, allocating the numerous pipes usually necessary
to connect the taps to the pressure scanners becomes often impossible when the
building interior is part of the flow field. This can be sometimes avoided by em-
bedding the piping system in the reduced-scale model walls (see Fig. 1.1), but
such solution is impractical and severely limits the number of pressure taps which
can be installed. Moreover, for porous surfaces, pressure shall be measured on
both sides so doubling the number of pressure probes which need to be installed,
which together with previous comments, make the installation of pressure taps
subastantially impossible in many circumstances. Moreover, if the pores are ir-
regularly distributed on the porous surface, the physical meaning of the measured
pressure needs to be carefully assessed, because it might not represent the effec-
tive pressure which globally acts on the surface. In particular, for the pressure
difference measured as the difference between the two sides of porous surface,
the obtained value might not be easily related to the integral forces acting on the
surface as a whole.

Figure 1.1: A scaled model of building facades [14] composed of porous surfaces
and its piping system for pressure measurement.

In such context, Computational Fluid Dynamics (CFD) might represent an ap-
proach able to overcome the aforementioned difficulties. The possibility of obtain-



ing flow characteristics without installing physical measuring equipment avoids
its interaction with the flow. With the continuous increment of available com-
puting power [15], the popularity of numerical simulations is continuously grow-
ing in wind engineering and porous surfaces have been analyzed, for instance, in
[16, 17, 18, 19, 20, 21, 22, 23]. In particular, the comparison between experi-
mental and computational results often indicates good performances of numerical
simulations when the main intent is to represent the interaction between the porous
surface and the fluid in terms of its resistance to the flow [24, 25, 26]. The details
of the numerical techniques (Finite Volume Method) and models adopted in this
thesis are well-known. The reader can refer to [27, 28, 29, 30] for additional
information and details.

Due to the fact that the pore size is usually much smaller than the whole structure,
numerical simulations based on the explicit geometrical modeling of the pores
require a huge number of cells, which consequently leads to extremely high com-
putational costs. Figure 1.2 provides a pictorial example of the difficulties found
in obtaining an adequate mesh for the study of bodies composed by porous sur-
faces, even in an extremely simple case. As it can be noticed, the mesh is probably
adequate for providing a good resolution of the flow field if the structure was solid.
However, each pore is only roughly meshed and the pore thickness is model by
only one cell, thus, the results are hard to be independent from mesh resolution.

(b)

Figure 1.2: The mesh of porous surfaces when (a): coarse mesh resolution and
(b): finer mesh resolution are adopted.

For reducing the computational costs, a well-known and convenient alternative to
the explicit modeling of the pores geometry is to model the presence of the porous



surface by means of appropriate pressure jumps (Ap) [31, 32, 33]. In such context,
the modeling effort on pores and computational resource for simulating the bleed
flows can be saved. A rigorous approach to the subject would require to frame it
in the theory of asymptotic homogenization [34]. In essence, the presence of the
pores induces variations in the flow field characterized by small space and time
scales which can be averaged out, so allowing to study the flow behavior at the
macro-scale by providing a simplified model of its behavior at the micro-scale.

Currently, such a modeling approach is fairly validated for internal aerodynamics
(e.g. flows trough porous filters), but it is not widely validated for external aero-
dynamics problems. Considering the remarkable convenience of using pressure
jumps, a deep assessment of their accuracy appears to be necessary application in
the engineering practice.

1.2 State of the art and open problems

To the best knowledge of the author, the resistance of porous surfaces to the air
flow has been initially studied considering the flow through screens in confined
flow fields (see Fig. 1.3 [35]). For example, a quantitative relation is derived
to link the screen porosity to the pressure jump measured on the two sides of
the screen, or equivalently to the drag force acting on the screen, was derived by
[36]. Previous studies investigated numerous parameters which might affect such
pressure difference, such as the Reynolds number, fluid compressibility and pores
arrangement. For instance, the effect of the Reynolds number and the incidence
of the incoming flow with respect to the screen normal has been considered in the
seminal paper by [37], which proposes a relation between the surface porosity, the
Reynolds number, the incidence angle and the measured pressure jump. In this
case, also the damping effect operated by the grid on the incoming turbulence has
been analyzed and compared to previous evaluations proposed in several contri-
butions [38, 39, 40, 41].



Figure 1.3: The porous surface in confined wind tunnel [35].

In the field of external aerodynamics, the simplest and more common case with
is characterized by the presence of a porous surface is represented by ground
mounted fences, see for instance Fig. 1.4 [13]. For fences, the relationship be-
tween drag force and porosity has been studied by [42]. In these studies, a bound-
ary layer flow is considered and, consequently, the ratio between the fence height
and the thickness of the boundary layer is analyzed, taking also into considera-
tion the flow arrangement downstream of the porous fence. The elongation of the
vortex in the wake with the increase of the fence porosity has been reported, for
instance, by [43]. As regard applications, simple ground mounted fences are often
applied as wind shields [44, 45] and for the moderation of dust emissions [46, 47].
For instance, the velocity field and pressure distribution around a model fence of
finite length upstream of a dust source has been studied by [48].
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Figure 1.4: The model ground mounted fence [13].

A remarkable complication of the simple case mentioned above, is observed when



the porous barrier is positioned above a bluff body. In this case, due to the well-
known sensitivity of the flow to geometric details and the incoming flow turbu-
lence, the overall flow arrangement can be potentially affected by the barrier and
its geometrical details, even when it is characterized by very high porosity. This is
the case of wind-shields over bridge decks, which are commonly used to protect
traffic against strong cross wind [49]. Lately, for instance, the effect of porous
barrier on the flutter derivatives of three model bridge deck sections has been ex-
perimentally studied in [2] (see Fig. 1.5).

N\

Wind direction

Figure 1.5: The porous barrier on long-span bridge [2].

As previously mentioned, the aerodynamic behaviors of bluff bodies is well-
known to be extremely sensitive to geometrical details as well as the incoming
flow conditions. This is due to the presence of separation bubbles whose scale is
comparable to the immersed body size. The shape, organization and dynamics of
those bubbles strongly depends on the stability conditions of shear layers detached
from the body, often in correspondence of sharp edges. While such phenomena
has been widely studied for solid bodies, structures obtained as an assemblage of
porous surfaces (usually metal plates) have not been deeply studied yet. Gener-
ally speaking, it is known that the ventilation through the porous walls prevents
the accumulation of vorticity, so having a favorable effect over the wind load-
ing, in terms of both time-averaged and fluctuating components. This is the case
commonly encountered in the cladding of reticular structures applied for aesthetic
reasons and an emblematic example is the case of the antenna of the UniCredit
building located in Milan, Italy [1] (see Fig. 1.6).



Figure 1.6: The porous surface on UniCredit building and its scaled model [2].

Porous surfaces can be also used to wrap solid structures in order to protect them
from the direct action of the wind. A well-known example is the shrouded cylin-
ders [50, 51, 52, 53], which have been repetitively studied aiming at suppressing
Vortex Induced Vibrations, VIV. The advantage mainly comes, analogously to the
previously mentioned case, by the ventilation through the external layer which
prevents the accumulation of vorticity in the proximity of the body.

Finally, in recent years, porous surfaces are becoming increasingly used as ex-
ternal layer of double skin facades (see Fig. 1.7). Numerous studies, which are
outside the scope of this short review, are dedicated to assess their efficiency in
enhancing comfort and decreasing energy consumption [54, 14]. As regards their
aerodynamic behavior, few studies have been presented at the moment. Among
these studies, a common conclusion is that the porous external skin reduce the
fluctuating pressure on the side faces and global forces [55].

Figure 1.7: The building with porous external skin [3].

Asregard CFD, due to the aforementioned difficulties, homogenization techniques
appears to be a more practical alternative with respect to the explicit modeling
of the geometry. A common way to describe the aerodynamic effect on such



porous surfaces is to consider their resistance to the flow, i.e. the pressure loss
coefficients, K [56, 57]. In such context,the aforementioned relations between
pressure jump and surface porosity can be adopted. Such approaches for internal
flows are well-established: for instance, by using two of such models [58, 59],
[60] reports the comparison between computed pressure drop and experimental
results, finding reasonably good agreement.

With respect to the use of such approach for simulating external flows, fewer
studies are currently available. A well-known example is the actuator disc used
to model the drag force over wind turbines [61]. In particular, such approach
with several turbulence models is adopted by [62], which compares the velocity,
turbulence intensity and shear stress in the turbine wake. It is found that the porous
disk approach leads to acceptable results in the far wake but accuracy decreases
just downstream the blades. Other similar application of porous media can be
found, for instance, in the reproduction of the flow over forest canopies [63, 64],
for which the explicit reproduction of the geometry is extremely difficult.

Summarizing, the use of homogenized modes to represent the effect of porous
surfaces is still far from being well-established for external flows. In particular,
numerous aspects would merit careful consideration. For instance, homogenized
models assume vanishing pore size compared to the overall immersed body size.
It is currently not clear how severe this limitation is in practice. Secondarily, em-
pirical lows deduced for confined screens are usually valid for null or moderate
attack angles. In the case of bluff bodies, the flow might be often almost tan-
gential to the porous surfaces, so that evaluating the forces acting on them would
require additional research. Finally, the pressure jump approach only considers
forces exchanged from the fluid to the porous surface in the normal direction, so
disregarding shearing effects.

Despite these potential disadvantages, the pressure jump approach still represents
the most convenient and adopted method to represent porous surfaces at a reason-
able computational cost [65, 66] and so, its validation appears to be fundamental
in order to clarify the limits of its applicability.

1.3 Structure of the thesis

This thesis is organized as follows. After the introduction, Chapter 2 firstly re-
views existing relations that links the pressure jump to the surface porosity. Then,
a new model for the pressure jump calculation is proposed. After that, two mod-
eling approaches are adopted to simulate the flow through a forward facing step



(composed by a porous plate normal to the inflow and a solid plate parallel to the
inflow): in the first one, the pores are explicitly modeled, so providing a detailed
representation of the flow. In the second one, the porous surfaces are modeled
by means of pressure jumps, which allow to take into account the presence of
pores without reproducing the flow details. Consequently, the performance of
such pressure-jump approach can be evaluated by comparing the obtained results.

Based on the above study, Chapter 3 and Chapter 4 evaluate the accuracy of
pressure-jump based models by investigating the flow through more complex ge-
ometry: a hollow rectangular 5:1 cylinder composed by four porous plates. In
these studies, the influences of surface porosity, angle of attack, turbulence model,
local geometric features, pore number and size are considered.

Afterwards, in Chapter 5, the simulation of wind shields positioned on bridge
decks is investigated, mainly with the intention to assess the use of simplified
models based on pressure jumps for bridge decks optimization, for which the re-
duced computational cost of such models appears to be particularly attractive. In
this case, results obtained by explicitly modeling the pores and using calibrated
pressure jumps are compared to experimental values in terms of global forces and
PIV measurements available in the literature.

Then, in Chapter 6 the case of a porous ground-mounted parallelepiped is consid-
ered taking into account different incoming flow conditions. In such case, wind
tunnel tests have been appositely designed and performed in the wind tunnel in
Tamkang University.

Finally, conclusions are drawn in Chapter 7.

The core of this thesis is composed by articles that have been published or submit-
ted to international peer-reviewed journals. For this reason, the contents are pro-
vided without changes, while several additional results are added as appendixes.



Chapter 2

On the use of the pressure jump
approach for the simulation of
separated external flows around
porous structures: a forward
facing step

In this chapter, a new pressure-jump model is proposed for the high-Reynolds
flow. The brief comparison of such new model and previous ones is also reported.
Then, in order to evaluate the accuracy of the proposed relation, two modeling
approaches are adopted to simulate the flow over a forward facing step, which
is composed by a vertical porous surface and an horizontal solid surface: in the
first one the pores are explicitly modeled. This approach provides a detailed rep-
resentation of the flow through the pores, but requires remarkable computational
resources. In the second approach, the pores are not modeled and the surfaces
are simulated by means of pressure jumps, which allows to take into account the
presence of pores without reproducing the flow details.

This chapter has been published as:

On the use of the pressure jump approach for the simulation of separated external
flows around porous structures: A forward facing step. M. Xu, L. Patruno, Y.L.
Lo, S. de Miranda, Journal of wind engineering & industrial aerodynamics, 207
(2020): 1043717.
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2.1 Introduction

Porous surfaces are becoming increasingly popular in architecture due to their
well-known interesting combination of properties and functions: they allow to
provide spatial separation yet keeping ventilation and partial sunlight penetration.
In other circumstances, they are used in order to visually emphasize the architec-
tural volumes while guaranteeing lightness and reduction of wind loading, see for
instance the antenna of the UniCredit tower located in Milan, Italy [1]. Recently,
the use of porous cladding is further increasing also due to the popularity gained
by double skin facades, which often involve the use of highly porous elements
which, nevertheless, remarkably affect the wind flow organization in the proxim-
ity of the building [3]. Other applications in the context of structural engineering
can be found in the mitigation of bridge cables vibrations [67].

When such structures are exposed to the wind action, it becomes fundamental to
be able to characterize their aerodynamic behavior. However, due to the presence
of small pores, the measurement of pressures around such bodies is not easily
accomplished by means of standard pressure taps in wind tunnel experiments. In
fact, the need to install pressure taps on both sides of the surface, the impossibility
to embed the piping system within the surface itself and the difficulties found in
avoiding local flow disturbances, render the study of bodies partially or entirely
composed of porous surfaces a difficult task. Due to such difficulties, studies of
bluff bodies composed of porous surfaces are still scarce in the literature with the
notable exception of simple geometries such as fences and plates (see for instance
[12, 10, 13, 68]) and cylinders surrounded by a porous shelter [69, 70, 71, 72, 73].

In such context, Computational Fluid Dynamics, CFD, might represent an ap-
proach able to overcome many of the aforementioned difficulties. The possibility
to obtain a detailed characterization of the flow without the need to install a mea-
surement system and, thus, avoiding also its interaction with the flow itself, surely
represents a great advantage when considering porous surfaces. Unfortunately,
taking into account the presence of pores by explicitly simulating their geometry
usually leads to prohibitive computational costs. For structures in which the num-
ber and size of the holes still allow their explicit modelling, uncertainties regarding
how fine the computational mesh should be in the holes often arises.

For structures in which the size of the holes vanishes with respect to the overall
dimensions, a well-known and convenient alternative is to model the presence of
the surface by means of appropriate pressure jumps, Ap, which can represent the
porous surfaces without simulating the details of the flow. A rigorous approach to
the subject would require to frame it in the theory of asymptotic homogenization
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[34]. In essence, the presence of the pores induces variations in the flow field char-
acterized by small space and time scales which can be averaged out, so allowing
to study the flow behaviour at the macro-scale by providing a simplified model of
its behaviour at the micro-scale.

Currently, such a modelling approach is well established for internal aerodynam-
ics (e.g. flows trough porous screens and filters) but it is not widely validated for
external aerodynamics problems, although interesting contributions can be found
in [74, 31, 19]. It is worth to mention that, on the other side, research work has
been already performed as regards the aerodynamic behaviour of solid bluff bod-
ies internally made of porous materials which allow filtration (see for instance
[21, 20] and attempts have been also made to control the body aerodynamic be-
haviour by modifying their geometry with porous appendices and layers [75, 76].

When it is necessary to simulate the flow through a porous surface, a fundamen-
tal aspect is represented by the relationship existing between Ap and the surface
porosity, 8. A quantitative prediction of Ap as a function of 5 has been provided
by [36]. Then, a number of studies have been proposed, aiming at obtaining such
relations from a theoretical point of view. As an example, a particularly simple and
effective one consists in assimilating the grid to an array of objects immersed in a
uniform velocity field, whose velocity is increased with respect to the free-stream
one in order to consider the blockage effect [77].

Other evaluations of the relation between 5 — Ap can be found in [78] and [79],
while a review paper has been recently presented by [80], showing varying degree
of accuracy of the proposed laws. Finally, a fifth-order polynomial fitting of the
data presented in [81, 82, 83] has been proposed by [84].

In this paper, firstly the flow through porous surfaces is studied in detail at the
micro-scale by means of Large Eddy Simulations (LES). Based on the obtained
results and supported by the experimental observations reported in [35], a new
8 — Ap relationship is proposed. The advantage of the new relation is represented
by the fact that the quantities appearing in the model are all easily identifiable and
provide an accurate description of the flow in the proximity of the porous surface.

Then, with the aim of validating the use of simulations based on the pressure jump
approach for external detached flows, a forward facing step is considered. The
vertical surface of the step is assumed to be porous while the horizontal surface is
assumed to be solid. The model is built in such a way that it can be considered
representative of the flow detached from the leading edge of an elongated bluff
body with a porous frontal face, at null angle of attack. The problem is solved by
explicitly modelling the geometry of the pores as well as using the pressure jump

12



approach, so allowing to compare the obtained results.

The chapter is organised as follows. A review of the available 8 — Ap relations is
provided in Section 2.2. Large-eddy simulations of the flow past a representative
element of an infinitely extended porous surface are shown in Section 2.3. In
Section 2.4, the new 5— Ap relation is described. The forward facing step between
a porous and a solid surface is analysed in Section 2.5. Finally, conclusions are
drawn in Section 2.6.

2.2 Review of § — Ap models

In this section, three well-known models for the prediction of the 5 — Ap relation-
ship are described. Figure 2.1 shows a section of a representative sample of an
infinitely extended porous surface, also called grid screen in the following. The
domain is subdivided into two parts (Part I and Part II). In particular, Part I is
defined as the zone from the inlet to the front surface of the grid screen, while
Fart II is defined as the zone from the front surface of grid screen to the outlet. In
the same figure, three planes, whose intersection with the domain identify three
slices, are shown. Slice O corresponds to the free-stream upstream the porous
grid, Slice 1 is located just upstream the porous surface while Slice 2 is located
far downstream the porous surface. In practice, Slice 0 and Slice 2 must be lo-
cated at a distance from the porous screen which is high compared to the pores
characteristic dimension.

2 Pores

7/////////%///////////

1T

PRNO

/

é
2
Solid

p27U2
(a) (b)
Figure 2.1: Overview of a representative sample of an infinitely extended porous

surface: (a) side view and (b) frontal view.

We define the homogenized pressure over the surface S; through the following
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well-known equivalence

piAi:/ p dS;, (2.1
Si

where p; is the homogenized pressure, p is pressure and A; is the area of the
surface S;, which includes fluid as well as solid parts, if present.

With reference to Fig. 2.1, the homogenized values coincide with the punctual
values for the surfaces identified by Slice 0 and Slice 2 while, for Slice 1, punctual
values vary from point to point due to the presence of the pores. Additionally, a
discontinuity Ap is present in the homogenized pressure when it is measured just
upwind or downwind the porous surface.

Defining the porosity, (3, as the ratio between the pores area over the total area,
Ap can be expressed in terms of the pressure loss coefficient, K, as

1
Ap = 5pUGK(B), 22)

where p is the fluid density and Uj is the free-stream velocity. In the following,
some of the formulations available in the literature for the estimation of K () are
described.

2.2.1 Wieghardt’s model

The basic idea underlying this model is to match the drag force provided by Ap
with that expected on the grid screen. Firstly, it is noticed that, for incompressible
fluids, mass continuity requires the fluid velocity through the holes in Slice I to be
Uop/B. Thus, [77] assumed that the grid screen is completely immersed in a flow
with velocity equal to Uy/3. On the one hand, the drag force experienced by the
grid is calculated as

1
Fp = ApA = 5pUgAK(ﬁ). (2.3)

On the other hand, the same drag force might be also evaluated as

2
Fo=1s <U;) (1- B)Ac, 2.4)

where c is a constant (i.e. the drag coefficient of the objects composing the grid).
Taking into account the experimental results of [85], the constant ¢ has been eval-
vated to be ¢ = 1. Therefore, equating Eq. (2.3) and Eq. (2.4), the following
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expression can be obtained
1-p
K(B) = PN
It should be noticed that such model, and thus the value of the calibrated ¢ con-
stant, have been initially obtained for a porous grid composed of wires character-
ized by a round section.

(2.5)

2.2.2 Eckert’s model

We again start by considering a constant mass flow rate through all slices. Conti-
nuity will thus require
pUoA = pU1BA = pUs A, (2.6)

where, with a little abuse of notation, U; represents the velocity in the holes and
not the homogenized velocity at Slice 1.

Considering Slice I and Slice 2, the following assumption as regards the hydraulic

head is considered by [36]

1 1
P+ ipr = (pa + Ap) + §pU§, 2.7)

which states that the pressure jump through the screen, equal to the drag force on
the grid per unit area, is equal to the jump of the hydraulic head. In such formula
it must be noticed that the pressure p; indicates the homogenized pressure just
upstream the porous surface while, as previously clarified, the velocity U; does
not represent an homogenized velocity. Such equation can be rewritten as

1
(p1—=p2) = Ap—5p (U2 - pU3) . (2.8)

Next, considering that the mass flux is constant in all slices and equal to pUs A,
the momentum balance of Part II can be given as

pU2A (Uy — Uz) + (p1 — p2) A= 0. (2.9)

The substitution of Eq. (2.8) into Eq. (2.9) leads to

1
Ap=5p (U = U3) — pUs (Uy — Us). (2.10)

Furthermore, using Eq. (2.6), Eq. (2.10) can be written as

2
Apzlp 3([]11> . 2.11)



Finally, using again Eq. (2.6) and considering Uy = U; 3, the pressure loss coef-
ficient can be evaluated as

(1-8)°
B

Notice that, the pressure jump Ap is measured from Slice 1 to Slice 2 which
means that the pressure jump will be accurately predicted only if measured far
downstream the porous surface, the actual distance being sufficiently higher than
the dimension of the pores.

K(B) = (2.12)

2.2.3 Annand’s model

It has been shown that Eckert’s model obtains the 5 — Ap by assuming Ap to be
equal to the jump in the hydraulic head through the grid screen. In general, it has

been shown by [78] that
1—90
K(8,0) = =55~ — L. (2.13)
where ¢ is the fraction of the hydraulic head lost in passing through the porous
surface. Starting from this point of view, [79] suggested the following expansion

into powers of 3

fi (14 faB + f38?)

K(B) = 62 )

where the f1, fo and f3 are three constants.

(2.14)

Considering that Eq. (2.14) should give K (1) = 0, the numerator must contain a
factor (1 — ). Consequently, Eq. (2.14) can be written as

k(- D=1 fB) o15)

BZ

where f; is a constant.

After calibration on the experimental measurements of low-Reynolds-number flow,
the following expression has been proposed
~0.68(1—p5)(1+1.1p)
= 2

Then, considering that (1 — 8)(1+ 3) = 1— 32, a simplified version of Eq. (2.16)
can be obtained as

K(B) . (2.16)

a2
(o) = U=

which proves to be almost identical to the previous one for 5 > 0.27.

2.17)
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2.2.4 Summary

A comparison of the models introduced in the previous sections is provided in
Figure 2.2. In addition, the figure shows experimental results provided by [35]
and the 5th order polynomial fitting reported in [84] (notice that such last law
is an interpolation of experimental data and, in fact, it does not show the correct
asymptotic behaviour for 8 approaching 1).

In particular, [35] investigated the flow through gird screens (perforated metal
sheets) characterized by different porosities. Such experiments have been per-
formed on a wide set of grids characterized by different ¢/ D, ratios, being ¢ the
porous grid thickness and Dp, the pores hydraulic diameter (defined as D) =
Ap /Ly, where Ay, is the pore area and Ly, is the pore semi-perimeter). The ratio
t/ Dy, ranged from 0.125 to 1.5. Such information has been qualitatively reported
in Fig. 2.2 by adopting for experimental data a marker size proportional to ¢/Dj,.
The Reynolds number is calculated based on D), to ignore the shapes of pores,
which ranged from 3000 to 15000.

40 T T T

— Wieghardt (1953)
20" - - -Eckert and Pfluger (1942)

Annand (1953)
----- Janse van Rensburg (2014)
< 20¢ o Experiments - Allori et al. (2013) |
10+ 7
0 T

Figure 2.2: Comparison between S — Ap models and experimental measurements
reported in [35]. For [35] the marker size is proportional to ¢/ D}, which ranges
from 3000 to 15000.

On such regard, the different nature of the experiments used to calibrate the pre-
viously presented models and the experiments reported in [35] should be high-
lighted. While in the fist ones the grid was composed by wires, in the second one
perforated metal sheets were considered. Indeed, curves are in reasonable agree-
ment with experimental results if scaled by a factor approximately equal to 2.0,
which is close to the ratio between the drag of a cylinder and that of a flat plate
perpendicular to the flow.

In order to improve the predictive accuracy of the aforementioned models, a num-
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ber of corrections aimed, for example, at taking into account the Reynolds number,
have been proposed, mainly based on the fitting of experimental data. The readers
can refer to [79, 77, 86, 87, 88, 89, 90, 91, 86, 92] while a review paper has been
presented in [80].

2.3 Flow through a porous surface

In this section, LES are performed on an elementary geometry, representative of
an infinitely extended porous surface. In particular, as shown in Fig. 2.3, an
array of 2x2 square holes is considered: it is reminded that it is well known from
experimental results given by [35] and [25] that the shape of the holes has very
small influence on the obtained results, so that the investigation can be limited to
such simple geometry.

Periodic Periodi
eriodic
: L[]
2 & 3 :
L OP
t
— Periodic
Periodic
(a) (b)

Figure 2.3: Overview of the considered geometry: (a) side view and (b) front
view.

Three porosities are analysed, namely 3 = 16%, 25%, 64%. Such different porosi-
ties are obtained by keeping the size of the holes constant and changing their spac-
ing. In particular, the side of the holes is denoted as a while the spacing between
the holes is denoted as b. The ratio ¢/ Dy, as well as the Reynolds number based on
Dy, are kept constant for all geometries and equal to 0.125 and 6000, respectively.
A summary of the geometrical properties used in the analyses is provided in Table
2.1.
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Table 2.1: Summary of the geometrical parameters used in the numerical analyses.

ﬁ a/Dh b/Dh t/Dh
16 % 0.5 0.75 0.125
25 % 0.5 0.5 0.125
64 % 0.5 0.125 0.125

2.3.1 Numerical models

Structured meshes composed of hexahedral elements with non-conforming transi-
tions between refinement levels are adopted as shown in Fig. 2.4. In order to study
the effect of the mesh sizing in the proximity of the holes, three mesh refinements
are adopted, denoted as Coarse, Middle and Fine. Such refinement levels corre-
spond to a cell size in the proximity of the pores equal to 1/16Dp,, 1/32D}, and
1/64Dy, respectively. The total number of cells for the meshes used to simulate
B = 16% amounts to 0.32M, 2.15M and 4.91M cells.

(b)

(©)

Figure 2.4: Overview of the adopted Fine meshes: (a) 5 = 16%, (b) 8 = 25%
and (c) 8 = 64%.

In particular, the detailed illustration of the mesh around the pores are shown in
Fig. 2.5, where the case characterised by 5 = 16% is adopted as an example. It
can be seen that each edge of the pores are respectively meshed by 2, 4 and 8 cells.
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Figure 2.5: Illustration of the adopted meshes around pores for: (a) Coarse, (b)
Middle and (c) Fine that characterised by 5 = 16%.

As indicated in Fig. 2.3, periodic boundary conditions are adopted for all lateral
faces. The upwind and downwind surfaces of the grid are considered as walls
while the surfaces surrounding the holes are set as slip in order to simulate an
high Re number and minimize as much as possible the role played by viscous
forces on the pore sides. As usual, null pressure is imposed at the outlet while
null pressure gradient is imposed at the inlet. In the current simulation it is thus
expected that the pressure measured at the inlet will coincide with Ap.

As regards the subgrid-scale model, the well known one equation eddy-viscosity
model is adopted.

The LUST scheme is used for advective terms, time integration is performed by
using the Crank-Nicolson scheme while pressure-velocity coupling is obtained
using the Pressure Implicit with Splitting of Operator (PISO) algorithm. The non-
dimensional time step based on Dj, is equal to 5.0 x 10~3 for the Coarse and
Middle meshes, while it is equal to 2.0 x 1073 for Fine meshes. The maximum
Courant number is approximately 1.3.

The open source finite volume software OpenFOAM version 7 is used for all sim-
ulations. The cases with the highest mesh resolution are performed with 68 cores
on the Marconi cluster at CINECA (68 Intel Xeon Phi7250 1.4GHz processors
and 16+96GB RAM per node).
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2.3.2 Results

The qualitative representation of the velocity fields obtained is provided in Figure
2.6 by means of Line Integral Convolution. By comparing the cases character-
ized by the same porosity, it can be noticed that the lengths of the recirculation
zones behind the grid screen (marked with light blue shadows) are longer when
the coarser meshes are adopted. The length of the recirculation bubble is approxi-
mately halved when passing from the Middle to the Fine meshes. Considering that
in this case only an elementary portion of the grid is simulated and that the adopted
meshes are already of considerable size, such result emphasizes the difficulties en-
countered in accurately simulating the flow through the pores, so highlighting the
necessity to use an homogenized model whenever possible.

(@ (b)

() (d)

(e) ®

Figure 2.6: Line Integral Convolution of time-averaged velocity field: (a) Middle
B = 16%, (b) Fine 5 = 16%, (c) Middle 3 = 25%, (d) Fine B = 25%, (e) Middle
B = 64%, (f) Fine 8 = 64%. The recirculation zones are marked by light blue
contours.

Such mesh sensitivity around pores can be also found in the turbulence structures,
which is shown in Fig. 2.7 by means of the contours Q. When a fine mesh is
adopted, the length of the complex turbulence structures become shorter on wind
direction.
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Figure 2.7: The contours of Q for: (a) Middle = 16%, (b) Fine 8 = 16%, (c)
Middle B = 25%, (d) Fine B = 25%, (e) Middle 8 = 64%, (f) Fine 5 = 64%,
which are also colored by the time-averaged velocity.

The time-averaged pressure distributions are shown in Figure 2.8 for the Middle
meshes, for all porosities.

Negative pressure is observed for all cases, just downstream the grid. Such neg-
ative pressure is recovered far downstream, finally stabilizing to the null value
imposed by the outlet boundary condition. The pressure recovery, associated to
the fluid vein expansion downwind the grid screen, appears to be completed at a
distance approximately equal to 2Dy, being finer meshes characterized by a lower
peak suction and a shorter pressure recovery zone, in agreement with other results
obtained for bluff bodies, as well documented for instance in [93].
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Figure 2.8: Time-averaged pressure field for the Middle mesh: (a) 5 = 16%, (b)
B = 25% and (c) 8 = 64%.

Finally, the evolution of the homogenized pressure coefficient, Cph, in the along
wind direction is shown in Fig. 2.9. C}, is calculated from the homogenized pres-
sure, py, calculated on a series of planes located at different along-wind positions
by means of Eq. (2.1) and normalizing it using the dynamic pressure calculated
based on the free-stream velocity. Also in this figure, the strong pressure drop at
the grid back face and the subsequent pressure recovery can be clearly observed.

---------- Coarse - £ = 16% -
---Middle - ¢ = 16%
—Fine - ¢ = 16%
; o Coarse - € = 25%
= L ---Middle - ¢ = 25% |
&) 40 ——Fine - ¢ = 25%
20 e ) e Coarse - € = 64% |
---Middle - ¢ = 64%
oF —Fine - ¢ = 64%
-20

-2 0 2 4 6 8 10 12
z /Dy,

Figure 2.9: Homogenized pressure coefficient along the wind direction. The ori-
gin is located in correspondence of the back surface of grid screen.
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Summarizing, the flow past porous surfaces is characterized by strong suctions
after the grid, followed by a pressure recovery at a distance approximately equal
to 2Dy, which is equal to 4a in the case of grids with square holes. In essence,
the grid contracts the fluid vein and, then, allows its complete expansion after
the recirculation zone: the actual geometry of the grid is represented by the solid
part and the recirculation zones downstream the grid. When pores are very small
compared to the structure under consideration, the pressure recovery zone is so
short to be negligible, while, when pores are numerous but not of vanishing size
compared to the immersed body, results obtained using a pressure jump approach
might be affected by inaccuracies due to such effect.

2.4 A new 5 — Ap relationship

We now proceed at developing a novel 8 — Ap relationship, which can be consid-
ered a detailed version of the ones reported in Sec. 2.2. Attention is devoted to
link the model parameters to well-defined quantities which can be easily measured
in experiments or CFD analyses. Such an approach has the advantage to provide
a clear overview of the flow arrangement.

In particular, with reference to Fig. 2.10 (a), the domain is subdivided into three
parts. Part I extends from the upstream undisturbed flow to an infinitesimal dis-
tance upstream the grid. Part Il extends upstream and downstream the grid for
an infinitesimal distance while Part Il extends from the end of Part Il to the
downstream undisturbed flow. All quantities in the following shall be intended as
calculated for unit area of the porous surface.

- Periodic

L p d 1 pb
= e =
I 4

I S

7! P,
P,y U, Periodic p,.U,

(@) (b)

Figure 2.10: Schemes used to derive the proposed model: (a) subdivision in zones
and (b) detail of the pressure distribution over the solid part.
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Considering that at Slice 0 and Slice 2 (see Fig. 2.10) the momentum flux given
by the mass flow is equal and opposite, the equilibrium of I 4 11 4 11 requires

Fp =po — pe, (2.18)

where Fp is the drag force on the porous surface. Starting from the pressure
distribution over the grid screen, F'p can be expressed as

1
Fp = (2an§ +po —m) (1- ), (2.19)

where py, is the average pressure measured at the back of the grid. The first two
terms on the right hand side should be interpreted as follows. The streamline
starting from far upwind and impinging at the centre of the solid part conserves its
energy so that, thanks to Bernoulli’s theorem, the pressure at the centre of the solid
face can be evaluated as the sum of the static and the dynamic pressure, as shown
in Fig. 2.10 (b). Actually, the static pressure, ps = pg, is uniformly distributed
while the dynamic pressure, py, is distributed in a parabolic way. The coefficient «
appearing in Eq. (2.19) thus represents the ratio between the integral of a parabolic
distribution and that of a uniform distribution of equal area (reported in red in Fig.
2.10 (b)). In a two-dimensional case such coefficient is equal to 2/3, as can be
deduced for instance from the Gauss-Lobatto integration rule. For rectangular
solid areas, o would be equal to (2/3)2. As it can be seen, the range of variability
is extremely small, so that o ~ 0.5 can be adopted.

Next, the momentum balance of Part 111 is written as
pBUT + Bpn + (1 — B)py = p2 + pUs .- (2.20)

where py, is a measure of the pressure in correspondence of the holes, just after
the grid. We further assume

ph=p2+ B (po — p2), (2.21)

where [ is a constant to be calibrated based on experimental and/or numerical
data.

By solving the system composed by Eq. (2.18)-(2.21), we obtain

(aB+2)(B-1)
BB-1)

Then, by virtue of Eq. (2.18), which allows to identify Fp = Ap, we obtain

(af+2)(6-1)
pB-1

1
Fp = 5pUg (2.22)

K(B) = (2.23)
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As anticipated, o ~ 0.5 while, by best fit of the experimental data from [35],
8 =~ —0.1 has been obtained.

Finally, it is possible to calculate

1o, 1,2+ afp

Py =p2+ 5pUg Ky = p2 + 5pUp B(B-1) (2.24)

where K represents the average non-dimensional pressure on the back of the

grid with respect to the far-downstream pressure. Notice that the second term

composing K} is actually very small and that K}, is not a vanishing quantity for

B approaching 1 but, nevertheless, the force over the grid does vanish due to the
vanishing of the solid area.

A comparison between the proposed model, the results obtained from LES and
available experimental results is reported in Fig. 2.11. As in the previous figure,
markers used to represent experimental results reported in [35] are proportional to
the ¢/ Dy, ratio. In particular, Fig. 2.11 (a) reports K showing very good agreement
between the proposed law and experimental results, especially when low values
of t/Dy, are considered. Figure 2.11 (b) reports K} obtained by means of the
proposed model and the one measured averaging pressures on the back of the
solid part of the grid screen in LES. Here the accuracy of the proposed model
appears to be less marked although, overall, results appear to be well acceptable
in terms of trends and orders of magnitude. It can be also seen that, despite the
fact that the Fine meshes are of considerable size with respect to the problem
geometric complexity, results still show a marked mesh dependency, with Fine
meshes generally providing higher resistance with respect to Coarse meshes. This
might be due to the organization of the flow inside the hole in which Coarse
meshes do not allow to model the vein contraction inside the hole in an accurate
way.
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Figure 2.11: Results obtained by means of the proposed model and comparison
with experimental results: (a) K and (b) K. Markers used for [35] are propor-
tional to the ¢/ Dy, ratio.

Summarising, the proposed model allows to evaluate the 8 — Ap relationship
for porous surfaces at high Reynolds number with high accuracy. The model
provides a more detailed description of the flow organization in the proximity
of the grid with respect to previously available ones. Obtaining an accurate and
mesh independent prediction of the resistance of the grid by modelling explicitly
the pores geometry proved to be very cumbersome from the computational point
of view, with fine meshes generally providing higher resistance with respect to
coarse ones. The proposed model, thanks to its detailed point of view, might be
also amenable to further extensions aimed at modelling grids whose geometry
induce a directionality to the flow [3].

2.4.1 Effect of incidence angle

An important aspect which needs consideration in order to adopt a § — Ap rela-
tionship to model porous surfaces is represented by the dependency of Ap with
the angle of attack. This is of great importance for porous bluff bodies aerody-
namics in which it is not possible to predict in advance the wind angle with respect
the porous surface. The subject has been already studied in the literature and the
reader can refer to [94, 95] and to [25] for a more recent investigation.

One frequently referred prediction model in this case is given by [96], which reads
K(B3,0) = K(B) cos? 8, (2.25)

where 6 is the angle between the porous surface normal and the approaching flow.
This corresponds to calculating the pressure jump by considering only the velocity
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component normal to the inflow. A series of numerical simulations have been thus
performed by using the same models previously described and applying a skew
incoming velocity. Due to the adopted periodic boundary conditions, no other
change needed to be made. In order to limit the computational effort, only Middle
meshes are here considered.

Figure 2.12 reports a comparison of the results obtained by using the proposed
model and LES. In particular, Fig. 2.12 (a), (b) and (c) report the distribution of
the homogenized time-averaged pressure coefficient, Cp, as a function of the
along wind position in LES (the back of the porous surface is assumed to be
positioned at z = 0). In Fig. 2.12, results are further normalized by means
of K(f3,6) so that values located far upstream the grid are expected to be equal
to unity. Considering Fig. 2.12 (a), which corresponds to 5 = 16%, we can
observe that values very close to unity are observed for z/Dj, = —2, being the
only exception the flow at 80°, which shows a higher resistance than expected.
This effect should be probably associated to the thickness of the pores which was
not taken into account neither in deriving the proposed 8 — Ap relationship, nor
in Eq. (2.25). Corrections able to take such effect into account can be found
in [84]. Such aspect has been here disregarded also by noticing that, although
emphasized in the plot, it is not expected to change results substantially for thin
grids: actually the plotted values span many orders of magnitude and their relative
size is well captured by the model, as it can be seen in Fig. 2.12 (d) where the
function K (/3,0) is compared with results from LES.
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Figure 2.12: Distribution of C,;, with respect to the along wind position and angle
of incidence of the incoming flow: (a) 8 = 16%, (b) 5 = 25%, (¢) 8 = 64%, (d)
overview of K ([3,0).

The consideration reported above for Fig. 2.12 (a) apply also to Fig. 2.12 (b)
and Fig. 2.12 (c). We finally notice that the numerical simulations indicate that
the pressure recovery is completed at a distance from the grid equal to 2D —
4Dy, which, in this case, corresponds to 4 — 8 hole side lengths. This is thus the
distance after which the inhomogeneities of the flow induced by the pores can be
considered extinguished.

The comparisons between the proposed model and previous ones are shown in Fig.
2.13. Satisfying agreements are noticed between the proposed model and exper-
imental results, especially when the adopted porosity is larger than 35%. Mean-
while, it should be noticed that the previous models of [36, 77, 79] are proposed
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for low-Reynolds flow, which therefore give discrepancies in this comparison.
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Figure 2.13: The K — (3 relations of the proposed and previous models.

2.5 Porous forward facing step

We now apply the developed 5 — Ap relationship to study the flow over a forward
facing step between a porous and a solid surface. The case can be considered one
of the simplest example of separated flow at a sharp edge and, thus its study is
fundamental in order to validate the performance of the pressure jump modelling
approach in the case of porous bluff body aerodynamics. In Fig. 2.14 the geometry
of the analysed cases are reported. In particular, symmetry conditions are adopted
at the bottom and top of the domain. The face of the step normal to the incoming
flow is porous with 8 = 25% while the surface parallel to the incoming flow is
modelled as a wall. The height of the step is denoted as B. Periodic conditions
are adopted on the sides, so simulating a step infinitely extended in the span-wise
direction. Such geometry, due to symmetry, can be considered representative of
half of the frontal part of an elongated prism at null angle of attack.

Three cases are analysed: in the first one porosity is provided by means of two
rows of 1.5 square pores on the frontal face of the prism (if the symmetric body is
considered this leads to 3 pores on the frontal face). Such case is denoted as /1.5
Pores in the following. The second case is similar to the 1.5 Pores one but 3 pores
are used and it is denoted as 3 Pores in the following. Finally, the pressure jump
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approach is used, theoretically equivalent to an infinite number of pores. Such last
case is denoted as Baffle in the following.

Meshes are created in analogy to those used in Section 2.3 and using 16x16 cells
to mesh each pore and 4 cells along the pores thickness. The cell size in the zone
in which the flow separates and recirculates is kept equal to B/48 in all cases. An
overview of the adopted meshes, which count approximately 3M cells, is provided
in Fig. 2.15. Also numerical settings follow the same criteria adopted in Section
2.3.
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Figure 2.14: Overview of the simulated geometry: (a) computational domain, (b)
details of the porous surfaces models.
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Figure 2.15: Adopted computational meshes: (a) 1.5 Pores, (b) 3 Pores and (c)
Baffle.

An overview of the obtained instantaneous velocity fields is reported in Fig. 2.16.
The strong flow separation induced by the forward facing step can be clearly ob-
served. Overall, a very good agreement between the three cases is observed, so
highlighting that the use of the pressure jumps is a viable solution not only in the
case of internal flows, as classically done, but also in the case of external ones.
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Furthermore, it appears that even with a small number of large pores, reasonable
results can be obtained by using the pressure jump approach for this case.

P e

() (b) (©)

Figure 2.16: Contours of the non-dimensional instantaneous velocity magnitude:
(a) 1.5 Pores, (b) 3 Pores and (c) Baffle.

We now proceed at characterizing the averaged fields in order to provide a direct
comparison between averaged quantities in the case of 1.5 Pores and 3 Pores and
in the Baffle case. In particular, time averaged quantities are denoted by means of
an over-bar while averaging in the span-wise direction (the one normal to the peri-
odic boundaries), is denoted by a subscript , z. The two aforementioned averaging
are adopted at the same time, in order to provide quantities which are directly
comparable between all considered approaches. As an example, the symbol U =
indicates the time averaged velocity field, further averaged in the span-wise direc-
tion.

Still indicating with Uy the free-stream velocity magnitude, Fig. 2.17 reports con-
tours of U 2/Up. A good correspondence between the results obtained in the three
cases can be observed. Surprisingly, the recirculation region length for 1.5 Pores
appears to be more similar to the Baffle one than the 3 Pores one.

[ S

(@ (b) ©
Figure 2.17: Contours of U7z /Up magnitude: (a) 1.5 Pores, (b) 3 Pores and (c)
Baffle.

Figure 2.18 reports streamlines of U, /Uy. Despite the similarity between the
separation bubble length observed in 1.5 Pores and Baffle, its internal organization
appears to be different. In the /.5 Pores case, only a vortex core is clearly visible
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and it is followed by an elongation of the streamlines which hints to the possibility
to create a second, much smaller core just downstream the first one. Conversely,
in the Baffle case two vortex cores are clearly visible. Interestingly, the presence
of an elongation of the vortex core in the horizontal direction can be seen also
in the 3 Pores case but here, despite a remarkable size difference, the two vortex
cores can be clearly observed.

Figure 2.18: Streamlines of U,zi (a) 1.5 Pores, (b) 3 Pores and (c) Baffle.

Figure 2.19 reports contours of C_J'p, -, being C), the pressure coefficient calculated
based on the free-stream velocity magnitude. The similarity in the obtained pres-
sure fields can be clearly observed, still confirming a slightly larger separation
zone for 3 Pores with respect to the others. The pressure recovery after the grid
can be once more clearly observed and, in agreement with previously presented
results, appears to be completed only some holes characteristic dimensions down-
stream the porous grid. As expected the Baffle case, being representative of an
infinite number of holes of vanishing size, leads to the final pressure value just
downstream the porous grid.
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Figure 2.19: Contours of C*p,z: (a) 1.5 Pores, (b) 3 Pores and (c) Baffle.

Finally, the distribution of C’p,z and Czlu,z along a path running along the external
side of the step (shown in Fig. 2.14 as ared line) is shown in Fig. 2.20, being CI’L P
the standard deviation of the pressure coefficient, averaged along the span-wise
direction. In particular, data are reported as a function of s, the distance along the
path made non-dimensional with respect to B. A very good agreement between
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the three cases can be observed as regards C_'p7 » at all locations. When considering
C,, . it is noticed that remarkable pressure fluctuations are observed for the 1.5
Pores case for s < 1 while almost null values are recorded for the Baffle case.
The 3 Pores case is intermediate between the two. Such differences are expected
and are related to the presence of the pores and their local effects. After s = 1,

despite some initial differences related the different internal organization of the

recirculation bubble, the three simulations appear to be in fair agreement.
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Figure 2.20: Distribution of C,, , and C’;L ,, along s for the three considered models.

2.6 Conclusion

In this paper, the use of the pressure jump approach for simulating the flow de-
tachment in the proximity of a porous forward facing step has been discussed.
Firstly, a brief literature review regarding existing models which can be used to
relate the pressure jump to the surface porosity have been presented. Then, LES of
a representative element of a porous surface has been analysed. Based on the ob-
tained results, a new 5 — Ap relationship, valid for thin surfaces at high Reynolds
numbers, has been proposed. An investigation on the variation of the resistance
offered by the grid with respect to the angle of attack has been also performed.

Finally, a forward facing step characterized by a porous frontal surface has been
considered. Despite its geometrical simplicity, such case is extremely significant,
as it represents the simplest of the conditions which might be found at the corners
of porous bluff bodies: the flow detaches from the leading edge and reattaches
along the side so creating a recirculation bubble. The pressure jump approach led
to some discrepancies with respect to the cases in which the pores where explic-
itly simulated but, overall, reasonably good agreement between the models have
been obtained, despite the fact that the considered pores were far from being of
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vanishing size with respect to the step height.

It must be noticed that the considered case is probably the simplest between the
conditions which might be encountered in simulating the flow around porous bluff
bodies, so that the present investigation actually represents only a first step toward
a careful validation of the use of pressure jumps to simulate the flow around porous
bluff bodies using LES.
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Chapter 3

On the numerical simulation of
perforated bluff-bodies: a CFD
study on a hollow porous 5:1
rectangular cylinder

In this chapter, the aforementioned pressure-jump approach is evaluated by in-
vestigating the flow through a hollow porous 5:1 rectangular cylinder, where the
2D-URANS method is used. The comparisons between explicit and implicit mod-
eling approaches are also adopted to account for the porous surfaces: in the first
one the pores are explicitly modeled, so providing a detailed representation of the
flow. In the second one, the porous surfaces are modeled by means of pressure
jumps, which allow to take into account the presence of pores without reproduc-
ing the flow details. Then, the results obtained by using the two aforementioned
techniques are compared aiming at evaluating differences and similarities, as well
as identifying the main flow features which might cause discrepancies. Moreover,
the influences of the turbulence model, porosity and angle of attack are consid-
ered.

This chapter has been published as:

On the numerical simulation of perforated bluff-bodies: A CFD study on a hollow
porous 5:1 rectangular cylinder. M. Xu, L. Patruno, Y.L. Lo, S. de Miranda, F.
Ubertini, Wind and Structures, 34 (2022): 1-14.
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3.1 Introduction

Porous surfaces have been increasingly adopted in modern architecture over the
years [1, 2, 3] (see for example Fig. 3.1). However, the aerodynamic behaviour
of bluff structures composed by porous surfaces is not well-understood and it is
not easily investigated by classical wind tunnel experiments, if not on relatively
simple geometries [97]. An important reason is that the piping system and pres-
sure taps are difficult to be well arranged due to the presence of the pores. In such
context, Computational Fluid Dynamics, CFD, might represent an approach able
to overcome the aforementioned difficulties.

Figure 3.1: Wind tunnel test of the antenna of the Unicredit Tower performed at
Politecnico di Milano. Image taken from [1].

Unfortunately, as the pore size is usually extremely small compared to the im-
mersed porous body, performing detailed simulations of the flow through the holes
leads to extremely high computational costs, which render the explicit simulation
of the pores substantially impossible in the majority of the cases. A convenient
alternative is to model the presence of the porous surfaces by means of appropriate
pressure jumps (see for instance [31, 32]). By using such an approach, the time
needed to build the numerical model and to run the simulations can be drastically
reduced.

Currently, the use of pressure jumps for modelling porous surfaces is well-established
for internal aerodynamics (e.g. flows through porous screens and filters). As re-
gards external flows, similar techniques have been used to simulate the presence
of actuator disks [98, 99, 100, 101, 80] and porous fences [98, 65, 31, 66]. An
interesting case in which a porous medium has been adopted in order to model
louvers can be found in [32]. It is noticed that the pressure-jump approach is suit-
able for very thin members like membranes and perforated sheets. Equivalently,
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for other cases in which the hydraulic head loss is distributed over the volume
occupied by the permeable body, appositely defined sink terms in the momentum
equation can be introduced [102, 103, 104].

However, the simulation of external flows around porous bluff-bodies by using
pressure jump based simulations still requires intensive research work: the pres-
ence of flow separations and reattachments in fact renders such flows notoriously
sensitive to the incoming flow characteristics and imperfections and, thus, difficult
to be accurately predicted [105]. In such context, although extremely convenient
in practice, the use of pressure jump based simulations should be carefully inves-
tigated before possible applications.

In this paper we aim at providing a first evaluation of the use of pressure jumps in
simulating the external flow around an hollow 5:1 perforated rectangular cylinder
using 2D URANS. The same case, considering solid surfaces, has been exten-
sively studied in recent years in the context of the Benchmark on the Aerodynam-
ics of Rectangular 5:1 Cylinder, BARC [105, 106, 107, 108, 109].

In particular, two different modeling approaches are adopted: in the first one the
pores are explicitly modeled. This approach provides a detailed representation of
the flow through the pores, but requires remarkable computational resources. In
the second approach, the pores are not modeled and the surfaces are simulated by
means of pressure jumps, which allow to take into account the presence of pores
without reproducing the flow details. The agreement between the two aforemen-
tioned approaches shall not be taken for granted as the pressure jump approach
represents a great simplification of the interaction between the flow and the porous
element, substantially based on the matching of the drag (in analogy to many pro-
cedures used to built reduced scales models for wind tunnel experiments).

The study is thus aimed at assessing the accuracy of such second approach and
qualitatively investigate the mechanisms which lead to discrepancies with respect
to the first strategy. To this purpose, comparisons between such two approaches
are performed considering rectangles characterized by different porosities using
two turbulence models. For the case characterized by 45% porosity, different
angles of attack are also considered. On such regard it should be noticed that
while 2D URANS models are well-known to be sometimes inaccurate in the re-
production of the flow around bluff-bodies, the main concern here is to assess
the differences between the two aforementioned approaches and to individuate
the mechanisms responsible for such deviations. We furthermore notice that 2D
URANS are widely used in practice (e.g. in the evaluation of the aerodynamic
coefficients of bridge decks, which sometimes contain porous barriers) and that
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they are known to be quite successful (in the limit of their possibilities) in the
prediction of the flow field around the solid 5:1 rectangular section [105].

The paper is organised as follows. The numerical setup and case geometry are
illustrated in Section 3.2. The dependency of the results on the adopted mesh
and on the corner geometry are investigated in Section 3.3. In Section 3.4, the
aerodynamic behaviour of the rectangles characterized by several porosities are
investigated at null attack angle using two turbulence models. Then, the effect of
the attack angle is studied for the 45% porosity in Section 3.5. Finally, conclusions
are drawn in Section 3.6.

3.2 Computational Model

In this section, the numerical setup and the geometry of the adopted porous 5:1
rectangular cylinder are reported. According to the BARC main setup and the
notation introduced in Fig. 3.2, the Reynolds number based on D is set to 2.7x 10%.

As shown in Fig. 3.2 (a), the domain is such that D, = 40B and D, = 20B
leading to a blockage ratio equal to 1.0%. As reported in the investigation per-
formed by [110], very slight effects have been found when simulating the fluid
flow around solid bluff-bodies if the blockage ratio ranges from 0.7% to 3.75%,
which covers the value in this study. Furthermore, considering that porous bluff-
bodies are investigated instead of solid ones in this work, even less remarkable
influence of the blockage ratio is expected. The distance between the front sur-
face and inlet is set to A, = 10B.

As anticipated, two main approaches are used to represent the porous surfaces
(also denoted as grid screens in the following), as depicted in Fig. 3.2 (b). In
the first modeling approach, the geometry, which explicitly takes into account
the pores is modeled. In the following, such an approach is referred as GS. The
modelled pores are 0.05D wide, so trying to minimize as much as possible the
ratio between their size and that of the overall rectangle. In the limit of vanishing
pore size, it can be expected that the results shall be independent from the pores
shape and arrangement. Different porosities are obtained by changing the pore
number and, for the 65% porosity case by enlarging them to 0.125D.

As regards to the second approach, the grid screens are replaced by homogenized
baffles, i.e. the pores are not explicitly modeled and the pressure jump approach
is used instead. Such modeling approach is referred as HB in the following sec-
tions. Additionally, a third approach is considered in which homogenized baffles
are used but the corner geometry is explicitly modeled aiming at investigating
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the sensitivity to the corner geometry, which has been found to be of remarkable
importance in the case characterized by solid surfaces [111]. Such modeling ap-
proach is referred as SC in the following sections. Further details on the third
approach are provided in Section 3.3.

Pressure taps are arranged along the path sg, which starts from the central point
of the front surface and covers the whole rectangle, as indicated in Fig. 3.2 (a).
It must be noticed that although sq is illustrated outside the rectangle for the sake
of clarity, it is actually coincident with the surface of the rectangle. Then, in or-
der to measure the pressure outside and inside the rectangle, pressure taps are
offset in the normal direction to the path. This leads to two paths: outside sg
and inside sg depending on the directions of the offset. It should be noticed that
immediately downstream the porous surfaces, a pressure recovery is usually ob-
served, as reported in [78, 112, 113]. The distance at which such pressure recovery
is completed, which coincides with that required to recover an homogeneous ve-
locity field downstream the grid, is of the order of several pore diameters. When
using pressure jumps, the pore size is supposed to be a vanishing quantity, so that
the pressure recovery zone dimension vanishes as well and, thus, it is not observed
(for further details refer to [113]). As a consequence, in order to directly compare
the GS and HB models, it is necessary to move the pressure probes away from
the porous surfaces of some characteristic pore dimensions. Through a series of
preliminary tests, such offsetting distance is here set to 0.15D (corresponding to
3 pores diameters). Such value should be regarded only as a reasonable compro-
mise between opposing necessities: on one side it is necessary to avoid to move
away from the surface where we need to evaluate the pressure field but, on the
other side, we need to move out of the pressure recovery zone in order to ensure
the comparability between GS and HB models [113]. We notice that P;, P, and
Ps are three pressure probes located on outside sg. Moreover, several velocity
probes are arranged along si, s2, s3 and s4, which are shown in Fig. 3.2 (b). In
particular, s3 represents the vertical midline of the rectangle.
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Figure 3.2: Sketch of the numerical model adopted for the numerical simulations:
(a) domain and (b) the porous rectangular cylinders.

As anticipated, in the modeling approaches HB and SC, the presence of the porous
surfaces is described by means of pressure jumps. To this purpose, the pressure
jump is calculated according to the formula provided in [113], which reads

UL (@18 +2)(8 = 1)
2 52((12 - 1) ’

where Ap is the pressure jump, (3 is the porosity defined by the pore area divided
by the total surface area, p is the fluid density, U, is the local velocity normal to
the surface, a; = 0.5 and as = —0.1. Such formula is valid at high Reynolds
for perforated plates of vanishing thickness and has been validated against exper-
imental and numerical data for porosities in the range 16% to 69% [113]. Other
formulations and corrections able to account for different situations can be found
in [79, 77, 86, 87, 88, 89, 90, 91, 92].

Ap = (3.1)

In this paper, two well-known URANS turbulence models are adopted. The first
one is the kK —w sst model, which has been extensively used in the context of bluff-
bodies aerodynamics [114, 115, 116, 117]. As reported in [118], the £ — w sst
model is a blend between the £ — w model in the near-wall region and the k — ¢
model in the far field. Such a transition is regulated by the wall distance. Unfor-
tunately such quantity is not well defined for porous surfaces when homogenized
baffles are adopted. In order to avoid such problem, the Shih’s quadratic algebraic
Reynolds stress k — e model is also considered, [119], because it is wall-distance-
free. This characteristic appears to be an advantage in such a context. For the sake
of conciseness, the aforementioned turbulence models are referred as k — w and
k — ¢ in the following sections, respectively.

41



As regards to the boundary conditions, a zero pressure is imposed at the outlet
boundary, while a null pressure gradient is prescribed at the inlet. A fixed velocity
value, Uy = 2m/s, is imposed at the inlet boundary, and a Neumann boundary
condition, zero gradient, is imposed at the outlet. Symmetry boundary conditions
are imposed at the top and bottom of the domain while wall-functions are used for
the grid for GS models.

A centered second-order differentiation scheme is adopted for the diffusive terms,
while for non-linear advective terms, the second-order linear upwind scheme is
used. Time integration is performed by using the Crank-Nicolson scheme. The
coupling of pressure and velocity is obtained for all simulations by using the well
known Pressure-Implicit with Splitting of Operators (PISO) algorithm. The open
source Finite Volume software OpenFOAM is adopted to perform the simulations.

3.3 Sensitivity to mesh and corner geometry

In this section, the dependency of results on the adopted mesh is firstly discussed.
Then, the influence of the corner geometry on the fluid flow is investigated. Such
assessments have been performed considering a rectangle characterized by 45%
porosity.

3.3.1 Sensitivity to mesh

Two structured meshes are used in order to assess the sensitivity to the mesh. The
first one, a coarse mesh, C, characterized by along and cross wind dimensions
6z/B = 8,/B = 5x1073 close to the considered rectangle, is adopted and shown
in Fig. 3.3. The second one, a finer mesh, F', characterized by along and cross
wind dimensions 6,/ B = &,/ B = 2.5 x 1073 close to the considered rectangle, is
also used. By adopting the meshes C' and F for the 45%-porosity rectangle, each
pore is meshed by 4 and 8 cells, respectively. We remark that each solid part for
the GS model might be regarded as an independent bluff body, so that an accurate
simulation would require thousands of cells for each of them. However, such a
large effort appears to be unjustified also in view of the fact that the HB models
only roughly approximate the presence of porous surfaces disregarding any effect
other than the resistance offered in the direction normal to the porous surface (i.e.
no shearing effect is taken into account, nor local pore-scale flow modifications,
turbulence production, etc).
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() (b)

Figure 3.3: The coarse mesh adopted for the 2D RANS simulations: (a) overview
and (b) the porous 5:1 rectangular cylinder used for the GS model.

We now proceed at comparing the time-averaged fields obtained with the meshes
C and F. Firstly, the dimensionless time-averaged velocity, U /Uy, along s1, sa,
s3 and sy is shown in Fig. 3.4. In particular, looking at the results of GS models
shown Fig. 3.4, it can be seen that some differences between GS C and GS F are
observed especially in correspondence of the pores of the frontal face but, overall,
a good agreement is obtained. As regards the HB models, the distributions of
U /Uy appear not to be significantly affected by the mesh resolution. We notice
that the differences observed between GS C and GS F models do not allow to
explain qualitative differences with respect to HB models. Between them, we
observe a smoother distribution of the velocity in front of the rectangle (i.e. path
s1) for the HB model as well as different shapes of the velocity profile at the
leeward edge (i.e. path s4).
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Figure 3.4: The U/UO along the s1, s2, s3 and s4 of GS and HB, where C and F
represent the coarse and finer mesh, respectively.

As usual, we define the time-averaged pressure coefficient, C, = where

p represents the time-averaged pressure. A reasonable agreement between G'S C'
and G S F is observed, although a slight mesh sensitivity can be noticed as shown
in Fig. 3.5. Actually, as already mentioned, each pore is meshed by 4 to 8 cells, so
that some local mesh dependency can be expected. Indeed, this shows that even
in such a simple case, obtaining a clear mesh independence when considering the

pores geometry is extremely difficult, so further highlighting the importance of
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investigating the use of HB models. Nevertheless, it should be noticed that a good
agreement as regards the overall flow arrangement is obtained, which suggests
that the adopted mesh resolutions are adequate for the current study.
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Figure 3.5: Comparisons of the C, obtained by using C and F meshes: (a) GS
models and (b) H B models.

With the aim of obtaining a better insight in the slight mesh sensitivity observed
for GS models, we now look at the instantaneous velocity field, U, reported in Fig.
3.6. In particular, it can be seen that vortical structures detached at the leading
edge corners appear to be stronger when the coarse mesh is adopted. This seems
to indicate that the local flow behaviour at the corner is the main cause of the
differences observed between GS C and GS F models.

0.5

GSC GSF

Figure 3.6: Contours of the magnitude of U /Uy around the top windward corner,
where C and F represent the coarse and finer mesh, respectively.

The aforementioned differences become less noticeable in the distributions of
time-averaged velocity magnitude, which is shown in Fig. 3.7. Such improvement
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indicates that although the detailed flow arrangement cannot be well reproduced,
comparable patterns of the time-averaged velocity magnitude are obtained.

0.5

GSC GSF

Figure 3.7: Contours of the magnitude of U /Uy around the top windward corner,
where C and F represent the coarse and finer mesh, respectively.

Also anticipated in Fig. 3.5, comparable distributions of time-averaged pressure
can be observed around the windward corner as well. However, differences be-
tween GS C and GS F models are noticed downstream the windward corner.

i -% e 1
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Figure 3.8: Contours of time-averaged pressure around the top windward corner,
where C and F represent the coarse and finer mesh, respectively.

The module of the Fast Fourier Transform (FFT) of the pressure measured at P,
P, and Ps is shown in Fig. 3.9. In particular, at P;, GS C shows a peak at a
non-dimensional frequency, f/(B/Uy), equal to 10, which is not observed for
GS F. At P; a peak is present at approximately 2, and the GS C and the GS F
lead to comparable results. Such evidences appear to be consistent with the U
field shown in Fig. 3.6, where several vortex detached at the leading edge can be
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observed only when the coarse mesh is adopted, but a global shedding mechanism
is obtained for both models as it will be later shown.

Figure 3.9: The Fast Fourier Transform (FFT) of pressure at the P;, P» and P3 of
GS with coarse and finer mesh (C: coarse mesh, F: finer mesh). The frequency is
dimensionless based on B and Uj.

Summarizing, a good agreement between GS C and GS F in terms of overall flow
arrangement is observed. Differences are recorded mainly in the proximity of the
holes and of the leading edge corners. Such differences, which can be considered
as mainly local, are responsible for some differences in the flow arrangement and
appear to be difficult to be completely eliminated.

3.3.2 Sensitivity to corner geometry

It has been observed in the previous section that the corner zone is particularly
sensitive to the adopted mesh due to local effects. This indeed suggests a sensitiv-
ity also to the corner geometry. While this might not represent a major problem
for pores of vanishing size, it is anyway worth to investigate such effects a lit-
tle bit further. Once again the analysis is performed taking into account only the
45%-porosity rectangle, representative of intermediate porosities between the in-
vestigated ones.

In particular, in this section we analyze the possibility to build mixed GS/HB mod-
els. Such investigation is performed by adopting the SC models, which use the HB
approach in all the body apart from the corners, where the geometry is explicitly
modeled as in GS models. This provides a hybrid approach between GS and HB,
and we here investigate the sensitivity of such model with respect to the corner
geometry (in the spirit of a sensitivity study the C mesh has been retained). For
this purpose, three types of corner geometries are simulated, which are shown in
Fig. 3.10: in the first corner geometry, denoted as SC00, only the solid part of
the corner is explicitly modeled; in the second one, SCI3, one hole on the front
surface and three holes on the sides are explicitly modeled; in the third one, SC23,
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two holes on the front surface and three holes on the sides are explicitly modeled.

The magnitude of the instantaneous velocity field obtained adopting the three
aforementioned models is shown in Fig. 3.11. It can be seen that the flow de-
tachment is affected by the corner geometry. In particular, comparing SC1/3 and
SC23 shows that the geometry of the pores on the windward as well as the side
surface is responsible for the flow arrangement, being the interaction between the
two the cause of the observed shedding of small vortical structures.

0 Hole 3 Holes 3 Holes
° Solid corner ° Solid corner 2 Solid corner
= Sm —Hole S+ —Hole
g Homogenized baffle E Homogenized baffle i D Homogenized baffle
‘ with pressure jump ‘ with pressure jump ’ with pressure jump
SC00 SCi3 SC23

Figure 3.10: The adopted corner geometries for the SC modeling approach, in the
sketch the thickness of the porous surface is not null but a null thickness has been
used in the numerical models.

1
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Figure 3.11: Contours of the magnitude of U /Uy obtained by using different cor-
ner geometries.

As expected, as it can be seen in Fig. 3.12, the pressure coefficients along outside sq
and inside sq are also affected by the corner geometry, although such influence
is mostly concentrated in the proximity of the corners. Results obtained for the
model SC23 are indeed quite similar to the GS model in the proximity of the cor-
ner.
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Figure 3.12: The distributions of the pressure coefficients along (a): outside sg
and (b): inside sg.

In a brief summary, the influence of the corner geometry might represent a limi-
tation of the current investigation. We nevertheless assume that such differences
vanish for vanishing pores dimensions with respect to the immersed body. Such
aspect, worth of further investigations, remarkably complicates the direct compar-
ison of GS and HB models when pores are not of vanishing size. It also appears
that the local flow at the corner is influenced by a relative large number of pores
in its proximity.

Due to the great simplifications given by the HB models, assessing their perfor-
mances with respect to GS models appears to be of primary practical importance
and, so, we proceed conscious of the unavoidable limitations of such comparison.
We notice that a viable alternative is to compare CFD results against experimental
ones obtained with pores of very small size. Unfortunately, producing such exper-
imental results is remarkably difficult and, in addition, the comparison would not
allow to properly isolate the effect of using pressure jumps instead of explicitly
modelling the geometry (i.e. many other aspects concur in producing the differ-
ences observed between 2D URANS and experimental results).

3.4 The effect of porosity

In this section, the numerical results obtained with three porosities (i.e. 3 = 25%,
B = 45% and 8 = 65%) and two turbulence models (i.e. k¥ — ¢ and k — w)
are analyzed. It should be noticed that the results reported for the GS models are
actually obtained by using the k£ — ¢ turbulence model. The same simulations
have been also performed by using the k£ — w turbulence model obtaining very
similar results. These results are not shown here for the sake of conciseness and,
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consequently, when the £ — ¢ and k¥ — w models are mentioned in the following
sections, only the HB models are referred.

3.4.1 Flow topology

Before proceeding, for the sake of comparison, we here briefly report results ob-
tained for the fully solid case, i.e. S = 0, presented in [117]. Such results, in
analogy to the current ones for the porous cases, are obtained using 2D URANS
simulations. In particular, Fig. 3.13 reports contours of the instantaneous velocity
magnitude and streamlines.

(b

Figure 3.13: The flow topology around the solid 5:1 rectangle at null angle of
attack reported by [117]: (a) the contours of U and (b) time-averaged streamline.

We now proceed at comparing the instantaneous velocity fields obtained by using
different porosities and turbulence models, which are shown in Fig. 3.14. Looking
at the GS models shown in Fig. 3.14, a change of the overall flow organization is
observed with increasing porosity. In particular, vortex shedding occurs for 25%
porosity, while only minor shear layer instabilities are found for § = 65% when
the GS model is adopted. We further notice that a reasonable agreement between
k — ¢ and k — w turbulence models is obtained for 3 = 25% and 8 = 65%. On
the contrary, for the intermediate porosity, i.e. 45%, vortex shedding is observed
for the G'S and the HB k — ¢ models, while it is not observed for the HB k — w
model.
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Figure 3.14: Contours of the magnitude of U /U obtained by using different mod-
eling approaches, porosities and turbulence models.

Similar phenomena can be also found in the distributions of instantaneous pressure
(3.15): when comparing the k¥ — ¢ and k — w models, for the 25%- and 65%-
porosity cases, comparable vortex shedding are found in the wake flow. However,
for the 45%-porosity cases, the vortex street is observed only in k — & cases.
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Figure 3.15: Contours of instantaneous pressure, p/py, obtained by using different
modeling approaches, porosities and turbulence models.

With respect to the time-averaged flow arrangements, the difference between k—¢
and k — w turbulence models is even less noticeable. Moreover, such agreement
is observed regardless the adopted porosity.
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Figure 3.16: Contours of the magnitude of U /Uy obtained by using different mod-
eling approaches, porosities and turbulence models.

As shown in Fig. 3.17, such consistency is also found in the comparison of time-
averaged pressures, where the patterns of k — ¢ and k£ — w models are particularly
comparable. However, several differences between GS and HB models are noticed
as well. As anticipated, the pressure recovery cannot be reproduced by using the
HB approach, which consequently leads to different pressure distributions down-
stream the windward surface.
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Figure 3.17: Contours of the time-averaged pressure, 7/pg, obtained by using
different modeling approaches, porosities and turbulence models.

Finally, looking at the time-averaged streamlines shown in Fig. 3.18, we can no-
tice that the recirculations in the wake zone are clearly identifiable for 25% poros-
ity. In particular, differently from the solid case, no separation bubble is created
on the sides at the leading edge, where the separation if filled by the outflow com-
ing from the interior of the rectangle, which prevents vorticity accumulation there.
Looking now at the back surfaces, the 25%-porosity GS model is characterized by
two vortices partially included inside the rectangle, while such arrangement is not
observed in either HB models. Despite these differences, the mean flows of the
GS models appear to be well reproduced by the HB models when porosities are
larger. Overall, the k — ¢ and k£ — w turbulence models provide similar mean flow
regardless the porosity.
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GS, B =65% HB, k —¢, 8 =65% HB, k —w, B =65%

Figure 3.18: The streamlines of U obtained by using different modeling ap-
proaches, porosities and turbulence models.

3.4.2 Statistics of velocity and pressures

Firstly, the distributions of U /Uy along s; to s4 are reported in Fig. 3.19. Look-
ing at the U /Uy along s1, which is located just upstream the front surface, several
fluctuations can be noticed in the results of the GS models due to the presence of
the pores but a reasonable agreement is observed if those fluctuations are disre-
garded. Focusing on the results along s; and s2, the velocities in the central point,
y/D = 0, are approximately equal to SUp: for HB models and 25% porosity, the
velocity in the central point is approximately equal to 28% of the Uy; for 45%
porosity, the velocity in the central point is approximately equal to 48% of the Uy;
for 65% porosity, the velocity in the central point is approximately equal to 70%
of U 0-

The model characterized by § = 25% seems to provide the best agreement be-
tween GS and HB models, while 5 = 45% and 8 = 65% show the largest dis-
crepancies. We nevertheless observe that the widths of the zones where the U /Uy
is sensibly smaller than 1.0, i.e. the zones whose velocity is shielded by the pres-
ence of the porous rectangle, are similar in cross-wind size for all the GS and HB
models.
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Figure 3.19: The U /Uy of the GS and HB models along s1, s2, s3 and sy4.

Secondly, the pressure coefficients of the GS and HB models are reported in Fig.
3.20 where, for the sake of completeness, results for the solid cases reported in
[117] are also shown. In the comparison between the solid case and the porous
cases, it should be bear in mind that the solid case is measured right on the surface,
while porous cases are measured at offset locations.
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Observing the C), along the outside sp, it can be seen that the overall results
are comparable, while the major discrepancies are noticed in different regions de-
pending on the adopted porosity. When the 25% porosity is adopted the pressure
outside the windward face is well captured but suctions in the inner face appear
underestimated. This is at least partially due to an incomplete pressure recovery
in that zone and should not be overestimated. Looking now at the outside paths,
the same observation holds for the results obtained for the leeward face of the
65% porosity rectangle. The effects of the leeward corners, not accurately cap-
tured by HB models, appear to be particularly remarkable at intermediate porosi-
ties. Overall, it can be concluded that a good qualitative agreement is obtained by
HB models which, anyway, struggle to catch local effects which, once amplified
downstream, might lead to some differences in the overall results.

Furthermore, it can be seen that the k — & and k& — w models provide similar C,,
for the HB models regardless the porosity. As previously explained, such result is
not trivial as the wall-distance is not properly defined for HB models.
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Figure 3.20: The C), of the GS and HB models with offset distance 0.15D.

In the previous discussions, as anticipated, pressures are measured offsetting the
path sg of a distance 0.15D. In order to highlight the influence of the pressure
recovery, a distance, 0.03D is also considered, and the obtained results are shown
in Fig. 3.21. Such distance is such that no pressure recovery can actually take
place and so, stronger suctions are expected downstream the porous surfaces (i.e.
the suctions of GS and HB models should not be directly compared). By compar-
ing the results shown in Fig. 3.20 and Fig. 3.21, as expected it can be seen that
differences are mainly observed downstream the front and back surfaces, where
the pressure recovery occurs, which means that the pressure here is still to be
recovered from the dynamic head.
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Figure 3.21: The C,, of the GS and HB models when a small distance from the
porous surfaces, 0.03D, is adopted to offset the path sg.

Then, the root mean square of the pressures along outside sg and inside sq is
reported in Fig. 3.22. Here differences between GS and HB models can be clearly
seen. Pressure fluctuations are observed for the HB models only for 25% porosity.
In all other cases, HB models are characterized by very small fluctuations. This
happens also for HB = 45% when k — ¢ is used, which is characterized by
vortex shedding. In that case, the shedding is actually observed far down in the
wake and leads only to very weak fluctuations at the body surface. In making
such comparisons it should be anyway recalled that in no way the local pressure
fluctuations around the pores can be replicated by the adopted HB model. This
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is particularly obvious for the 65%-porosity cases shown in Fig. 3.22, which are
representative of the cases in which global vortex shedding does not occur for
the GS model with 5 = 65% (shown in Fig. 3.14), but pressure fluctuations are
anyway clearly observed.

s/D s/D
B = 65%, outside so B = 65%, inside so

Figure 3.22: The C’]’D of the GS and HB models when the distance, 0.15D, is
adopted to offset the path sg.

Finally, integral force coefficients (normalized by the cylinder breadth, B) and
their standard deviations are shown in Table 3.1. It can be seen that, at least
in the present simulations, introducing porosity does not have a strong effect on
the drag coefficient, being the GS and HB models in agreement on such point.
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Strong differences instead are observed in the fluctuations of the lift coefficient,
as the introduction of porosity suppresses of strongly limits the strength of vortex
shedding, as already discussed.

Table 3.1: The integral force coefficients (normalized by the cylinder breadth, B)
and standard deviations for the GS and HB models. A solid case, 8 = 0, reported
by [117] is also shown.

Cy c
GS HB)k — ¢ HB, k — w GS HBk—¢ HBEk-w
8=0,[117] | 0.224 - - 0.018 - -
8 =25% 0.245 0.253 0.247 0.015 0.003 0.005
8 = 45% 0.251 0.234 0.231 0.009 7.0x107* 1.5x 1077
B =65% 0.215 0.207 0.209 0.004 53x1077 4.5x107?
G Cl
GS HB,k — ¢ HB, k —w GS HB,k — ¢ HB, k —w
B8 =0,[117] | -0.02 - - 0.81 - -
8 =25% —9.2x107% 35x10° 98x10°% | 001 0.008 0.005

8 = 45% 2.0x 1073 6.0x1078% —56x10"M" | 0015 1.1x107° 35x10°10
B =65% 20x107%  33x10710 —40x107'" ] 0.039 6.0x107° 6.7 x107!2

In a summary, GS and HB models appear to be comparable as regards the over-
all time-averaged flow organization, but may differ in many aspects related to
the local flow organization. As local differences can be amplified downstream,
they indeed lead to some differences in the obtained results. Local differences are
mainly related to the corners and to the unavoidable presence of pressure recov-
ery zones for GS models which cannot be appreciated in HB models. Such last
aspect might not be of practical importance in many circumstances as such zones
are expected to vanish in size for vanishing pore dimensions but increases the dif-
ficulties encountered in comparing GS and HB models. It should also be noticed
that the CI’, appears to be hard to be well reproduced by using the HB models, but
this can be partially attributed to the presence of the aforementioned local effects
which the such models are meant to smooth out.
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3.5 Effect of the attack angle

In this section, the numerical results obtained with the 45%-porosity rectangles
considering two additional attack angles are analyzed (i.e. & = 30° and o = 60°
nose-up, see Fig. 3.2). The different attack angles have been obtained rotating
the inflow velocity and adopting periodic conditions on the top and bottom of the
domain. Since the influence of the adopted turbulence models on the results has
been found to be negligible, only the results of the £ — € model are here reported
for the sake of conciseness.

Firstly, the distributions of the time-averaged velocity along si, s2, s3 and s4 are
illustrated in Fig. 3.23. It should be noticed that the adopted attack angles are
such to considerably change the orientation of the s; to s4 with respect to the
mean flow. Such paths have been anyway maintained for the sake of simplicity.
Results obtained in the previous sections are mainly confirmed being the GS and
HB models in reasonable agreement when the fluctuations induced by the presence
of the pores are disregarded. In particular, trends appear to be well reproduced as
well as the extension of the zones shielded by the presence of the porous rectangle.

62



U/U,y
s1 for GS

T/t

s1 for HB

Figure 3.23: The U /U, of the GS and HB

attack angles.

y/D

y/D

so for GS

y/D

y/D

T/U,

so for HB

T/,

s3 for HB

T/U,

s4 for HB

models obtained by using different

The time-averaged pressure coefficients are reported in Fig. 3.24. Also in this
case, although some quantitative difference is observed, results appear to be well
comparable, being the time-averaged pressure distribution at o« = 60° very well
reproduced by the HB model.
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Figure 3.24: The C), of the GS and HB models obtained by using different attack
angles.

Unfortunately, similarly to the cases at null angle of attack, although comparable
time-averaged flow arrangements are found, the C]') is hard to be accurately repro-
duced as it can be seen in Fig. 3.25. We notice that, values of CI’) close to 0.1 have
been found to be related to local effects in the previously presented results (see
for example Fig. 3.25 where such value is recorded at ¢nside sg, downstream the
windward surface).
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Figure 3.25: The C;) of the GS and HB models obtained by using different attack
angles.

Finally, in Table 3.2 we report the integral force coefficients for all the considered
angles of attack. Force coefficients are all made non-dimensional with respect to
B and should be intended as calculated with respect to a reference system aligned
with the wind direction. It can be noticed that, despite the aforementioned difficul-
ties, a good agreement between GS and HB models is obtained, being the largest
percentage differences measured for the lift coefficient at « = 30°, in which a
discrepancy of approximately 20% is recorded (moments have net been taken into
account due to their small value).

Table 3.2: Integral force coefficients at different attack angles.

Cy G Cn,
GS HB %diff. | GS HB % diff. GS HB % diff.
0° | 0251 0.234 6.7% | 0.002 6.04 x 1078 - 6.45 x 1078  —2.89 x 1078
30° | 0.703 0.678 3.7% | 0.582 0.476 18.3% -0.077 -0.041 46.8%
60° | 1.040 1.060 1.9% | 0.450 0.444 1.3% -0.045 -0.047 3.1%
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3.6 Conclusions

By investigating the flow around a porous 5:1 rectangular cylinder, this paper pro-
vides an evaluation of the performance of pressure jump based simulations for
the study of external flows around bluff-bodies composed of zero-thickness per-
forated plates. In particular, the consistency of the results obtained by explicitly
modelling the geometry of the porous surface and using pressure jump based sim-
ulations have been investigated. Such point should be in fact regarded as an indis-
pensable preliminary activity, necessary to elucidate the range of applicability of
currently available techniques, as well as highlighting their critical aspects.

Results show that quantities obtained using the two approaches can be charac-
terized by quantitative or only qualitative agreement, depending on the measured
quantity and investigated case. Global forces appear to be in reasonable quan-
titative agreement for all the considered cases. Despite some sensitivity to the
adopted turbulence model, differences appear to be mainly related to local effects
which, once amplified downstream, sometimes lead to differences in the overall
flow arrangement. On such regard, it is reasonable to assume that in the limit
of vanishing pore thickness such effects might vanish, but the current investiga-
tion highlights that such a limit requires extremely small pores (probably at least
two order of magnitude smaller than the immersed body size). Such aspect might
be especially critical for 2D URANS models for which the coherent structures
created by the pores are often excessively stable with respect to reality, but it is
expected to be generally true.

The analyses confirm the importance of carefully considering the pressure-recovery
zones, especially when comparing results obtained by explicitly modelling the

pores and using pressure jumps. In fact, a fair comparison between the two mod-

elling approaches requires to move out from such zones, which can extend sev-

eral pores diameters downstream the perforated surface. As a matter of facts, the

extension of pressure recovery zones poses theoretical and practical restrictions

on the applicability of pressure jump based simulations. In fact, their extension

should be considered as a characteristic geometrical scale of the problem which

must vanish with respect to the body size. This once again substantially tightens

the requirements needed to characterize a pore as effectively small.

It should be also considered that the shear provided to the flow by the porous
surfaces is neglected using standard pressure jump based simulations. While for
zero-thickness perforated plates this might be a minor problem, it might be an
important aspect for other common configurations (e.g. thick porous surfaces or
barriers composed of stacked bluff sections).
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Overall, considering the advantages given by using homogenized models, such
kind of modeling approach appears to be a necessary simplification when con-
sidering structures composed of porous surfaces. Nevertheless, it appears that a
conspicuous amount of additional research work is still needed in order to assess
their actual range of applicability and accuracy for cases other than screens in in-
ternal flows or fences. From this point of view a critical aspect is also represented
by their use in conjunction with scale resolving turbulence models, essential to
provide accurate predictions of the flow in the proximity of bluff-bodies.
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Chapter 4

On the aerodynamics of porous
bluff bodies obtained from
assembled perforated plates: a
numerical study

In the framework of the Benchmark on the Aerodynamics of a Rectangular 5:1
Cylinder (BARC), this paper attempts to provide a contribution to investigate the
high-Reynolds flow (Re = 27,000 based on the cylinder depth) around hollow
rectangular cylinder composed by perforated surfaces. The Large-Eddy Simula-
tion, LES, is adopted as strategy of the turbulence model. Moreover, the effects of
surface porosity and pore size on flow features are also analyzed.

This chapter has been submitted to an international peer-reviewed journal.
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4.1 Introduction

The evaluation of wind loads over porous bluff bodies obtained assembling per-
forated plates is an important topic which is lately attracting the attention of the
Computational Wind Engineering community [69, 70, 1, 72, 73]. In particular,
porous surfaces are found, for example, in wind shields used to protect vehicular
traffic from gusts on long span bridges, as well as external layers of porous double
skin facades. Despite their almost ubiquitous presence, systematic studies regard-
ing their modeling in scaled wind tunnel models and numerical simulations are
still scarce.

Indeed, the presence of small scale pores poses serious difficulties when using
both scaled physical models and numerical simulations. In fact, due to the pres-
ence of pores, the pressure taps and piping system are hard to be well-arranged in
wind tunnel experiments, even when relatively simple geometries are considered
[97]. As regards numerical simulations, the presence of numerous small scale
pores leads to an extremely large number of cells and, thus, computational costs.
We denote those as Explicit Models, EM, and from the practical point of view,
they are substantially intractable in the majority of the cases.

In order to solve the problem, homogenization techniques can be used. In partic-
ular, assuming pores of vanishing size, the presence of the perforated plates can
be modeled without explicitly modeling the pores geometry. The homogenization
is usually performed taking into account the porous surfaces only by means of
the force exerted on the fluid along its normal direction. This is usually referred
to as the Pressure Jump approach, PJ. Relations between the pressure jump and
the surface porosity have been proposed by [36, 77, 79]. Notice that this closely
follows the approach usually followed when building reduced scale models for
wind tunnel tests, for which only the drag force over the porous element is usually
accounted for.

It is important to notice that the aforementioned PJ approach, consistently with
its derivation, is adopted when the primary interest is to model the drag over im-
mersed bodies whose surfaces are mainly normal to the flow, while application of
the PJ approach in bluff body aerodynamics appears to be much less direct. It is in
fact well-known that the flow around bluff bodies is sensitive to details and leads
to complex flow arrangements even when geometrically simple bodies are consid-
ered. In order to shed light on the matter, the authors firstly considered the flow
over a forward facing step [113] and, recently, investigated by means of URANS
the flow around a porous 5:1 rectangular cylinder [120], whose solid counterpart
has been deeply studied within the BARC project [105].
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In this study, we widen the investigation on the flow around a porous 5:1 rect-
angular cylinder with the two-fold objective of further checking the consistency
between EM and PJ based models and to characterize the flow modifications oc-
curring due to the combined effects of porosity and attack angle. In particular,
LES and URANS are firstly compared at null angle of attack considering both
EM and PJ models. Then, EM and PJ URANS based models are considered
for selected porosities and attack angles, so providing an evaluation of the flow
organization evolution with respect to such parameters.

As it will be later further discussed, the work here presented is exclusively nu-
merical. While proper validation against experimental results is surely of great
importance, in this case the aforementioned experimental difficulties suggested
to firstly attack the problem in a controlled numerical environment, which conve-
niently allows to isolate and control each investigated aspect, separately. While the
presence of additional relevant phenomena might not be excluded by the present
investigation, the authors hope that the present work will clarify the limitations of
currently available approaches, foster their improvement and provide support to
the set up of properly conceived experimental campaigns.

The paper is organized as follows. In Section 4.2, we summarise the state of the
art highlighting difficulties and open problems. In Section 4.3, we describe the
numerical models used in this work to obtain the results presented in Section 4.4.
Finally, conclusions are drawn in Section 4.5.

4.2 State of the art and open problems

As already mentioned, porous surfaces are almost ubiquitous in buildings and in-
frastructures. In particular, the resistance of porous surfaces to the air flow has
been initially studied considering the flow through screens in internal flow condi-
tions. For example, [36] derive a quantitative relation that links the screen poros-
ity to the pressure jump measured on the two sides of the screen, or equivalently
to the drag force acting on the screen. Successive studies investigated numer-
ous parameters which might affect such pressure difference, such as the Reynolds
number, fluid compressibility and pores arrangement. For instance, the effect of
the Reynolds number and the incidence of the incoming flow with respect to the
screen normal has been considered in the seminal paper from [37], which proposes
a relation between the surface porosity, the Reynolds number, the incidence angle
and the measured pressure jump. In this case, also the damping effect operated by
the grid on the incoming turbulence has been analysed and compared to previous
evaluations proposed in [38], [39], [40] and [41].
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In the field of external aerodynamics, the simplest and most common case in
which porous surfaces are found is represented by ground mounted fences. In
particular, the relationship between the drag force and porosity has been studied
by [42]. In that case, a boundary layer flow is considered and the ratio between the
fence height and the thickness of the boundary layer is analysed, together with the
flow arrangement downstream of the porous fence. The elongation of the vortex
in the wake with the increase of the fence porosity has been repetitively reported
[43]. Regarding applications, simple ground mounted fences are often applied as
wind shields [44, 45] and for the moderation of dust emissions [46, 47]. For in-
stance, the velocity field and pressure distribution around a model fence of finite
length upstream a dust source has been studied by [48].

A remarkable complication of the simple case mentioned above, is observed when
the porous barrier is positioned above a bluff body. In this case, due to the well-
known sensitivity of the flow to geometric details and the incoming flow turbu-
lence, the overall flow arrangement can be affected by the barrier and its geomet-
rical details, even when it is characterized by very high porosity. This is the case
of wind-shields over bridge decks, which are commonly used to protect traffic
against strong cross wind [49]. Lately, for instance, the effect of porous barrier on
the flutter derivatives of three model bridge deck sections has been experimentally
studied in [2].

As previously mentioned, the aerodynamic behaviours of bluff bodies is well-
known to be extremely sensitive to geometrical details as well as the incoming
flow conditions. This is due to the presence of separation bubbles whose scale is
comparable to the immersed body size. The shape, organization and dynamics of
those bubbles strongly depends on the stability conditions of shear layers detached
from the body, often in correspondence of sharp edges. While such phenomena
has been widely studied for solid bodies, structures obtained as an assemblage of
porous surfaces (usually metal plates) have not been deeply studied yet. Gener-
ally speaking, it is known that the ventilation through the porous walls prevents
the accumulation of vorticity, so having a favourable effect over the wind load-
ing, in terms of both time-averaged and fluctuating components. This is the case
commonly encountered in the cladding of reticular structures applied for aesthet-
ical reasons and an emblematic example is the antenna of the UniCredit building
located in Milan, Italy [1].

Porous surfaces can be also used to wrap solid structures in order to protect them
from the direct action of the wind. A well-known example are shrouded cylin-
ders [50, 51, 52, 53], which have been repetitively studied aiming at suppressing
Vortex Induced Vibrations, VIV. The advantage mainly comes, analogously to the
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previously mentioned case, by the ventilation through the external layer which
prevents the accumulation of vorticity in the proximity of the body.

Finally, in recent years, porous surfaces are becoming increasingly used as exter-
nal layer of double skin facades. Numerous studies, which are outside the scope
of this short review, are dedicated to assess their efficiency in enhancing comfort
and decreasing energy consumption. As regards their aerodynamic behaviour, few
studies have been presented at the moment [54, 14]. Among these studies, a com-
mon conclusion is that the porous external skin reduces the fluctuating pressure
on the side faces and global forces [55].

Asregard CFD, due to the aforementioned difficulties, homogenization techniques
appears to be a more practical alternative with respect to the explicit modeling of
the geometry. A common way to describe the aerodynamic effect of such porous
surfaces is to consider their resistance to the flow, i.e. the pressure loss coefficient,
K [56, 57]. In such context, the aforementioned relations between pressure jump
and surface porosity can be adopted and for internal flows the approach usually
proves satisfactory [60].

As regard external flows, fewer studies are currently available. Related, although
not immediately comparable applications are the modeling of the actuator disc of
wind turbines [61], which is often simulated, as a first approximation, as a porous
disk with a blade-velocity dependent loss coefficient (calibrated to match the total
drag over the rotor). In particular, such approach has been used in conjunction
with several turbulence models by [62], which compares the velocity, turbulence
intensity and shear stress in the turbine wake. It is found that the porous disk
approach leads to acceptable results in the far wake but accuracy decreases just
downstream the blades. Other similar applications of porous media can be found,
for instance, in the reproduction of the flow over forest canopies [63, 64], for
which the explicit reproduction of the geometry is extremely difficult.

Summarizing, the use of homogenized models to represent the effect of porous
surfaces is still far from being well-established for external flows and especially,
in the modeling of porous bluff bodies. In particular, numerous aspects would
merit careful consideration. For instance, homogenized models assume vanishing
pore size compared to the overall immersed body size. It is currently not clear
how severe this limitation is in practice. Secondarily, empirical laws deduced for
confined screens are usually valid for null or moderate attack angles. In the case
of bluff bodies, the flow might be almost tangential to the porous surfaces, so that
evaluating the forces acting on them would require additional research. Finally,
the pressure jump approach only considers the force exchanged between the fluid
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and the porous surface in its normal direction, so completely disregarding shearing
effects, i.e. the effect of exchanged forces lying on the porous surface plane.

Despite such limitations, the pressure jump approach is still the most convenient
and widely adopted method to represent porous surfaces at a reasonable compu-
tational cost [65, 66]. In such context, its validation appears to be fundamental in
order to clarify the limits of its applicability.

4.3 Numerical setup

As anticipated, we here consider a porous 5:1 rectangular cylinder, whose solid
analogue has been the object of numerous investigations within the BARC project
[105]. For the sake of simplicity, to allow a clearer comparison with two-dimensional
models and in order to reduce computational costs, porosity is here obtained in a
simplified manner with respect to the usual cases found in applications, i.e. by
considering that pores are infinitely long in the direction of the rectangular cylin-
der axis.

We start by describing the 3D grid later used for LES. As shown in Fig. 4.1 (a),
the domain size in z—, y— and z— directions is respectively equal to 415, 308
and B, which leads to a blockage ratio of 0.7%, while the distance between the
front surface and the inlet is set to A, = 15B.

y noslip
I

FRONT VIEW

z no slip e
| periodic B

" A4=158 B=5D 258

(a) (b)

Figure 4.1: Computational model: (a) the computational domain and (b) the ge-
ometry with an attack angle of « and pressure probes distribution.

Close to the rectangular cylinder, the mesh size in the x— and y— directions is set
as §,/B = 2.5 x 1073 = §,/B = 2.5 x 1073 while the spanwise dimension is
setto d,/B = 4.0 x 1072, The mesh counts approximately 5.75M cells. A view
of the resulting computational grid is shown in Fig. 4.2 (a).
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A fixed velocity value, Uy, is imposed at the inlet boundary. This makes the
Reynolds number based on the cylinder depth, Re = pUgD /v =2.7 x 104, where
v is the kinematic air viscosity. Moreover, a zero pressure is imposed at the outlet
boundary, while a null pressure gradient is prescribed at the inlet. A slip boundary
condition is imposed at the top and bottom of the domain. For the front and back
surfaces, periodic boundary conditions are adopted.

The k-equation model is considered [121] and the wall treatment is performed
with a van Driest damping law. A centered second-order differentiation scheme
is adopted for the diffusive terms, while a bounded LUST scheme is adopted for
the advective terms. Time integration is performed by using the Crank-Nicolson
scheme. The coupling of pressure and velocity is obtained for all simulations by
using the well-known Pressure-Implicit with Splitting of Operators (PISO) algo-
rithm.

The two-dimensional computational grid adopted for URANS is derived from that
used for LES as regards the sizing in the proximity of the rectangle. In this case,
due to the fact that a rotor-stator approach has been used later to study differ-
ent attack angles, the mesh sizing has been kept constant within the rotor. The
resulting mesh counts approximately 210 k cells. In this case the Shih’s & — €
model is adopted with an incoming turbulence intensity of 2%. This eliminates
the need to calculate the wall-distance which is a parameter of the usually adopted
k — w SST model, which would not be properly defined for porous grids and,
anyway, not correctly calculated for porous walls simulated by means of a PJ.
Analyses reported in [120] anyway show that, despite such theoretical difficulties,
the obtained results are similar to those obtained using the k¥ — w SST model.

(a) (b)

Figure 4.2: The adopted computational grids: (a) 3D grid used for LES simulation
and (b) 2D grid used for URANS simulations.
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As regards the boundary conditions applied at the porous wall, for EM a slip con-
dition is adopted. This choice is aimed at guaranteeing the comparability with
PJ models, which are unable to provide shearing effects to the flow. This surely
represents a simplification of the expected real behaviour but it is here aimed at
eliminating effects which might not be correctly captured by standard PJ models.
Notice that this is consistent with the usual simplification for which porous ele-
ments are taken into account in wind tunnel tests only reproducing their drag force.
For the same reason the considered porous surface is built in order to have zero
thickness, so that forces exchanged between the fluid and the grid are constraint
to be in the direction normal to the grid, in agrement with the PJ models.

The pressure jump used for the PJ models is calculated relying on the formula
proposed in [120], which reads

pUZ (18 +2)(B—1)
2 52(0,2 — 1) ’

where Ap is the pressure jump, p is the fluid density, U, is the local velocity
normal to the surface, 3 is the porosity defined by the pore area divided by the
total surface area, a; = 0.5 and ag = —0.1. The formula, semi-empirical in
nature, proved in good agreement with experimental data presented in [35] and
numerical simulations.

Ap = .1

The open source Finite Volume software OpenFOAM is adopted to perform the
simulations.

4.4 Results

In this section we present the results collected in the present campaign of numer-
ical experiments. Firstly we proceed to the comparison of LES and URANS at
null angle of attack using both EM and PJ. The effect of the pore size is also
discussed. Subsequently, limiting to URANS models, we evaluate the effect of
selectively modeling specific walls with EM and PJ, so obtaining hybrid models
aimed at revealing which part of the model is affecting the flow organization at
specific locations. Finally, the attack angle and the porosity are systematically
varied.

4.4.1 LES and URANS at null angle of attack

Contours of Q-criterion for the LES cases are shown in Fig. 4.3, which is colored
by the instantaneous velocity. Contrarily to the fully solid case, it appears that
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well-separated vortices of small size are continuously shed by the frontal corners
without accumulating in separation bubbles on the sides.

0.0e+00 2.8e+00 > > 0.0e+00 2.8e+00
L= — L= —

(c) EM (d) PJ

Figure 4.3: The contours of Q for the LES cases characterized by (a) and (b): a
porosity of 25%, (c) and (d): a porosity of 45%, which is colored by the instanta-
neous velocity magnitude.

In particular, Fig. 4.3 (a) and (b) show the results obtained for 25% porosity with
EM and PJ models respectively, while Fig. 4.3 (c) and (d) show results obtained
for 45%. For the first case good agreement is found between EM and PJ models
in terms of the shed vortices size and spacing, as well as the distance from the
edge at which the shear layers detached from the leading corner roll up. The vor-
tices, at least in the proposed simulations, show a high along-span coherence and
proceed keeping a well-ordered arrangement up to approximately the middle of
the horizontal rectangle side, where the two-dimensionality of the flow suddenly
decreases in favour of a more chaotic three-dimensional arrangement. The point
where such transition takes place seems to be located closer to the leading edge for
the EM model than for P.J one. Similar considerations hold for the 45% porosity
case, in which, nevertheless, the flow at the leading edge corner appears to show
more differences with respect to the previous case. Here, the EM model predicts
the rolling up of the shear layers just at the leading corner with the production
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of vortices of size comparable to the ones observed for the 25% porosity case,
while the PJ shows the formation of very fine structures with limited along span
dimensions. The obvious distortion of the vortices distribution observed for the
45% porosity using the EM model is due to the emergence of three dimensional
vortical structures in the spanwise direction. Figure 4.4 reports the streamlines
of the time-averaged velocity field. It can be seen that overall a good qualitative
agreement is reached between EM and PJ models at different porosities, although
differences in the flow organization emerge.

Figure 4.4: Streamlines of the time-averaged velocity field for the LES cases char-
acterized by (a) and (b): a porosity of 25%, (c) and (d): a porosity of 45%.

In particular, for both porosities, the EM model shows the presence of vorti-
cal structures not predicted by the PJ approach. The figure also suggests that
the aforementioned sudden transition from an ordered state to a chaotic three-
dimensional one of the vortices shed at the leading edge, might be related to
the emergence from the rectangle interior of the flow passing through the frontal
face, eventually recirculated within the bubbles partially or entirely enclosed in
the porous body.

For the sake of completeness, the streamlines of the time-averaged velocity field
for URANS based simulations are shown in Fig. 4.5. Results appear to be qualita-
tively consistent with those obtained by LES, often showing the same differences
there observed between M and P.J. It shall be noticed that the explicit model
here predicts for 25% porosity, an asymmetric time-averaged velocity distribution
probably caused by small asymmetries in the adopted computational grid.
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(a) EM (b) PJ

(c) EM @ pJ

Figure 4.5: Streamlines of the time-averaged velocity field for the URANS cases
characterized by (a) and (b): a porosity of 25%, (c) and (d): a porosity of 45%.

As shown in Fig. 4.6 and 4.7, the previously shown differences in the flow or-
ganization are concentrated in low velocity zones, while being the overall flow
field quite similar for all tested models, especially if compared to the variability
observed taking into account different porosities.
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Figure 4.6: The distributions of time-averaged velocity magnitude, U /Uy, for
25% porosity cases.
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Figure 4.7: The distributions of time-averaged velocity magnitude, U /Uy, for
45% porosity cases.

Finally, the pressure field obtained for 25% porosity is shown in Fig. 4.8. Here the
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most notable difference is that in explicit models a higher overall pressure jump is
observed between the inner part, bounded by the rectangle, and the external part.
As the pressure jump is determined by the velocity field at the porous surface
location, this can be attributed to mismatches in the velocity field predicted by
EM and PJ models or to inaccuracies of the pressure jump determination when
flows highly skewed with respect to the barriers normal are present, such as along
the rectangle sides.

- =

(=)

(a) LES, EM (b) URANS, EM
1 1
- -
-1 -1

(c) LES, PJ (d) URANS, PJ

Figure 4.8: The distributions of time-averaged pressure coefficient, Up, for 25%
porosity cases.

Despite the aforementioned discrepancies, the drag coefficient, Cy, measured on
EM and PJ cases are in reasonable agreement, which is shown in Fig. 4.9. Here
it can be noticed that only at relatively high porosities the drag force is efficiently
reduced, being in other cases the drag decrease on the windward face compensated
by the increase at the leeward one, see Fig. 4.9 (b) and (c).

Summarizing it has been shown that reasonable agreement can be obtained be-
tween EM and PJ models, here intending that most qualitative differences in
the flow organization at different porosities can be captured, this is reflected also
by a very good matching in terms of the drag variation with porosity, with larger
deviations recorded only at the extreme ends of the considered porosities interval.
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Figure 4.9: The drag coefficient, C'j, measured on (a): overall cylinder, (b): the
windward surface and (c¢): the leeward surface of URANS cases.

4.4.2 Effect of pore size

Despite the good results previously presented, some obvious differences in the
flow organization are recorded between E'M and P.J models. Some of such dif-
ferences, for instance the creation of vortical structures after the frontal face in
E M models which is not seen in P.J ones, might be due to the fact that the con-
sidered pore dimensions are not vanishing with respect to the overall body size.
We thus here assess the sensitivity of the obtained results to the pore size. As
differences are more apparent for the 25% porosity case, only such case is here in-
vestigated for the sake of conciseness. Specifically, keeping the porosity constant,
we consider geometries characterized by pore size equal to 0.05D and 0.025D for
LES, while for URANS, due to their lower computational costs, we consider also
0.0125D. It should be noted that, although different pore sizes are adopted, the
number of mesh cells for each pore is set to be the same in all cases.

The time-averaged pressure coefficient, C', measured along a path located outside
the volume enclosed by the rectangle and spanned by the coordinate s, (see Fig.
4.1) is reported in Fig. 4.10. The path is located at a distance equal to 0.025D
from the rectangle surface. The local effect of the pores is clearly observed, for in-
stance, on the frontal face. For LES, results appear to be similar for all considered
cases. For URANS, the pore size appears to affect pressure in the proximity of the
corner. When considering pores of decreasing size, the low pressure measured at
the corner reduces tending to the P.J value, although it is not possible to observe
a clear monotonic convergence of the EM model to P.J in the whole distribution
when decreasing the pore size. Nevertheless, the maximum differences appear to
reduce, indicating that at least part of the previously noticed differences can be
attributed to the fact that the limit of vanishing pore size might be not easily at-
tainable and that for LES such requirement might be more easily attainable than
for 2D URANS.
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Figure 4.10: The time-averaged pressure coefficient, ép, of (a): LES and (b):
URANS cases when different pore sizes are adopted.

The distribution of 01/7 is shown in Fig. 4.11. Results obtained for the mean
pressure field are confirmed: a tendency of the M to approach the results of
the PJ approach con be appreciated, although convergence appears to be slow
and not uniform for all considered locations, making very difficult to separate
effects produced by the presence of pores of non-vanishing dimensions from those
induced by other sources of errors.

0.15 0.6
—EM —0.05D PJ
---EM —0.025D

—EM - 005D —PJ

0.5 ——-EM —0.025D -—-EM — 0.0125D
0.1 04
03
0.05 0.2

0.1

Figure 4.11: The root mean square, C’, of (a): LES and (b): URANS cases when
different pore sizes are adopted.

Finally, in Tab. 4.1 we report the drag force for all analysed cases. It can be seen
that predictions are similar for all models, being LES less sensitive than RANS to
the ratio between the pores and the body size.
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Table 4.1: The Cy of 25% porosity cases that characterized by different pore sizes.

EM-0.05D EM-0.025D EM-0.0125D PJ

LES 1.20 1.20 - 1.22
URANS 1.14 1.17 1.22 1.28

4.4.3 Hybrid EM/PJ models

In the previous section the effect of pore size was discussed. Here we selectively
apply the EM and P.J modeling strategies to different surfaces within the same
model, aiming at highlighting if results are particularly sensitive to the modeling
approach chosen for some of the walls. Again, for the sake of conciseness, only
results for 25% porosity are considered and results are obtained from URANS
models.

Firstly, the distributions of C, are shown in Fig. 4.12 and Fig. 4.13, where the EM
and PJ surfaces are represented using dash and solid lines, respectively. Overall,
by comparing Fig. 4.8 (b) and Fig. 4.12, it can be seen that results are particu-
larly sensitive to the modeling strategy used for the horizontal walls for the 25%
porosity case, with PJ models leading to very low pressure jumps between the
inside and outside of the rectangle, contrarily to EM models. Secondarily, the
flow appears to be sensitive to the approach used to model the frontal face. Re-
sults obtained for the 45% porosity case are reported in Fig. 4.13, confirming the
previously obtained results.
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Figure 4.12: The distributions of @ for the 25%-porosity cases, where the PJ
approach is adopted for (a): windward surface, W (b): leeward surface, L (c):

both the windward and leeward surfaces, W+L (d): both the upper and bottom
surfaces, U+B.
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Figure 4.13: The distributions of C), for the 45%-porosity cases, where the PJ
approach is adopted for (a): windward surface, W (b): leeward surface, L (c):

both the windward and leeward surfaces, W+L (d): both the upper and bottom
surfaces, U+B.
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For all the previously considered cases, the drag coefficient measured on the whole
rectangle, its windward face and its leeward face are reported in Fig. 4.14. All
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the models provide similar results and discrepancies on the windward and leeward
face tend to be of opposite sign, so balancing each other.
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Figure 4.14: The drag coefficients, Cy, of (a) to (c): 25%-porosity cases and (d)
to (f): 45%-porosity cases.

4.4.4 Effect of porosity and angle of attack

We now investigate the modifications occurring in the flow for different porosities
(B = 25%, 35%, 45%, 55%, 65%, 75%) and attack angles (o« = 3°, 6°, 9°) by
using URANS.

The distributions of instantaneous velocity magnitude, U /Uy, are shown in Fig.
4.15 for 25% porosity, while time-averaged velocity magnitude contours are re-
ported in Fig. 4.16. It can be noticed that the instantaneous velocity distributions
show some differences between EM and PJ models, especially in the shedding
mechanism, with the wake being systematically shorter in EM models with re-
spect to PJ ones. Despite such differences, the time-averaged velocity distribu-
tion shows a good matching between the two modeling strategies, being the main
differences located in low-velocity zones.
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Figure 4.15: The contours of instantaneous velocity magnitude, U /Uy, for the
25%-porosity cases.
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Figure 4.16: The contours of time-averaged velocity magnitude, U /Uy, for the
25%-porosity cases.

The good matching is confirmed also by the prediction of the drag coefficient,
Cy. In particular, Fig. 4.17 reports a scatter plot of results obtained by both
modeling strategies in terms of overall drag force as well as the contribution of
the windward and leeward faces, separately. Points are generally aligned along
the graph bisector, indicating a reasonable matching between EM and PJ models.
It can be again seen that the errors introduced on the windward and leeward faces
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generally tend to be of opposite sign, so partially compensating each other.

I
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Figure 4.17: The drag coefficients measured on (a): all surfaces, (b): windward
surface, (c): leeward surface.

In order to provide a synthetic representation of the obtained results, Table 4.2
reports the differences of Cj; obtained by using the EM and PJ models. Such
difference is defined as

\/Z (Ca, ps = Ca, Em)°

\/203, EM

where the Cy py and Cy gas respectively means the drag coefficients obtained
by using the PJ and EM approaches. Differences are typically in the order of 6%
and appear to be less pronounced at intermediate porosities, reaching values of
approximately 30% only at very high porosities.

Diff = x 100%, (4.2)

Table 4.2: The difference of C; between the EM and PJ cases.

a=0 a=3° a=6° a=09° «a-Averaged
B =25% 9.04 8.46 2.98 7.47 6.99
B =35% 1.19 0.67 8.17 1.09 2.78
B = 45% 6.54 5.80 7.77 9.03 7.29
B =55% 1.97 3.49 2.85 1.09 2.35
B =65% 1.30 0.05 1.56 4.30 1.80
B ="17% 3140  12.18 10.39 7.10 15.27
B-Averaged  8.57 5.11 5.62 5.02 6.08
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Despite the reasonably good results obtained for the drag coefficient, a much
worse agreement is found in terms of lift coefficient, C;. In particular, Fig. 4.18
shows the variation of the lift coefficient for different incidence angles and porosi-
ties. While the adopted EM models lead to a clearly non-null lift, the PJ ones
predict a null C; for almost all cases, with appreciable values only for low porosi-
ties at high angle of attack.

Figure 4.18: The lift coefficients measured in (a): EM cases and (b): PJ cases.

4.5 Conclusions

Following previous investigations from the authors, this paper evaluates the per-

formance of pressure-jump based modeling for the investigating of the flow through
a hollow porous 5:1 rectangular cylinder. Such evaluations are performed consid-

ering different surface porosities, pore size and attack angles, with the aim of

verifying the consistency between explicit (denoted as EM) and pressure-jump

(denoted as PJ) based models, as well as individuating factors which might lead

to their discrepancies.

The considered cases, characterized by pores infinitely elongated in the span-wise
direction (assumption needed to contain computational costs for LES and allow
for the use of 2D models for URANS), shall be seen as a simplification of the ge-
ometries usually found in applications. Despite such simplifications some useful
considerations can be deduced:

1. a reasonable agreement between EM and PJ models appear to be more
easily attained for 3D LES than for 2D URANS. Differences appear to be
mainly concentrated in the low-velocity zones of the flow field;

2. the main differences in the flow organization at varying porosities produced
by EM models can be successfully captured by PJ models;
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3. the limit of vanishing pore size is not easily attainable and, although dif-
ferences between EM and PJ models diminished by considering pores of
decreasing size, a clear overall convergence could not be established;

4. the use of the considered PJ model led to some discrepancies with EM mod-
els as regards the pressure distribution within the rectangle. It was possible
to attribute it mainly to the modeling of the horizontal sides, where the flow
is almost tangent to the porous surface;

5. overall drag forces measured in EM and PJ models generally appear to be
in reasonable agrement, while strong disagreement was found in terms of
lift forces.

The aforementioned conclusions suggest to proceed in the use of both EM and PJ
models with carefulness due to different reasons. For EM models, problems might
arise due to the dependence of the results from the particular pore distribution and
mesh size, so that adopting pores bigger than those actually present on the real
porous element might introduce errors, even when such pores are small compared
to the overall structure. For PJ models the a priori simplification of the interaction
between the fluid and the porous surface might be responsible for mismatches. In
fact, we recall that standard PJ models do not account for shearing forces and their
definition is often based on cases for which the flow is approximately normal to the
porous surface, which is often not the case for porous bluff body aerodynamics.
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4.6 Appendix

4.6.1

The C,, of all cases
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Figure 4.19: The time-averaged pressure coefficient, 51,, along the oustside s,
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and inside s1, when the angle of attack is not adopted.
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Figure 4.20: The time-averaged pressure coefficient, ﬁp, along the oustside s,
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and inside s1, when an attack angle of 3° is adopted.
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Figure 4.21: The time-averaged pressure coefficient, ﬁp, along the oustside s,
and inside s1, when an attack angle of 6° is adopted.
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Figure 4.22: The time-averaged pressure coefficient, ﬁp, along the oustside s,
and inside s1, when an attack angle of 9° is adopted.
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4.6.2 The C’I’) of all cases
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Figure 4.23: The root mean square, C/, along the oustside s, and inside s,
when the angle of attack is not adopted.
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Figure 4.24: The root mean square, C’;,, along the oustside s, and inside s,
when an attack angle of 3° is adopted.
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Figure 4.25: The root mean square, C’;,, along the oustside s, and inside s,

when an attack angle of 6° is adopted.
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Figure 4.26: The root mean square, C’;,, along the oustside s, and inside s,

when an attack angle of 9° is adopted.
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4.6.3 The aerodynamic coefficients of all cases
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Figure 4.27: The drag coefficient, C;, measured on (a): overall cylinder, (b): the
windward surface and (c): the leeward surface of URANS cases when an attack
angle of 3° is adopted.
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Figure 4.28: The drag coefficient, C;, measured on (a): overall cylinder, (b): the
windward surface and (c): the leeward surface of URANS cases when an attack
angle of 6° is adopted.
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Figure 4.29: The drag coefficient, Cy, measured on (a): overall cylinder, (b): the
windward surface and (c): the leeward surface of URANS cases when an attack
angle of 9° is adopted.
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Figure 4.30: The lift coefficient, C;, measured on (a): overall cylinder, (b): the
windward surface and (c): the leeward surface of URANS cases when an attack

angle of 3° is adopted.
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Figure 4.31: The lift coefficient, C;, measured on (a): overall cylinder, (b): the
windward surface and (c): the leeward surface of URANS cases when an attack

angle of 6° is adopted.
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Figure 4.32: The lift coefficient, C;, measured on (a): overall cylinder, (b): the
windward surface and (c): the leeward surface of URANS cases when an attack

angle of 9° is adopted.
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Chapter 5

Simulation of wind shields and
porous barriers strategies for
bridge deck optimization

Wind shields and porous barriers are often positioned on bridge decks as ancil-
lary structures. While being irrelevant from the structural point of view, it is
well-known that their presence can deeply affect the deck aerodynamic perfor-
mance. In particular, not only do they generally lead to an increase of the drag
force, but also they modify the overall flow arrangement, so affecting all aero-
dynamic coefficients. In this paper, the numerical simulation of porous elements
positioned on bridge sections is addressed following two approaches: in the first
one, the pores are explicitly modeled, while in the second one a more convenient
pressure-jump approach is adopted. In particular, the second approach has strong
advantages compared to the first one, especially when simulations are used for op-
timization. The results obtained using these approaches are compared with each
other and experimental measurements, highlighting strengths and limitations of
both methodologies.

This chapter has been published as:

Simulation strategies for wind shields and porous barriers for bridge deck op-
timization. M. Xu, L. Patruno, Y.L. Lo, S. de Miranda, Structures, 40 (2022),
824-839.
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5.1 Introduction

Wind shields and porous barriers are often positioned on bridge decks in order to
protect vehicles from strong cross-wind [122, 45, 123]. Despite being considered
ancillary structures, it is well-known that their presence can strongly affect the
bridge aerodynamic performance. Several studies based on wind-tunnel experi-
ments can be found in the literature, in which the effects of the barriers porosity
and position have been studied taking into account both static and dynamic aero-
dynamic coefficients (see for instance [2, 124, 125]).

It must be noticed that the presence of porous barriers poses several problems
from the experimental point of view. In particular, the dimensions of the pores,
including all parts which allow airflow, are generally one to three orders of mag-
nitude smaller than the overall deck dimensions. In such conditions, it is often
impossible to accurately reproduce the barrier geometry, unless very large wind
tunnel models are adopted. More often, the presence of the barriers is reproduced
ensuring the matching of the drag coefficient of the full-scale barrier and that
mounted on the model, without reproducing its geometry in detail. When such
simplified barriers are obtained by means of circular sections, their size is usually
so small that the Reynolds number dependency of the drag coefficient shall be
considered. Other problems arise due to the substantial impossibility to measure
pressure directly on the barriers, so that usually the drag force can be obtained
only by balance measurements over the entire deck section.

Due to their ubiquitous presence, studies on the aerodynamics of isolated porous
barriers have been repetitively presented in the literature. In particular, ground
mounted configurations are experimentally analyzed by [126, 9, 35, 127]. Addi-
tionally, the reverse flow produced on the leeward side has been considered by
[128] while the bleed flow is addressed in [129].

In the last decades, computational wind engineering has rapidly grown and the
numerical simulation of bridge decks has been addressed since its early stages
[130, 131]. Unfortunately, while numerous studies are present on bare decks, tak-
ing into account auxiliary elements and, in particular, wind shields and porous
barriers is still cumbersome. In fact, explicitly modeling the small scale geomet-
ric features of such elements requires extremely fine meshes, which substantially
increases the computational costs.

Actually, two modeling approaches can be adopted in the numerical simulation of
porous barriers: 1) explicit modeling (EM) of the porous element geometry and 2)
appropriately defined pressure-jumps (PJ), [66, 32]. The latter approach, which
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can be considered an homogenization technique, takes into account the presence
of pores without reproducing the flow details. Analogously to the procedure fol-
lowed in building reduced scale models for experimental testing, the technique is
based on the reproduction of the porous element drag coefficient.

Currently, the use of pressure-jumps for modeling porous surfaces in Computa-
tional Fluid Dynamics, CFD, simulations is well-established for internal aerody-
namics (e.g. flows through confined porous screens and filters) whereas regarding
external flows, the pressure-jump approach has not been sufficiently and system-
atically investigated yet. This is particularly true for porous elements in proximity
bluff-bodies such as bridge decks, the aerodynamics of which is notoriously com-
plex and often sensitive to geometric details and incoming flow characteristics.
However, for the sake of completeness, we here recall that related contributions
have been presented for the CFD simulation of actuator disks [99, 100, 80] and
ground-mounted porous fences [98, 65, 132, 133].

In this paper, we investigate the numerical simulation of porous elements posi-
tioned on bridge sections using the two aforementioned approaches, EM and PJ.
Due to the aforementioned sensitivity of external flows around bluff-bodies to ge-
ometrical details and local flow conditions, the use of homogenization techniques
for the representation of porous surfaces shall be carefully validated even if their
use is already well-established for simple internal flows. Beside the computa-
tional efficiency, it should be also added that, for preliminary simulations, the PJ
approach has the inherent advantage of allowing for varying the porous barrier
height and porosity without remeshing. This leads to substantial savings in the
pre-processing time when dealing with multiple configurations. This aspect of
the PJ approach is particularly important for optimization-oriented studies, which
currently represent an important application of numerical simulations.

Here we focus on two-dimensional Unsteady Reynolds-Averaged Navier-Stokes,
2D-URANS, based models and consider the experimental results reported in [2,
124, 125]. It should be noticed that, despite their well-known limitations, 2D-
URANS are currently the most widely adopted numerical model typology for the
study of bridge decks, especially for preliminary and optimization analyses [134].
In fact, despite their difficulties in accurately reproducing flows characterized by
strong unsteadiness and the impossibility to represent three-dimensional flow fea-
tures, they are often found effective in representing the time-averaged flow and its
modification within small angles of attack.

In order to assess the accuracy of the two aforementioned modeling strategies,
the flow field and aerodynamic coefficients predicted by the two approaches are
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compared with each other and with experimental results. Attention is posed in
individuating and discussing critical aspects which might compromise the simu-
lations predictive capability.

The paper is organised as follows. In Section 5.2, a brief description of the wind
tunnel experiments used as a reference is reported. The adopted numerical models
are described in Section 5.3. Results obtained using the two aforementioned mod-
eling approaches are reported in Section 5.4 and, finally, conclusions are drawn in
Section 5.5.

5.2 Experimental setup

In this section, the wind tunnel experiments reported by [2, 124, 125], used for
numerical simulation validation purposes, are briefly described.

Wind tunnel experiments have been performed in a closed-circuit boundary-layer
climatic wind tunnel with 1.9 m wide and 1.8 m high testing section. The in-
coming flow is uniform along the wind tunnel cross-section and the turbulence
intensity is less than 2%. Within the geometries studied experimentally, we focus
on the Great Belt Bridge, GBB and the Kao-Pin Hsi Bridge, KPHB. The first one
has a streamlined section while the second can be considered a semi-bluff section.
The considered geometries are reported in Fig. 5.1. In particular, the cross-wind
dimensions (D) of the two bridge deck models are 0.04 m and 0.032 m, respec-
tively. The other dimensions are reported in Table 5.1. The Reynolds number
based on B is equal to approximately 3.0 x 10°.

Regarding the geometry of the porous barriers, it should be noticed that, besides
the elements characterized by triangular cross-section represented in Fig. 5.1,
several vertical supports are present. As it will be later further discussed, such
elements cannot be taken into account in the following analyses, which as already
stated are two-dimensional. Additionally, it must be noticed that the windward
(W) and leeward (L), barriers have different orientations with respect to incoming
flow. Aerodynamic coefficients are defined as

Fp Fr M

C = —s, 0277 = —,
T 05pU2D" T 05pUBT ™ 0.5pU2 B2

S.D

where p is the fluid density, Uy is the incoming velocity while Fp, Fr,, M are the
aerodynamic drag force, lift force and pitch moment, respectively.
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Figure 5.1: The models used in the wind-tunnel experiments: (a) the Great Belt
Bridge, GBB, and the Kao-Pin Hsi Bridge, KPHB, (b) the windward porous bar-
rier, W, and (c) the leeward porous barrier, L.

Table 5.1: The geometrical parameters of the considered bridge decks and porous
barriers.

B/D H/D G/D D;D D,/D b/D B;/D B,/D C/D

GBB 775 125 0.075  0.25 0.75 0.13 0.50 1.50 -
KPHB 1094 156 0.094 0.25 0.75 0.16 - 206 0.16

5.3 Numerical setup

In this section, the computational models and the numerical setup are firstly de-
scribed. A validation of the model is then presented while the model sensitivity
to various modeling choices and parameters is analysed in the Appendix, for the
sake of conciseness. Then, the calibration of the pressure-jump is addressed.

5.3.1 Computational model

An overview of the adopted computational domain and the adopted reference sys-
tem is shown in Figure 5.2. The domain is such that D, = 20B and D, = 15B,
leading to a blockage ratio equal to 0.87%. Moreover, the pressure probes are ar-
ranged along the path s, which starts from the windward corner. Figure 5.3 reports
the four deck configurations considered in this study. Three of them are obtained
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starting from the GBB deck mounting the porous barriers only on the windward
side, GBB-W, the leeward side, GBB-L and on both of them, GBB-Both. The
fourth case is the KPHB deck with windward barrier only, denoted as KPHB-W.
According to wind tunnel experiments reported by [2], the aerodynamic force and
moment coefficients prove to be nearly constant when the Reynolds number based
on B is larger than 2.0 x 10°, so that 2.5 x 10° is here used.
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Figure 5.2: Overview of the adopted computational domain and reference system.
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Figure 5.3: Geometry of the configurations used in the CFD analyses. The path

used to represent pressure statistics can be observed.

Regarding boundary conditions, a fixed velocity, Uy, is prescribed at the inlet
together with a null pressure gradient, while a pressure outlet is adopted at the
outflow. The inlet turbulence intensity is set to 2%, as given in the referred ex-
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periments ([2]), while turbulent viscosity ratio is set to 2. Symmetry boundary
conditions are imposed at the top and bottom of the domain while low-Reynolds
number wall functions are adopted at the deck walls.

A centered, 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. Time integration is performed using the Crank-Nicolson scheme
with time step, dt, such that dtUy /B =~ 2.5 x 10~%. The coupling of pressure and
velocity is obtained for all simulations by using the well-known Pressure-Implicit
with Splitting of Operators (PISO) algorithm. The open source Finite Volume
software OpenFOAM 6 is adopted.

Each of the considered geometries is firstly simulated taking into account the de-
tailed porous barrier geometry, as shown in Fig. 5.3. Then the PJ approach is
used (i.e. the barrier is treated as a vanishing thickness baffle). The adopted
meshes count approximately 180 k cells.

Many available URANS turbulence models require the calculation of wall-distance
[118]. However, the use of such quantity requires reconsideration when consider-
ing porous elements, as the nature itself of the porous barrier might range from a
substantially solid wall to a completely permeable element. We thus proceed us-
ing a wall-distance-free turbulence model, namely the Shih’s quadratic algebraic
Reynolds stress k£ — ¢ model [119]. Notice that such turbulence model is not the
standard k£ — ¢, which often shows poor performance in the context of bluff-body
aerodynamics.

5.3.2 Model validation

Before proceeding, we validate the adopted model by comparing the obtained
results with experimental measurements for bare deck conditions. In particular,
Fig. 5.4 shows the instantaneous velocity fields, U /Uy, of GBB-Bare when the
incidence angle, «, is equal to 10° and 0°.
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Figure 5.4: The instantaneous velocity magnitude fields, U /Uy, of the GBB-Bare
configuration.

The corresponding aerodynamic coefficients are compared with experimental ones
in Fig. 5.5. It can be seen that an overall good agreement is obtained between the
numerical and the experimental predictions, being the most apparent difference a
systematic under-prediction of the drag coefficient for the KPHB-Bare case. De-
spite that, results appear to be in good agreement and trends are always correctly

captured.
3 1
~Exp 0.2
.2 CFD 0 .
0
© 1 © -1 ~Exp © ~Exp
- CFD -0.2 - CFD
0 -2
-10 -5 0 5 10 -10 -5 0 5 10 -10 0 10
(%) (%) (%)

Cy
o = N w
Q
|
C
G
N R o e
C .
¥
R
Cm
<)
Lo o
-t
5%
g

Figure 5.5: Aerodynamic force coefficients for bare deck condition: (a), (b) and
(c) are Cy, C; and C,, for GBB-Bare, respectively and (d), (e) and (f) are Cy, C;
and C), for KPHB-Bare, respectively.

In fact, the presented validation is only partial and, indeed, insufficient for a care-
ful validation of the model sensitivity to many choices/parameters which might
affect the simulations results. There are three aspects which we considered worth
further investigations in order to exclude a strong model sensitivity to the adopted
modeling choices, namely:
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1. simplifications introduced in the porous barriers geometry;
2. adopted turbulence model;
3. mesh sizing.

The sensitivity of the results to all such choices/parameters is reported in the Ap-
pendix, for the sake of readability. In particular, such aspects are investigated in
5.6.1, 5.6.2 and 5.6.3, respectively. Overall, as expected, some sensitivity can
be observed, mainly related to local effects. Such slight dependencies proved to
be much harder to be completely eliminated than for solid bridge deck sections,
due to the presence of the barriers. Fortunately, this leads only to minor changes
(usually in the order of 15%) in the overall forces on the deck and do not affect
the observed trends. While not excluding the possibility to build slightly more
accurate models increasing the computational costs, we proceed with the setups
described above, keeping in mind that the main target of 2D-URNAS simulations
are often preliminary and optimization studies.

5.3.3 Pressure-jump calibration

As it is well-known, the use of homogenized models in order to account for the
presence of porous barriers (i.e. the PJ approach) requires to calibrate the loss
coefficient. In the following, we detail such calibration and we highlight some
of the problems and limitations which might be encountered when using such an
approach.

In particular, the pressure jump, Ap, measured between the windward and lee-
ward side of the porous barrier can be expressed for high Reynolds numbers (i.e.
disregarding viscous contributions) as

1
Ap = 5 pUsK, (5.2)

where U, is the velocity normal to the porous barrier and K is the loss coefficient.
Many empirical or semi-empirical laws able to predict K as a function of porosity,
B, can be found in the literature [36, 78, 77, 79]. Recently, a semi-analytical law,
valid in the case of porous barriers of vanishing thickness has been proposed in
the author’s previous work [113].

Some important aspects which shall be considered when using the PJ approach
are listed below:

1. Ap must be equal to the drag force per unit area measured on the porous
barrier, so that the loss coefficient is actually equal to the drag coefficient
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per unit area;

2. when modeling the barrier geometry, after the barrier a pressure recovery
zone is present, which extends downstream up to complete homogenization
of the velocity distribution [113];

3. the along-wind dimension of such pressure recovery zones scales with the
pore size;

4. the PJ approach assumes vanishing pore dimensions, so that the pressure
recovery zone size vanishes and, so, it is not observed;

5. when using the PJ approach, it is assumed that the incidence angle of the
incoming flow is equal to that of the outgoing one (i.e. the incoming flow is
not deviated by the barrier).

In order to further investigate such aspects, we simulate the adopted barriers iso-
lated from the deck, using periodic boundary conditions on the top and bottom
boundaries of the domain. This configuration is considered as representative of
an infinitely high barrier, as shown in Fig. 5.6. Numerical settings are the same
as the ones previously described for the analysis of the decks. In order to ensure
consistency between the deck simulations and these ones, the mesh was generated
in a similar manner as for the barriers standing on the decks.
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Figure 5.6: Overview of the computational domain used for the simulation of the
porous barriers in periodic conditions: (a) the windward, W, barrier and (b) the
leeward, L, barrier.

The streamlines of the time-averaged velocity field obtained considering different
inflow angles, «, are reported in Fig. 5.7. It can be easily noticed that a deflection
of the flow is actually present. In particular, the W configuration appears to have a
stabilizing effect with respect to the inflow angle, tending to produce an outgoing
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flow which is approximately directed along the normal to the barrier, regardless
the incoming flow angle. On the other side, the L configuration tends to amplify
the inflow angle, so leading to outgoing flows which are strongly skewed with
respect to the barrier normal.

dLa=0° ) L, a=5° ) L, a = 10°

Figure 5.7: Streamlines of the time-averaged velocity field around the porous bar-
riers in periodic conditions: (a), (b) and (c) refer to the windward, W, barrier while
(d), (e) and (f) refer to the leeward, L, barrier.

It should be also noticed that, as the aerodynamics of the barrier is substantially
different when it is crossed in the two directions, differences in terms of drag
coefficient might be also expected. The loss coefficient, K, for all analysed cases
is reported in Table 5.2. It can be seen that values for the W and L configurations
are actually quite similar (especially with respect to the range of variation of the
K reported by [113]) and correspond to a perforated plate of vanishing thickness
with 8 = 44 — 45%. This allows to use the same K for both W and L barriers
which, in principle, shall be separately calibrated.
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Table 5.2: The drag coefficient, K, of the W and L barriers in periodic conditions.
Comparison is provided with the formula reported in [113] indicated as PJ.

o W L PJ,3=44% PJ, 3= 45%

0° 5.6456 6.1555 6.031 5.679
Cq| 5° 54050 6.1766 6.008 5.657

10° 54685 5.9846 5.939 5.593

Although, as already stated, the flow deflection cannot be taken into account when
using the PJ approach, a simple momentum balance in the direction parallel to the
barrier (vertical direction in Fig. 5.6) shows that twice the deflection angle, 2Aq,
is roughly equal to the lift coefficient per unit barrier area (valid for small inci-
dence angles and deflections). Table 5.3 reports the measured lift coefficient and
the deflection angle, measured directly over a representative streamline (in radi-
ans), showing good agreement between the two. This phenomenon appears to be
one of the main limitations of PJ based simulations for bluff-body aerodynam-
ics and surely deserves further research. Very interesting developments on such
regard have been recently proposed in [135].

Table 5.3: The lift coefficient of the W and L barriers in periodic conditions and
the flow deflection, Ac.

w,0° W,5° W,<10° L,0° LJ5° L]10°

C 0.00 0.15 031 001 -044 -045
2Aa  0.00 0.17 028 0.00 -0.45 -0.49

5.4 Results

In this section, we compare the results obtained by using EM, PJ and experiments.
Firstly the obtained flow fields are analyzed, then global forces are considered.
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5.4.1 Flow Patterns

The non-dimensional instantaneous velocity magnitude distributions, U /Uy, pre-
dicted for the GBB-W configuration are reported in Fig. 5.8 for various attack
angles, for both EM and PJ models. The topological changes with respect to the
bare deck conditions appear to be similar when comparing the two approaches,
although differences in the vortex shedding mechanism can be observed.

=

EM, o = —10° EM, o = 0°

PJ,a = —10° PJ,a =0° PJ, o =10°

Figure 5.8: The instantaneous velocity magnitude fields, U /Uy, for the GBB-W
configuration.

Figure 5.9 shows U /U, for the GBB-L configuration. In this case, negative attack
angles appear to be particularly well-predicted, while the null angle of attack leads
to the most evident qualitative differences. In particular, in this case it is possible
to observe an intensification of the velocity at the upper and lower ends of the
porous barrier for EM, which is not observed in the PJ model.
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EM, o = —10° EM, o =0° EM, o = 10°

. 0.5

PJ, o = —10° PJ,a=0° PJ, o = 10°

Figure 5.9: The instantaneous velocity magnitude fields, U/Uy, for the GBB-L
configuration.

For the sake of completeness, Fig. 5.10 reports U /Uy for the GBB-Both configu-
ration. Overall, results already presented for GBB-W and GBB-L are confirmed.
The main topological changes with respect to bare deck conditions are captured
but some flow details, as expected, are not reproduced. These, once amplified
downstream, can lead to visible differences between EM and PJ models in the
flow patterns.

ios

EM, o = —10° EM, o =0° EM, o = 10°

PJ, o = —10° PJ,a=0° PJ, o = 10°

Figure 5.10: The instantaneous velocity magnitude fields, U /Uy, for the GBB-
Both configuration.
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The instantaneous velocity fields close to the bridge decks are shown in Fig. 5.11,
where the particle image velocimetry (PIV) technique is adopted in wind-tunnel
experiments by [125]. For the convenience of comparison, the colormap of CFD
results is set to be the same as the referred experimental work. Overall, sim-
ilar flow patterns are obtained by experiments and CFD, being actually the PJ
results sometimes in better qualitative agreement to experiments than EM. Such
mismatches are mainly observed just downstream of the barriers, where strong
bleed flows are predicted by the EM models, which are not observed in experi-
ments. Considering that the barrier geometry has been explicitly modelled, this
is unexpected and might be related to an excessive stability of the shear layers
produced by the barrier, which do not lead to an effective mixing of the flow just
downstream of it.

Exp, GBB-W EM, GBB-W PJ, GBB-W

1
Exp, GBB-L EM, GBB-L PJ, GBB-L
PR |
Exp, GBB-D EM, GBB-D PJ, GBB-D

Figure 5.11: The distributions of instantaneous velocity magnitude, U /Uy, around
the bridge decks obtained by CFD and wind-tunnel experiments [125]. For the
sake of comparison, the same colormap as the referred figures is used here for
computed results.

To provide a clearer picture of the obtained results, Fig. 5.12 reports a close-up
of the non-dimensional time-averaged velocity field for GBB-W at null angle of
attack.

We notice the presence of a zone in which the velocity homogenizes downstream
of the barrier in the EM model, which, as expected is not observed in PJ models.
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This zone is also characterized by a pressure recovery and its downwind extension
scales with the pore size as discussed, for instance in [113]. We also notice that
a jump of the vertical velocity component is clearly observed for the EM model.
In particular, the flow is almost horizontal downstream of the barrier, consistently
with observations reported in Sec. 5.3.3. As expected, the PJ model does not
show a jump on the vertical velocity component, i.e. the barrier does not deflect
the incoming flow.

—

[

(=}

EM, U, /U PJ,U./Uo
0.4 0.4
0.2 0.2
; 0 0
-0.2 -0.2
EM, U, /Uy PJ,U,/Us

Figure 5.12: Time-averaged velocity components distribution, U, /Uy and
U, /Uy, downstream of the porous barriers for the GBB-W at null incidence angle.

Figure 5.13 shows the streamlines of the time-averaged velocity field obtained for
the GBB-W case. It can be seen that clear differences in the flow organization and
the arrangement of recirculation zones emerge. The majority of such differences
appear to be directly related to the incapability of pressure-jump based models to
take into account the flow deflection induced by the presence of the barrier. This
is further confirmed in Figs. 5.14 and 5.15 which represent streamlines for the
GBB-L and GBB-Both configurations.
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PJ,a=0° PJ, o = 10°

Figure 5.13: Streamlines of the time-averaged velocity fields for the GBB-W con-
figuration.

As an example let us consider the GBB-Both configuration at 10° reported in Fig.
5.15. Consistent with results reported in Sec. 5.3.3, the streamlines of the EM
model deviate toward the barrier normal direction, becoming almost parallel to
the deck surface. The PJ model is unable to predict such deflection and, thus, a
different flow pattern emerges, in which a large separation is generated just after
the windward barrier.

PJ,a = —10° PJ,a=0° PJ, o = 10°

Figure 5.14: Streamlines of the time-averaged velocity fields for the GBB-L con-
figuration.
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PJ,a = —10°

Figure 5.15: Streamlines of the time-averaged velocity fields for the GBB-Both
configuration.

5.4.2 Pressure distributions and global forces

We now proceed to compare the results obtained with the EM and PJ models in
terms of pressure coefficient distributions. The paths used to represent the position
along the deck perimeter are reported in Fig. 5.1. In particular, Fig. 5.16 reports
the time-averaged pressure coefficient, C),, distribution over the considered decks
as a function of the non-dimensional coordinate s/B.

2 —EM —10°—FEM 0°—EM 10° 2 —FEM —10°—FEM 0°—EM 10°
PJ —10° PJ0° PJ10° 1 PJ —10° PJ0° PJ10°

GBB-W GBB-L
2 —EM —10°—FEM 0°—EM 10° 2 —FEM —10°—FEM 0°—EM 10°
PJ —10° PJ0° PJ 10° 1 PJ —10° PJ0° PJ 10°
kS of
-1
-2
0 0.5 1 15 2 25 0 0.5 1 15 2 25 3
s/B s/B
GBB-Both KPHB-W

Figure 5.16: Distribution of the time-averaged pressure coefficient, ép, for all the
considered geometries at —10°, 0° and 10° angles of attack.
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Pressure recovery zones just downstream of the barrier can be, for instance, ob-
served at s =~ 0.3 in Fig. 5.16 for the GBB-W case for EM, which are not seen for
PJ. Results obtained using EM and PJ models are in qualitative agreement but,
from the quantitative point of view, slight differences are found. As expected, the
GBB-L case is the one for which EM and PJ models show the best agreement,
since the downstream barrier has a less impact on the flow field.

Figure 5.17 provides an overall picture of the obtained results in terms of global
aerodynamic forces. We observe that the drag coefficient appears to be system-
atically underestimated by the current simulations. Further analyses, performed
considering barriers with higher loss coefficients, which are not reported here for
the sake of conciseness, demonstrated that such mismatches cannot be explained
by inaccuracies in the considered barrier porosity: even considering solid barriers
the drag force appears to be underestimated. We notice that a slight underestima-
tion was recorded also in Sec. 5.3.2 for bare deck conditions, but the presence of
the barriers surely increased the differences between experimental measurements
and numerical results. The exact cause of such differences is unclear, although it
should be noted that differences in the drag coefficient are often seen when com-
paring wind tunnel results to simulations based on 2D-URANS (however, in the
authors experience, 2D-URANS more often lead to an overestimation of the drag
force).

Nevertheless, the trends present in the experimental results appear to be well re-
produced by the simulations. Additionally, the differences between EM and PJ
models appear to be limited when compared to the mismatches with experimental
measurements, so suggesting that, at least for the level of accuracy which can be
obtained with 2D-URANS, PJ and EM approaches are substantially equivalent,
despite being PJ based models much more convenient form the operative point of
view.
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Figure 5.17: The aerodynamic coefficients of the GBB-W, GBB-L, GBB-Both and
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KPHB-W configurations.

To provide a quantitative evaluation of such observations, the coefficient of deter-
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mination, R?, of the EM and PJ models is reported in Table 5.4. In reading such
results it is worth to recall the R? is insensitive to shifting and scaling of the data,

so that it mainly provides a measure of accuracy of the predicted trends. It can be

seen that R? ranges from approximately 1 to 0.73 for EM and 0.63 for PJ with-

out apparent trends, so confirming that EM models are only slightly better than
PJ models in predicting the trends of the aerodynamic forces with respect to the
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angle of attack.

Table 5.4: The coefficient of determination, R2, of the EM and PJ models for all
analysed cases.

GBB-W GBB-L GBB-Both KPHB-W

EM pPJ EM pPJ EM PJ EM PJ

Cq 0990 0991 0.732 0.891 0.757 0.638 0.989 0.861
Cr 0991 0999 0966 0983 0971 0991 0.853 0.961
Cp, 0996 0997 0975 0978 0997 0995 0.801 0.632

Finally, Table 5.5 reports the mean errors obtained for each case for both EM and
PJ models. The error is defined as

\/Z (CExp - C'CFD)2

V2 Chap

where the C'g,;, and Cop respectively represents the experimental and computed
force coefficients. Again it emerges that sensitive mismatches with experimental
measurements are present, but EM and PJ models are characterized by compara-
ble accuracies.

E— (5.3)

Table 5.5: The errors between the computed and experimental force coefficients.

GBB-W GBB-L GBB-Both KPHB-W
EM PJ EM PJ EM PJ EM PJ

Cy 0378 0310 0442 0408 0336 0312 0.139 0.126
C; 0347 0255 0303 0313 0.175 0.223 0369 0.279
Cp, 0347 0.181 0.286 0.287 0.185 0.191 0.532 0.718
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5.4.3 Zero thickness porous barrier

In order to shed further light on the role played by porous barriers, the GBB-W
configuration was simulated using the EM approach with a zero-thickness barrier,
indicated as EMz. This approach represents an intermediate condition between
the previously analysed EM and PJ models, as it is similar to EM with respect
to the barrier drag production but it does not allow for a deflection of the flow,
consistently with PJ. The obtained flow fields are shown in Fig. 5.18 and shall be
compared to those reported in Fig. 5.13. The strong similarity between PJ and
EMz models can be immediately observed.

EMz, o = —10° EMz, o = 10°
Figure 5.18: Streamlines of the time-averaged velocity fields for the GBB-W con-
figuration with a zero-thickness barrier.

The very good matching observed between PJ and EMz models is further con-
firmed in Fig. 5.19 and Fig. 5.20, where C), distributions and global forces are
reported at different angles of attack. This confirms the importance of considering
the deflection of the flow operated by the barrier, that unfortunately cannot be con-
sidered when using standard P.J approaches, commonly available in commercial
softwares.

—EMz--PJ---EM —EMz--PJ---EM —EMz --PJ---EM

s/B s/B s/B
a=—10° a=0° a=10°

Figure 5.19: The C, distribution for the GBB-W case at different angles of attack.

121



~PJ ~-PJ
-EMz -EMz
-EM ’ ol -EM <
= ¥ g 1 £ .
Q2 = ) ] * o 0 R
- T -EMz
1 05 “EM
1 02
-0 5 0 5 10 -10 0 10 -10 0 10

Figure 5.20: The aerodynamic coefficients for the GBB-W configuration when
different modeling approaches and angles of attack are adopted: (a) Cy, (b) C]
and (c) C,,.

5.5 Conclusions

In this paper we investigated the role played by wind shields and porous barri-
ers in the assessment of the bridge decks aerodynamic performances by means of
CFD simulations. In particular, 2D-URANS models have been considered, due
to their well-known good balance between accuracy and computational require-
ments, which currently renders them the most widely used model for bridge deck
optimization in the early stages of the design development.

Firstly, we remark that the presence of the porous barriers generally led to a de-
crease of the accuracy of the simulations with respect to the bare deck conditions.
Discrepancies may be attributed, at least partially, to mismatches in the model ge-
ometry (e.g. the impossibility to model vertical supports in 2D URANS) but this
does not seem enough to explain the observed differences. Sensitivity analyses
have been also used to investigate other sources of uncertainties, leading to the
same conclusions. We individuate as an important limitation of P.J based models
the impossibility to account for flow deflection, pointing to the need to develop ad
hoc numerical models to represent the phenomenon. In the authors’ experience,
the use of Large Eddy Simulations might lead to major improvements, but for
such cases preliminary evaluations suggest an increase of computational time of
approximately three orders of magnitude, making them completely unsuitable for
optimization purposes.

Despite some mismatches, numerical models were able to correctly reproduce
most of the trends observed in experimental data when considering different bar-
rier positions and angles of attack. Moreover, it has been shown that using homog-
enized models might be a convenient and viable solution with respect to explicit
models for optimization purposes, since trends of the global aerodynamic forces
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were not substantially affected by such simplification.

5.6 Appendix

5.6.1 Sensitivity to frame geometry

As reported above, the vertical supports are disregarded in simulations as 2D-
URANS are adopted. By ignoring such vertical supports the overall barrier poros-
ity is changed by roughly 3%. Additional simulations obtained by varying the
barrier porosity for P.J models, not here reported for the sake of brevity, shown
very little sensitivity to such porosity differences. Additionally, for the sake of
simplicity, the top railing is modelled as an additional triangular element in order
to obtain an homogeneous barrier. We thus here assess the model sensibility to
such geometric detail.

The instantaneous velocity fields obtained considering the real geometry instead
of the simplified one (i.e. with the additional triangular element) are shown in Fig.
5.21. These can be compared to Fig. 5.8 (b) and 5.9 (b). Some differences emerge
but they do not seem to lead to reproduce the PIV measurements any better.

1 1
0.5 0.5
0 0

(a) (b)

Figure 5.21: The instantaneous velocity magnitude fields, U /Uy, for the geometry
with the supporting frame horizontal element for: (a) GBB-W and (b) GBB-L.

Good agreements is still obtained in terms of global force coefficients, shown in
Fig. 5.22. Differences between such two models for GBB-W and GBB-L are re-
spectively 9.1% and 9.4%. While such differences are not necessarily negligible,
explicitly modeling the top railing would strongly jeopardize most of the advan-
tages obtained building a homogenized models. Without excluding the possibility
to build more accurate models using mixed PJ/EM approaches, we here pro-
ceed with the simple P.J model and, for the sake of comparability, we replace the
top railing with an additional triangle, so rendering the two models more fairly
comparable (notice that the presence of top railing can be actually considered an
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artifact needed in wind-tunnel experiments). We nevertheless notice that the ob-
served 10% differences are anyway not enough to explain some of the mismatches
obtained with experimental data.
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Figure 5.22: Aerodynamic coefficient obtained with and without (substituting it
with a triangular element) the barrier top frame: (a), (b) and (c) GBB-W and (d),
(e), and (f) GBB-L.

5.6.2 Sensitivity to turbulence models

As reported in the manuscript, the Shih’s quadratic algebraic Reynolds stress k& —
¢ is well-adapted to work in conjunction with PJ models as it is wall-distance
free. Nevertheless, limiting to 2D-URANS, the £ — w 55T model is well-known
to provide good results for flows around bluff-bodies. We thus here assess the
sensitivity of the results on the turbulence model using GBB-W and GBB-L.

The global aerodynamic coefficients obtained using Shih’s k — ¢ and k — w SST
models are shown in Fig. 5.23, where an overall good agreement can be found.
In particular, the averaged difference of C; between these turbulence models is
approximately 4%.
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Figure 5.23: Aerodynamic coefficient obtained considering different turbulence
models: (a), (b) and (¢c) GBB-W and (d), (e), and (f) GBB-L.

5.6.3 Sensitivity to the mesh

A mesh sensitivity analysis is performed on the GBB-Bare, GBB-W and GBB-L
configurations. In particular, we firstly consider a baseline mesh characterized by
along and cross-wind dimensions equal to §,/B = §,/B = 8 x 10~ close to
the considered bridge decks, just outside the boundary layers. Such mesh counts
approximately 180 k cells. Two close-ups of the meshes are shown in Fig. 5.24.

(@)

(b)

Figure 5.24: Overview of the fine meshes: (a) GBB-Bare and (b) GBB-W.

Then, a finer mesh is considered. Such mesh is characterized by 6, /B = d,,/B =
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4 x 10~* and counts approximately 340 k cells. The time-averaged velocity mag-
nitude distribution, U /Uy, for the two mesh refinements is shown in Fig. 5.25.

1 1
— 0.5 - — 0.5
0 0

(a) (b)
| |
0.5 T 0.5
0 0
©) (d

Figure 5.25: Time-averaged velocity field, U/ Uy: (a) GBB-Bare baseline, (b)
GBB-Bare fine, (c) GBB-W baseline, (d) GBB-W fine.

While for GBB-Bare a very good agreement between the two is found, for the
GBB-W some differences can be observed close to the barrier and in the far wake.
As is discussed in [113, 120], due to the inherent multi-scale nature of the flow, a
complete mesh insensitivity for cases in which the barrier geometry is modelled
is extremely hard to be achieved. Indeed, it is the aim of homogenized models,
such as the pressure-jump approach, to disregard some of the flow details in order
to account only for the main flow features, relevant for the intended use of the
analyses.

We thus proceed to compare the obtained pressure distributions. In particular,
we define the pressure coefficient C), = Fﬁ’[]g as usual, where p denotes the
time-averaged pressure. Figure 5.26 (a) and (b) report the time-averaged pressure
coefficient distribution, Up, and its standard deviation, Czlv’ for GBB-Bare. The
path along which the pressure statistics are sampled is shown in Fig. 5.3. It can

be seen that, overall, a very good agreement is obtained.
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Figure 5.26: Pressure coefficient statistics: (a) GBB-Bare 619, (b) GBB-W 6]3, (c)
GBB-Bare C’;, (d) GBB-W 01/9'

When the 610 and C:; for the GBB-W configuration are considered, we observe
slight discrepancies, especially in the proximity of the barrier, which is shown in
Fig. 5.26 (b) and (d). Such differences are related to the local unsteady behaviour
of the flow over the pores, which cannot be well-captured by the baseline mesh.
It should be noticed that the local flow behaviour inside the pores cannot be cor-
rectly considered neither by wind tunnel models based on the matching of the drag
coefficient, nor by pressure-jump based models. Indeed, if such feature is deemed
important, an accurate explicit modeling of the barrier aerodynamics appears to
be the only solution for both physical models and numerical simulations, although
cumbersome and impractical.

Finally, Table 5.6 reports the time-averaged force coefficients obtained for using
the baseline and fine meshes for various deck configurations. We notice that one
case, namely GBB-L at o = —10°, shows a difference of 15% (which is anyway
small with respect to the differences against experiments). Nevertheless, the over-
all agreement, especially in terms of drag coefficients, appears to be very good.
We thus conclude that while adopting finer meshes might lead to some improve-
ments (at a very high computational cost has thefiner mesh has been obtained by
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bisection in the barrier proximity), the observed differences with respect to exper-
imental data cannot be attributed to mesh dependency of the results.

Table 5.6: The aerodynamic coefficients of the GBB-Bare, KPHB-Bare, GBB-W
and GBB-L when different mesh resolutions are adopted. The B and F' represent
the case with baseline and fine mesh, respectively.

Cq C Cm

B F B F B F
GBB-Bare 0.382 0.390 | 0.038 0.029 | 0.036 0.036
KPHB-Bare 0.585 0.580 | -0.466 -0.456 | -0.002 -0.003
GBB-W, o = —10° 1.058 1.134 | -0.683 -0.667 | -0.170 -0.166
GBB-L, . = —10° 2.157 2.489 | -1.353 -1.320 | -0.187 -0.175
GBB-W, a = 0° 1.490 1.523 | -0.117 -0.162 | 0.008 -0.005
GBB-L, o = 0° 1.547 1.561 | -0.866 -0.873 | 0.003 0.002
GBB-W,a =10° 2433 2403 | 0270 0.203 | 0.127 0.109
GBB-L,ao=10° 1492 1.340 | 0.534 0.524 | 0.111 0.108
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5.6.4 The instantaneous velocity fields of all cases

GBB Bare, —10° KPHB Bare, —10°

GBB Bare, —5° KPHB Bare, —5°

GBB Bare, 0° KPHB Bare, 0°

0.5

GBB Bare, 5° KPHB Bare, 5°

GBB Bare, 10° KPHB Bare, 10°

129
Figure 5.27: The instantaneous velocity fields, U/Uy, of the GBB Bare and KPHB
Bare.



(a) GB, a = —10° (b) HB, o = —10°
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Figure 5.28: The instantaneous velocity fields, U /Uy, of the GBB WW when dif-
ferent incidence angles are adopted. 130
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Figure 5.29: The instantaneous velocity fields, U/Uy, of the GBB LW when dif-
ferent incidence angles are adopted. 131
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Figure 5.30: The instantaneous velocity fields, U/Uy, of the GBB DW when dif-
ferent incidence angles are adopted. 132
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Figure 5.31: The instantaneous velocity fields, U/Up, of the KPHB WW when
different incidence angles are adopted. 133



5.6.5 The time-averaged velocity fields of all cases
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Figure 5.32: The time-averaged velocity fields, U /Uy, of the GBB WW when
different incidence angles are adopted.
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Figure 5.33: The time-averaged velocity fields, U /Uy, of the GBB LW when dif-
ferent incidence angles are adopted. 135
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Figure 5.34: The time-averaged velocity fields, U /Uy, of the GBB DW when

different incidence angles are adopted. 136
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Figure 5.35: The time-averaged velocity fields, U /Uy, of the KPHB WW when

different incidence angles are adopted. 137



5.6.6 The time-averaged streamlines of all cases

(i) GB, a = 10° () HB, o = 10°

Figure 5.36: The time-averaged velocity streamlines of the GBB WW when dif-
ferent incidence angles are adopted.
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(i) GB, a = 10° () HB, o = 10°

Figure 5.37: The time-averaged velocity streamlines of the GBB LW when differ-
ent incidence angles are adopted.
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(i) GB, o = 10° () HB, o = 10°

Figure 5.38: The time-averaged velocity streamlines of the GBB DW when differ-
ent incidence angles are adopted.
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(i) GB, a = 10° () HB, o = 10°

Figure 5.39: The time-averaged velocity streamlines of the KPHB WW when dif-
ferent incidence angles are adopted.
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(i) PB, o = 10° () HB, o = 10°

Figure 5.40: The time-averaged velocity streamlines of the GBB WW when the
zero-thickness barrier is adopted.
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Chapter 6

Large-eddy simulations and
wind-tunnel experiments of a
porous rectangular prism with
solid roof

Following the previous investigations, this chapter compares the Large-Eddy Sim-
ulations (LES) and wind-tunnel experiments on a ground mounted porous rectan-
gular prism, which is composed by porous side surfaces and solid roof. In par-
ticular, the porous surfaces are modeled by the aforementioned explicit modeling
and pressure-jump approaches in LES. Moreover, both the smooth and turbulent
inflow is considered by removing or using several roughness blocks.

143



6.1 Introduction

In the previous chapters it has been elucidated that differences can be generally
expected between pressure-jump, PJ, based simulations and explicit models of the
porous surface geometry, EM. Such differences were observed mainly comparing
numerical results obtained following the aforementioned modeling strategies. Ex-
perimental results from the literature have been used in the case of bridge decks,
but it was possible only to rely on global forces and some PIV measurement.
Additionally, the previously considered cases where all characterized by rather
simple geometries and smooth inflow conditions.

In this chapter, we proceed at comparing wind tunnel tests and numerical simula-
tions on a ground mounted porous prism, which has appositely built and experi-
mentally studied at Tamkang University, and which can be considered a prototype,
although extremely simplified, of a body obtained by the assemblage of porous
surfaces, exposed to both, smooth and turbulent wind. The considered model,
which has an approximately cubic shape, has a solid roof and four exterior porous
walls. The model has been conceived and build in order to allow the measurement
of pressure on both sides of the composing surfaces, so allowing for a more de-
tailed description of the obtained results with respect to the previously presented
cases. This has been obtained by 3D printing the model and embedding the piping
system within the wall thickness, in order to avoid to disturb the flow with the
pressure taps piping system.

In particular, in Section 6.2, the setup of the wind-tunnel experiments is briefly
introduced. Then, the proposed numerical simulations are described in Section
6.3. The presentation, comparison and analysis of the results are given in Section
6.4. Finally, conclusions are drawn in Section 6.5.

6.2 Experimental setup

The experiments are carried out in a conventional suction-type boundary layer
wind tunnel at the Wind Engineering Research Center, Tamkang University. The
section of this wind tunnel is 12.0 m long, 2.2 m wide and 1.8 m high.

As already stated we here consider both smooth and turbulent inflow conditions.
For the sake of simplicity, both such inflows have been chosen in order to be
easily reproducible in the numerical simulations without recurring to synthetic
flows. Consequently, fully developed atmospheric boundary layer conditions are
not considered. In particular, in order to obtain an impinging smooth flow in
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ground mounted conditions, the model is placed on wooden planks placed at an
height from the wind tunnel floor sufficient to avoid its boundary layer. To de-
crease as much as possible the turbulence impinging on the model, the windward
edge of the planks have been sharpened and the planks painted to render them as
smooth as possible. An overview of the model is shown in Fig. 6.1. Velocity
measurements performed without posing the model on the planks confirmed that
at the model location a flat profile is obtained characterized by a turbulence inten-
sity of approximately 1%. Starting from such conditions, turbulence is introduced
adding two rows of roughness blocks upstream the model. The velocity of inflow
is set to be 10.0 m/s.

(a) (b)

Figure 6.1: The wind-tunnel experiments of porous prism immersed in (a):
smooth inflow and (b) turbulent inflow.

The geometric details of the adopted porous body are shown in Fig. 6.2. The roof,
Surface E, is fully solid, while the other surfaces, Surface A - D, are permeable.
As shown in Fig. 6.2 (a), the length and height of each side surface are set to
D = 0.46 m and H = 0.345 m, respectively.

In order to clearly describe the arrangement of pores, a part of Surface A is shown
in Fig. 6.2 (b), which corresponds to the dash rectangle zone of Fig. 6.2 (a). On
each permeable surface, the square pores are evenly distributed: 11 in each line
and 8 in each column. Both the length and distance of these pores equal to d =
2—13D. The distance between pores and surface edges is also set as d. Consequently,
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the porosity, 3, of each permeable surface equals to 22%. Moreover, the thickness,
t, of each surface equals to %D, which is also the thickness of the side porous
walls. With this setup, the thickness such that t = 0.25d.

The pressure probes are illustrated in Fig. 6.2 (a) as dots, which are equally dis-
tributed on both inside and outside of each surface. In such context, 16 probes are
arranged on both side of each surface.

Surface C £t d
w
<€ <
8l g e o2 | S
Q| SurfaceE | & d
y— o
3 A )
>
a o |d
[oopopooopooofoopopooooooo 00000000000[0000000,00,00,
‘\ELDE\E\E\EIDEIEHJDDDDDE\E\E\DDEDDDDDDDE\E\DDDDDDDDDDDE\DD
0boooo00000|00000000000(00000000000|00000000000
ooooooooooo 0000000000000 00000000|00000000000
H 0000000000000 000000000(00000000000|00000000000
0000000000000 000000000|000000000D0O0j00000000000
oppoopooooooojoooo0o0o0oo0ojoo0ooo0ooooolo0o0o0000000
0000000000000 000000000|00000000000j00000000000 d
Surface A | Surface B | Surface C | Surface D b d
(a) (b)

Figure 6.2: The expanded view of (a): the adopted porous prism and (b): the top
corner of Surface A. The squares and dots respectively represent the pores and
pressure probes.

6.3 Numerical setup

In this section, the computational models and the numerical setup are firstly re-
ported. Then, the wind profiles at the immersed body location obtained in the
numerical simulations are compared to the experimental ones.

6.3.1 Computational model

The size of computational domain and model are shown in Fig. 6.3. No scaling of
lengths is adopted, so that the sizes of the computational domain and roughness
blocks are respectively setas L = 120 m, B = 22 m, G = 1.8 mand b =
0.05 m.
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Figure 6.3: The computational domain and model (a): top view and (b) front view.

The mesh adopted for the EM cases is shown in Fig. 6.4. Close to the surfaces, the
mesh size in each direction is set as . /d = d0,,/d = 0, /d = 0.25. Consequently,
the thickness and side length of each pore is respectively represented by 1 and 4
cells. This mesh resolution is also adopted for the roughness blocks. In such a
way, the mesh counts approximately 6.5 M cells. The mesh adopted for the PJ
cases is obtained in a similar way.

Figure 6.4: The mesh of the EM cases when using roughness blocks.

The pressure probes arranged in CFD are illustrated in Fig. 6.5 (a). For a clear
description, the pressure taps in wind-tunnel experiment are also shown in Fig. 6.5
(b). Besides the setup used in experiments, more probes are adopted in simulations
for detail measurement. Moreover, in both CFD and experiments, the pressure
taps are ordered in four horizontal paths and four vertical paths, where two of
them are shown in Fig. 6.5. The horizontal path located at the immersed body
bottom, HI, is illustrated as black arrows on each surface, which starts at the
junction of Surface A and Surface D. The paths are consequently named as H2,
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H3 and H4. The vertical path, V1, is illustrated as blue arrows, and the other paths
are consequently named as V2, V3 and V4.

It should be noticed that the pressure probes are positioned right on the respective
surfaces, while the gap mentioned in Chapter 3 is not adopted, for the sake of
comparability with the experimental results of the EM model.

(a) (b)

Figure 6.5: The arrangements of pressure probes for (a): CFD and (b): experi-
ments. The horizontal path, H/, and vertical path, V1, on each surface are respec-
tively illustrated as black and blue arrows.

Since the size of numerical domain is equal to that of the wind tunnel without
scaling, the same inflow velocity, Uy, of the experiment is applied at the inlet
boundary. The Reynolds number based on the immersed body length is Re =
£l _ 375 105. A zero pressure is imposed at the outlet boundary, while a null
pressure gradient is prescribed at the inlet. Symmetry boundary conditions are
imposed at the top, bottom, front and back surfaces of the domain. The roughness
blocks are defined as wall boundaries.

With respect to the porous prism, for EM cases, wall boundary is adopted for
external and internal surfaces, while symmetry condition is used for pores, due to
the low resolution there adopted. For PJ cases, the pressure jumps are calculated
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relying on the formula previously derived [120], which reads

UL (@18 +2)(8 = 1)
2 52((12 - 1) ’

where Ap is the pressure jump, p is the fluid density, U, is the local velocity
normal to the surface, 3 is the porosity defined by the pore area divided by the
total surface area, a; = 0.5 and as = —0.1. Moreover, it should be noticed that
the solid roof (Surface E) is explicitly modeled in both EM and PJ cases and set
as wall boundary.

Ap =

6.1

A centered second-order differentiation scheme is adopted for the diffusive terms,
while a centered-upwind blended differencing scheme (LUST) is adopted for the
advective terms to preserve boundedness with reasonable accuracy. Time integra-
tion is performed by using the Crank-Nicolson scheme. The coupling of pressure
and velocity is obtained for all simulations by using the well known Pressure-
Implicit with Splitting of Operators (PISO) algorithm. The one-Equation model is
considered, where the wall treatment is performed with van Driest damping law.

The open source Finite Volume software OpenFOAM is adopted to perform the
simulations.

6.3.2 Inflow profiles

Before proceeding, the profiles measured in the numerical simulations at the build-
ing location for the time-averaged velocity, U, turbulence intensity, I;, ¢ = u, v, w,
and integral time scale, T, are compared to those observed in experiments. As
shown in Fig. 6.6 some differences between the wind profiles measured in the
experiments and numerical simulations can be observed, but overall a reasonable
agreement is found up to the roof hight, z/H = 1.
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(a)

Figure 6.6: The profiles at the immersed body location of (a): time-averaged
velocity, U, (b): turbulence intensity, I;, and (c): integral time scale, T for the
numerical simulations and wind tunnel experiments.

6.4 Results

In this section, we analyze the results obtained by using EM, PJ and wind-tunnel
experiments. Firstly, the flow patterns obtained by using EM and PJ approaches
are qualitatively compared. Then, quantitative comparisons between experiments
and CFD are provided.

6.4.1 Flow patterns

The contours of Q for the porous prism are shown in Fig. 6.7, which are colored
by the instantaneous velocity magnitude. In smooth inflow conditions, for both
EM and PJ cases, in the very first part of the shear layer, the flow appears to be
laminar for all cases. Downstream to this laminar zone, the shear layer grows and
breaks down to turbulence.
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(a) EM, Smooth inflow (b) PJ, Smooth inflow

(c) EM, Turbulent inflow (d) PJ, Turbulent inflow

Figure 6.7: The contours of computed Q, which are colored by the instantaneous
velocity.

Then, the fields of instantaneous velocity magnitude, made non-dimensional with
the reference inflow velocity, U/Uy, at XY slice are shown in Fig. 6.8. Several
differences of internal flow can be found between EM and PJ cases, which are
probably mainly caused by the pores distribution on Surface A. Considering that
the influence of each pore cannot be reproduced by using pressure jumps, the
bleed flows inside PJ cases are not observed. Such differences appear to be less
noticeable when the body is immersed in a turbulent flow. Comparable patterns
can be also found in the wake flow downstream of the Surface C.
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(a) EM, Smooth inflow (b) PJ, Smooth inflow

(¢) EM, Turbulent inflow (d) PJ, Turbulent inflow

Figure 6.8: The distributions of instantaneous velocity, U/Uy, for EM and PJ
cases at the XY slice with z = 0.5H.

Similarly to Fig. 6.8 (which reports the instantaneous non-dimensional velocity
magnitude distribution) the time-averaged non-dimensional velocity magnitude
distribution is shown in Fig. 6.9. For both EM and PJ cases, comparable overall
flow patterns are predicted, being for instance, the shape of the wake zone com-
parable in EM and PJ models. We also notice that the wake zone shortens in
turbulent inflow conditions with respect to smooth inflow conditions in a compa-
rable why when using the two approaches. Despite such similarities, we clearly
observe, coherently with observations in the previous chapters, that the bleed flow
through the pores creates structures which extend far downstream the porous sur-
faces. In such zones, high and low velocity areas corresponding to the pores and
the solid parts of the barriers, alternate, and their mixing, due to momentum con-
servation, leads to a pressure recovery as already discussed in previous chapters.
Such structures are to be considered of vanishing dimensions for the PJ models,
which appears as a crude approximation in the present case. Using turbulent in-
flow conditions seems to reduce such affect which, nevertheless can be clearly
observed in all cases.
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(a) EM, Smooth inflow (b) PJ, Smooth inflow
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0.5 0.5
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(c) EM, Turbulent inflow (d) PJ, Turbulent inflow

Figure 6.9: The distributions of time-averaged velocity, U /Uy, for EM and PJ
cases at the XY slice with z = 0.5H.

The aforementioned results can be clearly seen also in Fig. 6.10, which reports
non-dimensional time averaged relative velocity magnitude an a XZ plane.

1 1
0.5 0.5
0 0

(a) EM, Smooth inflow (b) PJ, Smooth inflow
1 1
0.5 o5
* 0 0
(¢) EM, Turbulent inflow (d) PJ, Turbulent inflow

Figure 6.10: The distributions of time-averaged velocity, U /Uy, for EM and PJ
cases at the XZ slice with y = 0.
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Finally, the time-averaged streamlines for EM and PJ cases are shown in Fig.
6.11. Although the internal flow patterns in EM and PJ cases are still different,
the location and size of the main vortex in wake flow are well reproduced by PJ.
Similarly to the bleed flows through the windward Surface A, these differences
caused by solid corners are also less noticeable when the body is immersed in
turbulent flow.

(c) EM, Turbulent inflow (d) PJ, Turbulent inflow

Figure 6.11: The time-averaged streamlines for EM and PJ cases at the XY slice
with z = 0.5H.

6.4.2 Pressure coefficient

Figures 6.12 and 6.13 illustrate the time-averaged pressure distribution along the
previously mentioned paths, inside and outside. Overall, reasonable agreement
can be found at the windward surface, but deviations are apparent on other cases
for both EM and PJ. In some circumstances, like at the inside path in correspon-
dence of the SurfaceA, the EM model is clearly closer to measurements due
to known difficulties, i.e. the presence of the aforementioned pressure reconvert
zones, which in the previous cases led to the offsetting of the probing paths form
the surfaces. Nevertheless, in other cases, differences appear to be more difficult to
be explained and directly linked to the shortcomings of the modeling approaches.
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Figure 6.12: The C, along horizontal and vertical paths in smooth inflow condi-
tions.

With reference to Fig. 6.13, some ameliorants can be seen when considering tur-
bulent inflow conditions, but overall previously obtained results are mainly con-
firmed. Further results are reported in the Appendix for the sake of readability.
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Figure 6.13: The C), along horizontal and vertical paths in turbulent inflow con-
ditions.

The computed results of C), against the experimental ones are reported in Fig.
6.14, where the overestimation of numerical results are usually found. Further
results, for the sake of readability, are reported in the Appendix.
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Figure 6.14: The correlations of aa measured in the cases with (a) and (b): smooth
inflow, (¢) and (d): turbulent inflow.

Figure 6.15 reports the distribution of the C), standard deviation, C/, for all con-
sidered cases and models. In numerous circumstances, as expected, the EM model
seem to provide a better accuracy with respect to the PJ model, which often shows
very low values. At least partially, this can be attributed to the unsteadiness of the
flow passing through the pores, which is not expected to be simulated for P/ mod-
els.
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Figure 6.15: The C;D along horizontal paths for turbulent inflow conditions.

An overview of the obtained results is presented in the scatter plot reported in
Fig. 6.16, where the underestimation of numerical results are observed. Further
results, for the sake of readability, are also reported in the Appendix.
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Figure 6.16: The correlations of C’]'J measured in the cases with (a) and (b): smooth
inflow, (c¢) and (d): turbulent inflow.

6.5 Conclusions

Following the previous investigations, this study evaluates the performance of us-
ing pressure-jump approach by investigating the flow around permeable ground
mounted prism using LES. In particular, both smooth and turbulent inflow condi-
tions are considered.

Results show that the external flow patterns between PJ and EM results are quali-
tatively comparable. In particular, the main time-averaged flow structures are well
reproduced. Nevertheless, several differences are inevitably noticed, especially in
the volume enclosed by the porous surfaces.

It appears that a slight improvement is obtained when considering turbulent inflow
conditions with respect to smooth ones. This can be due to the lower sensitivity
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of the numerical model to the relatively coarse concretization inevitably adopted
within the pores. Nevertheless, it can be conjectured that the presence of incoming
turbulence favor the momentum mixing in the proximity of the barrier, shortening
the downwind extent of pressure recovery zones. This would alleviate one of the
inevitable differences which distinguish EM models form PJ ones.

It is finally important to notice that, the geometry of the considered case was cho-
sen in order to allow for the building of EM. The hole size is here approximately
one order of magnitude smaller than the overall immersed body size. After the
experience gained in this research work, it is possible to conclude that, under such
conditions pores can hardly by defined as vanishing in size, so that part of the prob-
lems can be probably attributed to an insufficient separation of scales. Evidently,
increasing the scale separation and, so, obtaining pores which can be considered
of vanishing thickness, poses very strong difficulties for both wind tunnel experi-
ments and numerical simulations. In general, a decrease of accuracy of numerical
simulations can be expected when considering porous surfaces in numerical sim-
ulations in comparison to fully solid bodies. Staying at the results considered in
the present work the agreement between experimental results, explicit geometrical
models and pressure jump shall be generally expected to be mainly qualitative.
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6.6 Appendix

6.6.1 The C, along all paths
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Figure 6.17: The C), along horizontal paths in smooth inflow conditions.
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Figure 6.18: The C, along vertical paths in smooth inflow conditions.
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Figure 6.19: The C, along horizontal paths in turbulent inflow conditions.
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Figure 6.20: The C,, along vertical paths in turbulent inflow conditions.
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Chapter 7

Conclusions

In this thesis, the aerodynamic behavior of porous elements has been investigated,
with particular emphasis on the use of pressure-jump, PJ, based models for their
numerical simulations. The obtained results have been compared to the ones of
non-homogenized models, where the porous elements are simulated in detail, i.e.
the geometry of each pore is explicitly modeled, EM. In essence, PJ-based simu-
lations represent homogenized models which allow to conveniently tackle the re-
markable separation in scales existing between the macroscopic flow established
around the structure and the microscopic-scale flow established within the pores.
The main findings are summarized in the following.

In Chapter 2, a new model able to predict the pressure-jump based on surface
porosity was proposed. The model, compared to previously available ones, pro-
vides a more physically grounded and detailed description of the elements which
contribute to determine the pressure jump between the two sides of a porous sur-
face. For instance, it allows to clarify the relations existing between local and
homogenized quantities and clearly distinguishes the role played by pressure re-
covery zones found downstream the porous barrier. The model has been tested
considering a simple thin porous barrier in confined flow conditions, showing
good agreement with simulated EM and experimental results for all considered
porosities (16% to 69%). The dependency of the pressure jump on the attack an-
gle has been also considered, observing that simple formulations already present
in the literature provided very good match with EM numerical models.

Based on such results, the pressure-jump approach was adopted to investigate the
flow through a forward facing step, composed by a porous plate normal to the
inflow and a solid plate parallel to the inflow. For such a simple case, reasonably

169



good agreements between the PJ and the EM models were obtained, especially
for the time-averaged results. Notably, flow details such as the pressure recov-
ery downstream the porous barrier cannot be reproduced using PJ models. Such
aspect, although being expected, requires to be carefully considered when com-
paring the aforementioned detailed models (in which the flow through the pores
is simulated) to homogenized ones. Considering the flow unsteady behavior, we
obtained a trend consistent with expectations: the agreement between PJ and EM
becomes more satisfying when adopting a larger number of pores. Differences
appear to be concentrated in the proximity of the porous barriers, as expected,
but they do not appear to be there limited. Overall, it appeared extremely hard to
clearly assess a form of the PJ results to EM as the pore size decreased. Rather, a
qualitative similarity between the two model predictions was found.

In Chapter 3, a shape classically taken as a benchmark in the field of bluff-body
aerodynamics has been considered: the 5:1 rectangular cylinder. Differently from
other contributions found in the literature, here the immersed body was consid-
ered to be composed of porous surfaces, to radically affect its aerodynamic be-
havior. In this case, three main factor were considered: the surface porosity, the
attack angle and the adopted turbulence model. The case is investigated relying
on 2D-URANS. Results showed that global forces were in reasonable quantitative
agreement for all the considered cases. Despite some sensitivity to the adopted tur-
bulence model, differences appeared to be mainly related to local effects, which,
once amplified downstream, might affect the global flow arrangement. In this
case, the effects of the corners were also investigated and the possibility to adopt
mixed PJ/EM models was considered.

In Chapter 4, the porous 5:1 rectangular cylinder was again considered with fur-
ther comparisons between 2D-URANS and 3D-LES simulations. Again the agree-
ment between the two simulations strategies depends on numerous factors, espe-
cially the details of pore arrangement when their number of holes is not extremely
high. Indeed, such high number of pore shall not only make sure that pores are
small compared to the overall immersed body size, but it is also required that the
structures created downstream the pores are effectively small. Numerical simula-
tions seem to indicate that this second requirement might be tighter than the first
one, so rendering the theoretical limit of vanishing pore size extremely difficult to
be reached. In fact, the local results obtained using PJ-based simulations should
be always carefully considered, while the global drag coefficients appear to be in
good agreement between the two models, at least in the limits of the proposed
porosities (25% to 75%) and attack angles (0° to 9°).

In Chapter 5, the presence of porous barriers positioned as secondary structures on
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a bridge deck was analyzed using PJ and EM models and compared with available
experimental results. Again, numerical models were able to correctly reproduce
the trends observed in experimental data when considering different barrier po-
sitions and angles of attack. Differences between the two modeling approaches
remained but, overall, PJ results were found to be adequate for computationally
intense tasks such as the deck shape and wind shield optimization, for which the
use of PJ models would lead to remarkable advantages due to their reduced com-
putational cost and the possibility to vary the barrier height and porosity without
re-meshing. This is also justified by the fact that the difference between the two
numerical models were small if compared to those with experimental data in some
cases. It was also shown that, in case of real barriers of non-vanishing thickness,
one important aspect which might need consideration if the deflection operated by
the barrier by means of shearing stresses (stresses exchanged in the barrier plane),
which cannot be considered using standard PJ approaches.

Finally, in Chapter 6, a ground mounted parallelepiped with porous side walls
and solid flat roof is considered using different inflow conditions, including at-
mospheric boundary layer flows. In this case a set of wind-tunnel experiments
has been performed, showing great challenges also from the experimental point
of view due to the presence of the pores. The case, although simplified, might be
useful in order to open the way to the numerical simulation of porous cladding,
often used in the construction of double skin facades. The experimental tests have
been reproduced by LES, showing again that a qualitative agreement between PJ
and EM models can be obtained, but that an accurate reproduction of the flow
appears to be difficult with both modeling strategies.

Summarizing, the presented work investigated the aerodynamics of porous ele-
ments using PJ and EM approaches, together with the aim of evaluating the per-
formance of PJ models. Results indicate that the two modeling strategies are
usually found to be in good agreement, although a proper convergence of EM to
PJ for vanishing pore size could not be observed. The comparison with the few
available experimental data indicated several deviations of both PJ and EM mod-
els from the recorded data, but overall trends appear to be respected. It can be
thus concluded that attention shall be paid in both PJ and EM as the presence of
porous elements generally tend to decrease the accuracy of numerical simulations
with respects to results obtained for solid bodies. Nevertheless, the use of PJ and,
more generally, homogenized models, appears to be the only viable solution for
the numerical simulation of porous surfaces, and their performance already ap-
pears to be suitable for applications in which a qualitative prediction of the main
flow features trends is of interest.
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