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Greening is considered a sustainable and environmentally friendly policy for urban development but despite the
progress made so far, the aerodynamic implications of building embedded greening have yet to be determined.
Greening may have a variety of implications on wind loads, natural ventilation and air exchange, all related to
the pressure distribution on buildings’ external surfaces. In the present study, a wind tunnel investigation deals
with the qualitative and quantitative effects of building greening on the external surface pressure distribution
of a model building. Greening was considered to fully cover the external windward facade and the roof under
various permeabilities and thicknesses. Openings on the side walls allow for indoor—-outdoor air exchange.
The position and the thickness of greening were found to be decisive parameters for the overall pressure
distribution but attention was also directed towards the fluctuating pressures near the openings, which are
expected to be the driving mechanism for air exchange in this configuration. Effects of rooftop greening were
confined mainly to the roof and the wake but for windward facade greening, mean and fluctuating pressure
differences of up to 35%, compared to the bare building, were observed in the vicinity of the openings. The
major effect was a damping of the lower frequencies of pressure fluctuations and it had a stronger dependence
on the thickness rather than the material properties of the windward facade greening.

1. Introduction

Modern cities incorporate many of humanity’s technological
achievements, including contemporary architecture, means of transport
and communication, even energy production. The harmonious balance
between these and the natural habitat is considered by many to be
the key for cities that are inclusive, safe, resilient and sustainable (UN
Cities, 2015). A crucial parameter of this harmonious coexistence in
the urban environment is airing (Sandberg et al., 2020). Understanding
airing through buildings and/or building openings on a large scale, as
in the case of an entire city, or on a smaller local scale, in a neighbour-
hood or a single building, can be an effective way to address a wide
range of issues and applications. It may be expected to improve natural
ventilation and reduce energy consumption, compared to continuous
mechanical ventilation (Hayati et al., 2019), to mitigate contaminant
concentration peaks indoors (Sandberg et al., 2020) and to reduce
peak wind loads (Ciarlatani et al., 2023), contributing to wind-resistant
building design.
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The connection between the mean and fluctuating pressure distribu-
tion on the external surfaces of a building and the air flow through its
openings is well established (Etheridge and Sandberg, 1996; Haghighat
et al.,, 2000), but the aim of the present study is to understand the
effects on surface pressure distribution when different types of veg-
etation are installed on the building’s outer surfaces. As green roofs
and facade greening are part of Urban Green Infrastructure (UGI) and
are widely used concepts for the urban built environment in both
the Mediterranean and Central Europe, these two types of vegetation
installations were selected for further investigation.

Vegetation is a complex living organism, both in terms of structure
and functionality. For wind flow in particular, it is considered as a
porous body comprising branches, stems and leaves (Gromke, 2011)
while, at the same time it functions under five main mechanisms
i.e. transpiration, shading, radiation trapping, pollutant deposition
and aerodynamic effects (Li et al., 2022). However, previous research
(Buccolieri et al., 2018) points out that the aerodynamic effects of
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Nomenclature

Symbols

A Surface

C Form drag coefficient (m™")

Cy Drag coefficient of a vegetation element

d Displacement thickness (m)

f Frequency (Hz)

F, Drag force (N)

F, Momentum wind force (N)

h Opening height (mm)

h, Roughness elements height (mm)

H Building height (mm)

1,(2) Turbulence intensity at a given height, z (-)

K Permeability (Darcy—Forchheimer) (m?)

LAD Leaf area density (m? m~3)

LAI Leaf area index (m? m™2)

M Scale factor

p Pressure (Pa)

P Pore fraction (%)

Py Static reference pressure (Pa)

p(®) Time-series pressure signal (Pa)

Re Reynolds number

Re, Minimum Reynolds number

S, Strouhal number

t Time (s)

T Vegetation layer thickness (mm)

T 5 mm in reduced-scale, 1.5 m in full-scale,
vegetation layer thickness

Ty 10 mm in reduced-scale, 3.0 m in full-scale,
vegetation layer thickness

U Average streamwise wind velocity (m/s)

Uy Free stream velocity (m/s)

u(z) Streamwise velocity at a given height, z
(m/s)

w Opening width (mm)

Zg Roughness length (mm)

Greek

a power law coefficient (-)

A0 Temperature variation (°C)

Ap Pressure difference (Pa)

op Pressure error (Pa)

AP Pressure drop (Pa)

€ Porosity (%)

(2] Temperature (°C)

K von Karman constant

A Pressure loss coefficient/permeability (m™!)

u Fluid medium viscosity (Pas)

P Fluid medium density (kgm~3)

Acronyms

3D Three-dimensional

ABL Atmospheric boundary layer

CTA Constant temperature anemometry

DSF Double-skin porous facade system

FSO Full-Scale Output

IIR Infinite Impulse Response

KIT Karlsruhe Institute of Technology

LES Large Eddy Simulations

NTUA National Technical University of Athens
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PPI Pores per inch

RANS Reynolds-Averaged Navier-Stokes

VDI Verein Deutscher Ingenieure

Sub Scripts

ac Acquisition

b Branch

co Cutting-off

Coverage Coverage ratio of foam

cs Cross-sectional

Dynamic Dynamic

Fluct Fluctuating

fs Full scale

Greening With greening

H Model building height

Leeward Leeward

mean mean

Meas Measurement

No greening Without greening

s Reduced scale

ref Reference point

rel Relative differences between vegetation
scenario and the reference scenario (without
vegetation)

S Sampling

Shedding Vortex shedding

Static Static

Tap Tap

Vol Volume

Windward Windward

vegetation with regard to urban air quality can be stronger than the
positive effects of pollutant deposition. Furthermore, according to Li
et al. (2022), the aerodynamic impact of urban green infrastructure
largely depends on the position of the vegetation, its properties and
its geometric characteristics. Based on the above, aerodynamic effects
and their relation to these three vegetation parameters were the main
focus of the present investigation.

Wind tunnel studies focusing on vegetation effects can be divided
into two main categories: studies where natural trees and/or shrubs are
placed in the wind tunnel and their properties are measured, mainly
the drag coefficient (Mayhead, 1973; Rudnicki et al., 2004; Vollsinger
et al., 2005; Kane and Smiley, 2006; Cao et al., 2012; Manickathan
et al., 2018) and secondly wind tunnel studies that artificially model
real vegetation types and species. In one of the first studies belonging
to the second group, vegetation was represented by injection-molded
Nylon-66 stems with low-density polyethylene branch elements (Stacey
et al., 1994) to meet aerodynamic and structural dynamic similarity
criteria. In more recent studies, metal wire meshes (Aubrun and Leitl,
2004; Dellwik et al., 2023) or porous foams (Gromke, 2011; Gromke
et al., 2016; Li et al., 2022; Pappa et al., 2023) have been used to char-
acterize the aerodynamic behaviour of trees/vegetation in an abstract
way. Other researchers have used miniature plastic trees (Manickathan
et al., 2018; Fellini et al., 2022) to mimic natural trees and charac-
terized their aerodynamic behaviour by evaluating their aerodynamic
porosity and drag coefficient.

In order to focus on the aerodynamic effects of building embedded
vegetation, this work takes a step back from the complex flow struc-
tures of an entire city or a part of it and considers an isolated cubic
model building with openings, exposed to a simulated atmospheric
boundary layer. The experimental setup of an isolated building without
openings has been studied by many researchers over the years (Castro
and Robins, 1977; Lim et al., 2007; Hearst et al., 2016; Papp et al.,
2021), as has that of an isolated building with openings (Karava et al.,
2011; Manolesos et al., 2018; Pappa et al., 2019; Jiang et al., 2022;
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Biswas and Vanderwel, 2024). The fluid structures appearing on and
around the building are well established i.e. stagnation point, separa-
tion zones, recirculation and reattachment regions (Cao et al., 2022).
However, to the authors’ knowledge, the interaction of vegetation with
these flow structures has not yet been investigated. Furthermore, the
result of this interaction on the building’s outer wall pressure field is
unknown. Does the vegetation affect the pressure field and thus the
ventilation mechanism, if we intervene on the building face where the
stagnation point exists i.e. on the windward facade wall and in the areas
where critical points have been identified, including separation and
recirculation points on the roof ? And if so, how much these pressure
values change ? Based on the aforementioned research inquiries, we
performed a wind tunnel study that deals with the qualitative and
quantitative effects on the model building’s external wall pressure when
vegetation is placed on the external windward building facade or on the
building roof. It is related to a recent study (Pappa et al., 2023) where
the effects of facade and rooftop greening on the indoor air quality
of the model building were investigated and air exchange rates were
calculated indirectly through tracer gas concentration measurements.
Here, the emphasis is on the pressure field around the model building,
as pressure is the driving force for the air exchange rate through
the building openings. However, it should be noted that the pressure
field is also of interest for other applications, such as the prediction
of local wind pressure loads. In the future, we intend to extend the
concept of implanted vegetation to more complex terrains (i.e. urban
street canyons) but before moving on a multi-parametric system, we
must first evaluate its effects on the pressure field in a simpler urban
environment.

The rest of this article is organized as follows. Section 2 consists of
a detailed description of the atmospheric boundary layer simulation,
the geometry of the model building, and the similarity considerations
taken into account in the vegetation modelling. Section 3 describes the
pressure measurement set-up, presents the test cases and explains the
post-processing analysis of the pressure signal, including its uncertain-
ties. Section 4 shows the results of the pressure measurements with
and without vegetation, compares the effects of vegetation positioning
and vegetation properties and demonstrates the results of the power
spectrum analysis for the case with the most prominent effect in the
vicinity of the openings, i.e. the windward facade greening. Section 5
summarizes the main conclusions of this work.

2. Wind tunnel experiments: Materials and simulations
2.1. Atmospheric boundary layer

The experiments were performed in an atmospheric boundary layer
(ABL) wind tunnel at the Laboratory of Building and Environmental
Aerodynamics at the Karlsruhe Institute of Technology (KIT) (Fig. 1a).
The boundary layer wind tunnel has a cross section of 2 m by 1
m (width by height) with an adjustable ceiling to allow flow with
vanishing pressure gradient in the streamwise direction (dp/dx = 0).
The ABL simulation was created using Irwin-type vortex generators, a
horizontally ground-mounted tripping device and a fetch of 6 m length
covered with surface roughness elements.

The instantaneous streamwise velocity was measured at 29 points
along a vertical line above the centre of the wind tunnel floor, without
a model in the test section. A single hot wire sensor was used, operating
in a constant temperature mode (Constant Temperature Anemometry,
CTA). The velocity signal was sampled at 6 kHz for a total measurement
time of 60 s. Three main flow characteristics were determined: the mean
wind velocity profile u(z), the turbulence intensity I, and the integral
length scale L, in the streamwise direction (Fig. 1b-d, respectively).

In order to assess and compare the simulated boundary layer char-
acteristics with internationally accepted standards (VDI 3783, 2000;
Eurocode, 2005), two equations are fitted to the experimental mean ve-
locity dataset: the logarithmic law and the power law. The experimental
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results were fitted to the logarithmic law to determine the aerodynamic
roughness length z,, and the friction velocity u, and to the power law to
estimate the profile exponent a, which indicates the roughness of the
terrain.

During the experimental procedure, the free stream velocity at the
top of the boundary layer was set to u,, = 5 m/s. The height of the
model building (see Section 2.2), i.e. H = 110 mm, was selected as
the reference height, the displacement thickness d was set to zero, and
the reference velocity uy, was measured to be 3.27 m/s. The boundary
layer height § was 0.5 m. The critical Reynolds number for bluff bodies’
flow insensitivity, based on Lim et al. (2007) should be between 2 -
3-10*, while in Gromke (2018) a Re lower limit of 1.5 -10* is suggested.
Furthermore, according to Lim et al. (2007), the sensitivity of the Re
number is more crucial when conical vortices occur around the bluff
body, i.e. when the wind direction is e.g. 45°and not 0°, as in this case.
Here, the Reynolds number was calculated, using the reference height
(H) and the reference velocity uy, to be Rey; = 2.4-10*, complying with
both of the criteria. However, Re number independence was further
verified by performing tests, to be presented in the following sections
(see Section 4.1), with u,, = 10 m/s i.e. a Reynolds number twice as
high.

The scale factor was calculated according to Cook’s method (Cook,
1978), equal to M = 1: 300. All in all, the properties of the simulated
boundary layer are summarized below: (i) the power law exponent «
= 0.28, (ii) the aerodynamic roughness length z, = 1.80 mm, (iii) the
friction velocity u, = 0.25 m/s and (iv) a roughness Reynolds number
Re* = 29 (>5). The values of the calculated power law exponent a =
0.28 and the full-scale aerodynamic roughness length (zo fu; scare =
0.54 m) correspond to an urban atmospheric boundary layer, i.e. the
flow over an inner city centre (VDI 3783, 2000).

2.2. Model building

The model building is a cubic building made of Plexiglas with an
edge length of H = 110 mm (see Fig. 2). In the middle of each side
of the model building there is a vertical slit-shaped opening. Each
opening has a height of 90 mm (%) and a width of 6 mm (w), which
corresponds to 4.5% of the area of the side to which it belongs. During
the present experimental procedure, one of the building’s vertical faces
was oriented perpendicular to the flow direction and openings on the
windward and leeward walls were sealed, leaving openings only on the
side walls, parallel to the flow (lateral openings). A rectangular vertical
column (22 mm X 22 mm X 100 mm) is placed internally, at the centre
of the building model with a double role. Firstly, as a hollow column,
it conceals the pressure tap tubing leading to the roof, secondly, its
presence affects the flow conditions inside the model building, provid-
ing more realistic conditions for a building with interior obstacles. The
four vertical walls were constructed in the same manner: hollow walls
with a thickness of 5 mm to conceal the tubes of the side wall pressure
taps. Therefore, the internal building volume corresponded to 100 mm
X 100 mm X 100 mm.

The decision to place an opening in the centre of each of the two
lateral walls (on opposite facades) serves the purpose of studying a
mechanism similar to that of a single-opening case. In configurations
of this type, the instantaneous pressure field is the driving force for
the time dependent changes of inflow and outflow through each open-
ing. Limited studies in the literature have shed light on this area of
research. Indicatively, Chu et al. (2011) investigated the shear-induced
ventilation rate of an isolated building in a uniform flow environ-
ment, while Ikegaya et al. (2019) focused on determining the velocity
field around a cubic building sheltered by urban-like arrangements.
Recently, Kobayashi et al. (2022) performed LES simulations for several
cases of single- and double lateral-side openings to obtain information
on the relationship between the effective ventilation rate and the bulk
airflow rate for such cases.
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Fig. 1. (a) Set up of the fetch of the atmospheric boundary layer (ABL) upstream of the turntable. (b) measurements of the ABL profile and the fitting power-law for the velocity
profile, (black square: measured wind velocity u(z), black dashed line: power-law wind profile). (c) red square: calculated turbulence intensity, I,, (d) blue square: calculated
integral length scale, L,,.
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o)

Fig. 2. The building model including side and roof pressure taps when tested for (a) fagade greening with (1,, = 1.56 m~1,T,), (b) rooftop greening with (4y = 1.56 m~1,T;)
and (c) without vegetation.

Fig. 2 presents photographs of the model building, including the
pressure tap distribution on the side wall (Fig. 2a-b) and on the roof
(Fig. 2¢). Fig. 3 provides the positioning of the pressure taps on the side
wall and on the roof. It should be noted that only one outer face of the
model building was fitted with a grid of 6 x 7 pressure taps, while its
top face (roof) was covered with a grid of 7 x 7 pressure taps, which
did not extend over the whole surface of the roof. Measurements on
all vertical building faces were obtained by rotating the model and the
same rotation procedure ensured that the pressure distribution on the
whole roof was measured.

Pressure measurements were carried out for three different experi-
mental configurations which are shown in Fig. 6:

(1) Bare building i.e. model building without greening (reference
configuration, see Fig. 6a)

(2) Facade greening i.e. model building where the windward surface

wall was fully covered with vegetation (A

coverage = 100%, see Fig.
6b)

(3) Rooftop greening i.e. model building where the external surface

of the roof was fully covered with vegetation (A = 100%,
see Fig. 6¢)

coverage

2.3. Modelling vegetation in reduced-scale experiments

Vegetation is a complex porous medium consisting of stems,
branches and leaves which affect the flow through the medium. This
differs significantly from the flow around solid bluff bodies, which
do not permit through-flow. Therefore, the principles and similarity
criteria used in classical bluff body aerodynamics cannot be directly
applied to the modelling of vegetation (Gromke, 2011). Based on
previous experimental studies (Gromke et al., 2016; Pappa et al.,
2023), our aim was to model the vegetation without focusing on
modelling a specific tree species/kind with a “1 to 1” match, but to
choose a material whose properties represent typical values of the
vegetation, frequently meet in the literature. Among others, porous
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Fig. 3. Positioning of the pressure taps (a) on the side wall of the building (42 taps, black dots - 38 red circles represent taps where pressure measurements were recorded), shown
in Fig. 2a-b and (b) on the roof (49 taps, black dots - 24 red circles represent taps where pressure measurements were recorded), shown in Fig. 2c.

foam is considered a representative material that fulfils this purpose.
In the present experimental study, open-cell reticulated foams were
used to model shrubs and ivy greening, two typical kinds of vegetation,
suitable for rooftop and facade greening, respectively. Deformation and
the geometrical shape of the vegetation was not taken into account
in the modelling. The reduced scale modelling of vegetation requires
the determination of four important properties: (i) the pressure loss
coefficient, 4 (m~!) (ii) the leaf area density, LAD (m? m~3) (iii) the
porosity, € (%) and (iv) the dynamic similarity law. In the following
section, the aforementioned parameters are presented, their calculation
method is analysed and, finally, a comparison is made between the
model and real vegetation.

2.3.1. Determination of pressure loss coefficients

The present experimental study utilizes four different polyurethane
foams: PPI60, PPI30, PPI20, and PPI10, at two different layer thick-
nesses: 5 mm (T;) and 10 mm (T,;). The acronym PPI stands for the
number of Pores Per linear Inch, which is a typical measure for porous
materials. It is generally recognized that the pressure drop through
a porous medium at high velocities follows the Darcy-Forchheimer
equation (Dukhan and Minjeur, 2011):

AP H 2
— = =-U+pCU 1
T =X P @

where AP is the pressure drop, T is the thickness of the porous medium
in the flow direction, y is the viscosity of the fluid medium, K is
the permeability of the porous medium, p is the density of the fluid
medium, U is the velocity in the flow direction and C is the form drag
coefficient. In order to determine the pressure drop coefficient, separate
experiments were carried out in an open-loop wind tunnel, at NTUA,
under forced-convection flow conditions (see Fig. 4). Only the pressure
loss coefficients of PPI30, PPI20 and PPI10 at thickness Ty, = 10 mm
had already been determined earlier (Klausmann and Ruck, 2017).
The steady-state, unidirectional, static pressure difference (4pg;4;.)
between two positions, upstream (p,,;,qwarq) ad downstream (p;,,uqra)
of all foams, was measured in a velocity range between 0-5 m/s for
PPI60 and at least between 0-8 m/s for the other foams, with an
increment of 0.5 m/s. The measurements were repeated three times
for each sample and the average of the three runs was determined. To
eliminate any possible effects of the frame, the same procedure was
repeated without the foam material, i.e. only for the wooden frame.

The differences between the two procedures were considered to be the
pressure drop values of the individual foams tested and are shown in
Fig. 5. The measured pressure drop as a function of velocity is typical
of pressure drop data for porous media (Dukhan and Minjeur, 2011;
Boomsma and Poulikakos, 2002). The estimation of the uncertainties of
the parameters of the curve fitting equation applied to the experimental
data is based on the method of Antohe et al. (1997). The maximum
uncertainties of the permeability of the porous medium, K are 7%
while the corresponding uncertainties of the form drag coefficient, C
are 14.4%.

The fitting showed that, for the conditions considered here, the
linear term of Eq. (1) may be considered negligible. The pressure loss
coefficient 4, is calculated as the coefficient of the quadratic term,
determined from the Darcy-Forchheimer relation (Eq. (1)) for the
entire velocity range (Dukhan and Patel, 2011) and multiplied by 2,
to be compatible with the definition of Gromke and Ruck (2012) as
given below:

- Apstan'c > 1= Pwindward ~ Pleeward (2)
Paynamic T %pU2T
The calculated values of the pressure loss coefficients A of the tested
foams in reduced-scale experiments are included in Table 1. From here
on, the values of the pressure loss coefficients measured in the wind
tunnel are symbolized as 4, (reduced scale). In the next Section 2.3.2,
the dynamic similarity law of vegetation is presented. Applying this
criterion, the full-scale pressure loss coefficients, i, of the porous
medium are calculated and compared with the pressure loss coefficients
of real vegetation. This comparison is based on an experimental study
by Grunert et al. (1984) whose pressure loss coefficient values are
shown in Table 2, while the analytical comparison method is described
in Section 2.3.3.

2.3.2. Similarity law considerations

In the present modelling concept, the similarity criterion has been
established based on momentum considerations. The basic assump-
tion (Gromke and Ruck, 2012; Gromke et al., 2016; Pappa et al., 2023)
of the aerodynamic similarity entails that the ratio of the momentum
absorption by the vegetation (porous body) (drag force, F,;) over the
momentum of the approaching wind flow (wind force, F,) should be
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Fig. 4. Determination of pressure loss coefficient 4 (m™!), in forced-convection flow conditions.

4
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—O— PPI6O, Ty, -O- PPI20, T,
-O- PPI30, T, -O- PPI10, T,

Fig. 5. Pressure drop as a function of velocity range of the four foam samples : (a)
PPI60,T,; (purple), (b) PPI30,T; (green), (c) PPI20,T; (red) and (d) PPI10,T; (blue).

the same at both reduced-scale (rs) and full-scale (fs). This can be
expressed as:

Fd _ Fd
(F_MJ)rs_ (F_w>fs ©

Under forced-convection flow conditions, as the ones described in
the pressure drop measurements (see Section 2.3.1), Eq. (3) can be

written as :
< ApA, ) _< ApA, )
pdynamicAcs rs pdynamieAcs fs
= ()= () @
Paynamic rs Pdynamic fs

where A is the cross-sectional area of the porous body normal to the
flow. Based on the definition of the pressure loss coefficient, 4 (m~1)
(see Eq. (2)) the last equation becomes:

A T,
<£>=<”>=M=1:300 5)
’lrs Tfs

where M is the geometric scale factor, as defined in Section 2.1. It is
reiterated that through Eq. (5), the full-scale pressure loss coefficients,
Asy and the full-scale vegetation thicknesses, T, can be extracted.
These are shown in Table 1 and will be evaluated through comparison
to actual values for vegetation in the next section.

2.3.3. Determination of leaf area density

The aerodynamic characterization of vegetation is not only based on
the pressure loss coefficients 4 (m~1) but also on the leaf area density
values LAD (m? m~3). These two parameters are connected through the
equation:

A= LADC, (6)

where C, is the drag coefficient of a vegetation element. Typical values
of leaf drag coefficient C,; are in the range of 0.1-0.5 (Buccolieri
et al.,, 2018). In the present study and as successfully applied in the
past (Pappa et al.,, 2023), a representative drag coefficient C; was
chosen to be 0.3 (Ysebaert et al., 2022).

The combination of Egs. (5) and (6) determines the full-scale leaf
area density, LADg. Table 1 summarizes the vegetation parameters
for all cases investigated. The lower and upper limits of the obtained
pressure loss coefficients A, and leaf area density LADy at full scale
are between (0.65-7.82) m~! for the first parameter and (2.2-26.1)
m? m~3 for the second. These up-scaled values are compared with
literature data from the study of Grunert et al. (1984) as previously
performed by Gromke (2011), Gromke et al. (2016), Gromke (2018)
and Pappa et al. (2023). In Grunert et al. (1984), different leaved and
leafless shrubs were tested under forced-convection flow conditions
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a) Bare Building

b) Facade greening

) Rooftop greening

Fig. 6. Total tested experimental configurations: (a) Bare building (without greening), (b) Facade greening and (c) Rooftop greening.

and the results are presented in Table 2. The pressure loss coefficients
A (m~1) are shown for selected vegetation species and per branch
density, p,. The branch density, p; is defined as the density of the
branch arrangement during the experimental procedure, where 1.0
is the normal density, <1.0 is the thinner density and >1.0 is the
thicker density. By comparing the full-scale pressure loss coefficients
A of Table 1 with the pressure loss coefficients 4 of Table 2, an
overall agreement can be seen. Nevertheless, Eq. (5) states that the
product of vegetation layer thickness and pressure loss coefficient is
the decisive scaling criterion for aerodynamic similarity and not each
of them separately. The multiplication of A,; with T, i.e. T, = 1.5 m
(to be referred to as thin vegetation species) and 7,; = 3.0 m (to be
referred to as double or thicker vegetation species), attribute values that
lay in the range of (1.0-4.6) for thinner vegetation and (2.5-23.5) for
thicker vegetation respectively. Again, the comparison with the results
of Grunert et al. (1984) is satisfactory, with the only exception being
the extreme case of thicker vegetation species (4, = 7.82 m1, 7).

An alternative approach, more relevant to ivy greening, is based
on the concept of the leaf area index, LAI (m?> m~2) i.e. the leaf area
per unit ground or trunk surface area of a plant (Pérez et al., 2022).
The LAI values that are suitable for facade greening (ivy greening) as
a passive tool for energy saving in buildings have been found to be
between (0.24-5.0) m? m~2, although values between (3.0-5.0) m? m~2
are most preferable (Pérez et al., 2022). LAI is related to LAD through
the vegetation thickness i.e. LAI = LAD-Thickness. Based on this, the
calculated LAD values for real ivy greening are between (3.0-19) m?
m~3, for a thickness range between 0.5 m and 1.5 m. The comparison
with the LADg values of Table 1 shows that all tested foams in both
thicknesses are compatible with the real vegetation data, with the
exception of the thicker PPI60 foam.

2.3.4. Porosity measurements

Porosity measurements of the utilized foam material were carried
out in order to assess their agreement with the porosity of real vegeta-
tion crown layers. The porosity measurements were performed with a
portable optical digital microscope. The digital images were acquired
and processed using digital image processing software (Karoglou et al.,
2013). The porosity was also determined by measuring the apparent
and real density of the foams. The measured porosity values of the indi-
vidual porous foams and their uncertainties are included in Table 1. It is
clear that the porosity value, ¢ of the denser PPI60 foam corresponds to
96.50% while the values for the other foams are approximately 97.30%
+0.30. These measured porosity values of polyurethane foams with
different pores per inch (PPI) agree with the corresponding pore volume
fraction values, P, of deciduous crown porosities. Specifically, accord-
ing to Ruck and Schmidt (1986), two average values were determined
for the pore volume fraction: P, = 96.00% as low crown porosity and
P, = 97.50% as high crown porosity.

2.3.5. Discussion

In summary, the tested polyurethane foams are suitable for mod-
elling vegetation in reduced-scale experiments as they successfully meet
the requirements for dynamic similarity to real vegetation data in terms
of pressure loss coefficient A, leaf area density LAD and the product of
pressure loss coefficient and thickness (A-T). Despite the fact that PPI60
exceeds the limit values for all of the above parameters, its application
was taken into account in the surface pressure measurements on the
model building as it was considered an extreme case, i.e. the upper
threshold of greening effects on the model building. However, one
could argue that the thickness of adopted vegetation layer and espe-
cially in the case of greening wall is not geometrically representative
of a real one. It is true that in the simplest case, vegetation covering
a wall may be quite thin and in the range of several cm. Although,
in the more general and recent sense, the green wall maybe in the
form of two different systems, the green facade and the living wall.
The difference between the green facade and living walls is that in
the first case, the vegetation is rooted in the ground, climbing up
the facade and covering the height, while living walls consist of pre-
vegetated plants and cladding structures that provide a variety of
plants to cover the building facade evenly (Besir and Cuce, 2018)
This means that the green facade can consist of either trees or ivy
vegetation. The scale factor of our wind tunnel study is 1 : 300 and
we tested two different thicknesses of 5 mm and 10 mm. In full scale,
this corresponds to a vegetation thickness of 1.5 m and 3 m. While a
width of 3 m can be an extreme case for trees, and this also applies to
ivy, these values are within generally accepted frameworks (e.g. Urban
Forestry (Vertical Forestry), Stefano Boeri Architetti (2014)), which
recommends trees, shrubs/bushes and ivy up at a width of >1.0 m.
These scales are also consistent with other studies such as that of Li
et al. (2022) who experimentally investigated the effects of 1.6 m
thick green walls on the ventilation and heat removal from street
canyons. In the present approach to vegetation modelling, the dynamic
behaviour of the vegetation has not been directly taken into account. It
is true that tree leaves, branches and the whole greening, reduce their
cross-sectional area normal to the flow by bending and twisting and
thus become more streamlined and compact. These are counter-acting
effects, as the streamlining will reduce the drag force, while at the same
time the lower porosity of the more compact foliage will increase it
Gosselin (2019). However, these deformation effects are dominant at
higher velocities (Manickathan et al., 2018; Bekkers et al., 2022), well
above usual near-ground wind velocities of the atmospheric boundary
layer, where the wind flow interacts with the vegetation (either facade
greening or rooftop greening). Therefore, it can be argued that our
experiments cover typical wind conditions that prevail most of the
time. There are wind conditions in which deformations exist, but they
are rather rare. As the air exchange scales with the wind speed, the
high wind velocity periods are rather uncritical in terms of indoor air
quality (European Environment Agency, 2024). Regarding the com-
paction of vegetation at high(er) wind speeds, one may argue that the
related effects are qualitatively represented in the lower permeability
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Table 1
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Experimental results of the tested foam material for modelling vegetation parameters: pores per inch of foam samples, porosity, ¢ (%), foam thickness at reduced scale 7,, (mm)
and at full scale T;; (m), pressure loss coefficients at reduced scale 4, (m™!) and at full scale A 15 (m™1), the product of pressure loss coefficients and the corresponding thickness

at full scale, (-) and leaf area densities at full scale, LAD, (m> m~3).

Foam (pores per inch) Porosity, e (%) Reduced scale thickness, 7, (mm) A, (m™1) Ay (m71) AT (D LAD/, (m* m~3)
full scale thickness, Ty, (m)
PPI60 96.58 +0.11* Ty, =10 mm/3.0 m 2346 7.82 23.5 26.1
PPI30 97.15 +0.10* Ty, =10 mm/3.0 m 1000 3.33 10.0 111
PPI20 97.30 +0.12° Ty =10 mm/3.0 m 500 1.67 5.0 5.6
PPI10 97.55 +0.15% T, =10 mm/3.0 m 250 0.83 2.5 2.8
PPI30 97.15 + 0.10 T, =5 mm/1.5 m 913 3.04 4.6 10.1
PPI20 97.30 + 0.12 T, =5 mm/1.5 m 468 1.56 2.3 5.2
PPI10 97.55 + 0.15 T, =5 mm/1.5 m 194 0.65 1.0 2.2

2 Indicates values measured for same material at different thickness.

Table 2
Grunert et al. (1984) experimental pressure loss coefficients 4 (m™), under forced-
convection flow conditions, for a variety of real leaved shrubs.

Branch density, p, 1.33 1.00 0.67 Thickness, T (m)
Small-leaved lime 1.5-4.0 0.9-2.3 0.4-1.5 1.0
Bird cherry 1.5-13.4 1.2-6.5 0.6-3.1 1.0
Poplar 1.2-3.6 0.8-2.4 0.5-1.5 1.0
Norway maple 1.5-3.5 1.1-2.5 0.7-1.6 1.0
Field maple 4.7-8.9 3.5-6.9 2.2-4.0 1.0

cases (which at the same time represent the same vegetation species).
However, this remains a pure qualitative consideration as we are not
able to relate the degree of compaction of the greening with wind
speed.

3. Pressure measurement procedure: set-up and signal analysis
3.1. Pressure measurement set-up and accuracy

The pressure measurements include the steady and unsteady pres-
sure distributions on the outer surfaces of the model building. During
the experimental procedure, two miniature pressure scanners (type
ESP-32HD, PSI Pressure Systems), each with 32 piezoresistive silicon
differential pressure transducers, were used and recorded by a data
acquisition system (type DTC Initium, PSI Pressure Systems). The scan-
ners were connected to 0.6 mm diameter pressure taps on the model
building surfaces with tubing comprising, for each tap, a first section
of 0.4 m long silicone tube with a 0.5 mm inner diameter and a second
section of 0.6 m long tube with a 1.0 mm inner diameter. Although a
total of 42 pressure taps on the side wall and 49 on the roof (black
dots in Fig. 3) were available, due to equipment restrictions, only 64
taps could be recorded simultaneously i.e. 38 pressure taps on the side
wall and 24 pressure taps on the roof (red circles in Fig. 3a and b,
respectively). One tap was reserved for the static reference pressure
(po) and one more tap for the dynamic pressure (Pgyngmic) in the free
stream. The choice of measurement positions took advantage of the
fact that, by rotating the model, the full area of the roof would be
successfully captured. Alignment of the building with respect to the
flow (i.e. symmetry of the flow) was checked by comparing the pressure
signal from at least two symmetrical taps on the roof.

The sampling frequency f, during the experimental procedure was
set to f; = 1 kHz for an acquisition time of t,. = 120 s. Given that the
integral time scale, calculated from the measurements of the upstream
flow, was T,, = 0.12 s at the height of the model building, this means
that the acquisition time nominally includes 1000 passages of the largest
eddy structures. The measuring range of the pressure transducer is
+2500 Pa, but during the present pressure measurements, the measured
pressures did not exceed 64 Pa, for the highest Re number. Based on a
recent calibration protocol for the employed pressure scanner system,
provided by a certified calibration institute, the maximum error in the
measurement range of +70 Pa was +0.08 Pa, corresponding to <0.12%
of this range of interest. For calculations of the total uncertainties,

thermal and acquisition errors were also taken into account at 0.004%
FSO per °C degree and 0.003% FSO, respectively, as provided by the
manufacturer. Total pressure uncertainty was calculated as the square
root of the sum of the squared individual errors, for each pressure
tap position. The average relative uncertainty of the pressure measure-
ments was 5%, with a limited number of higher values in the low
pressure regions on the back of the model building. In addition, the
uncertainties of the pressure coefficients were calculated using the error
propagation law, taking into account the uncertainties of the pressure
measurements per tap, the uncertainty of the uy based on the hotwire
measurements, i.e. 3% and the uncertainty of the air density, i.e. 0.01%.
The average relative uncertainty of the pressure coefficients was 6.2%,
with a limited number of higher values (11%) in the leeward building
wall. The analytical calculations are available but not included for lack
of space.

Although the internal pressures and its modelling in scaled geome-
tries is not within the scope of the present study, it may have an effect
on the pressure difference across an opening through which there is an
air exchange. Correct scaling of the internal volume should therefore be
taken into account when performing a scale model simulation. Holmes
(1979) has shown that the internal volume behaves similarly to a
Helmholtz resonator with internal pressure fluctuations arising due to
compressibility effects of the fluid. He also showed that, in scale model
studies, geometric scaling of the whole model may not be sufficient
to maintain similarity of the dynamic response of the internal volume.
Internal volume scaling requires (Holmes, 1979) :

3
Ly
Ly,
2
Ullm.T
Un,,

where L is a characteristic length, V is the internal volume, Uy is the
mean wind speed at roof height and the indices ms stand for the model
scale and fs for the full scale, respectively. For the velocities of our
study (i.e. U, = 5 m/s and Uy = 3.27 m/s), a velocity scale of
Uy, /U Hyy = 1 :11is considered, so Eq. (7) shows that no scaling, other
than the geometric scaling L,,,/L , is required. The choice of a velocity
scale of 1:1 is based on data from the European Environment Agency
(2024) which gives the mean wind speed of 2.5 m/s at 10 m height per
year, for Southern Europe. This mean wind speed is fairly close to the
full-scale equivalent of our wind tunnel experiments for which Uy, ‘s
= 2.34 m/s.

vV,

ms = Vf: (7)

3.2. Pressure signal analysis

A transfer function to compensate for amplitude damping or gain
corrections and phase shift distortions through the tubing was applied
to the pressure signal based on Bergh and Tijdeman (1965). In addition,
a low-pass IIR (IIR: Infinite Impulse Response) Butterworth filter of 10th
order with a cut-off frequency of f,, = 100 Hz was applied in a pre-
processing step of the pressure time series. The choice of 100 Hz as the
lower threshold value is due to the insignificant contributions of higher
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Table 3

Total pressure measurements of the three experimental configurations as acquired on
the four outer surfaces of the model building: windward wall, side wall, leeward wall
and roof face.

Bare building a Facade greening [] Rooftop greening O

Inflow (0°) Windward wall ~ Side wall  Leeward wall  Roof face
Bare building A A A A

Ay =782mt, Ty /O O/o Oo/o Oo/o
Ay =333m1, Ty, /O o/o Oo/o o/o
Ay =167m, T, /O o/o Oo/o o/o
Ay =083m, Ty, /O O/o Oo/o Oo/o
Apy =3.04m, T, /0 Oo/o Oo/o Oo/o
Ay =156 m™, T, /0 a/o a/o a/o
Ape=0.65m7, T, /0 Oo/o Oo/o Oo/o

frequencies (100 < f < 500) to the power spectrum density of the raw,
unfiltered pressure signals.

The mean pressure coefficients, Cp,,.., and the fluctuating pressure
coefficients, Cpg,. were calculated for the differential, with respect to
the upstream static pressure, filtered time series pressure signal. The
mean dynamic pressure at the height of the model building (based
on the reference velocity uy as measured during the simulation of
the atmospheric boundary layer, see Section 2.1), was used for the
calculation of both pressure coefficients.

One way of quantifying the effects of vegetation on the pressure
coefficients was to compare them with the bare building (without
greening) using relative differences. The ACp; relative differences were
calculated as:

greening Nogreening
Cp ; Cp ; ®

Nogreenin
ij 8 g

where j stands for mean or fluct, respectively.

Moreover, the non-dimensional power spectrum density of the in-
stantaneous pressure signal, which is presented in Section 4.6, mea-
sured at six different side wall pressure taps at mid-building height
was calculated, applying the Welch method (Welch, 1967). All the
investigated cases are summarized in Table 3.

Aij =

4. Results and discussion

This section presents the results of the post-processing analysis
of the surface pressure measurements on the exterior walls of the
model building with and without vegetation. First, in Section 4.1
the sensitivity of the Reynolds number for selected cases of pressure
measurements is investigated, while in Section 4.2 a validation with
the widely recognized Silsoe cube, field experiment is performed. Sec-
tion 4.3 analyses the bulk effects of facade and rooftop greening on
the pressure distribution, while Section 4.4 focuses on the quantitative
comparison of the greening position with the bare building case. In
Section 4.5, the emphasis is on the facade greening, which shows
the more prominent effects related to the air exchange mechanisms
near the openings. Facade greening layers with different pressure loss
coefficients, thicknesses and the same overall pressure drop A,,-Tf
are tested. Finally, in Section 4.6, the effect of the facade greening is
further explored using a frequency spectrum analysis of the pressure
fluctuations along the side wall.

4.1. Reynolds number sensitivity of pressure measurements

In order to investigate the Reynolds number sensitivity of the pres-
sure measurements, these were performed for the atmospheric bound-
ary layer approach flow with two free stream velocities: u,, = 5 m/s
and u,, = 10 m/s. The corresponding Reynolds numbers based on the
reference height (H) and the reference velocity u, were Rey = 2.4
- 10* (as already analysed in Section 2.1) and Rey = 4.7 - 10%, where
the reference velocity at building height is equal to u; = 6.84 m/s.
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The Reynolds number sensitivity measurements were performed for
three different configurations: (i) bare building, (ii) windward facade
greening and (iii) rooftop greening. The material in both greening
configurations corresponded to A;; = 1.67 m~!, T,;. Results for the
mean pressure coefficients, Cp,,.., are presented in Fig. 7a, for the bare
building configuration, along a horizontal line at building mid-height,
and in Fig. 7b along the central vertical line. Fig. 7c—d show the mean
pressure coefficients, Cp,,.., for the facade and rooftop greening, re-
spectively, along a horizontal line at building mid-height. Overall, this
Reynolds number sensitivity of bluff bodies covered with porous foam
on the surface walls has novel elements, as it is the first time that this
has been tested and presented in the literature. There are experimental
studies dealing with pressure measurements on airfoils/wings with
porous medium (Aldheeb et al., 2018) or on porous airfoils (Tamaro
et al., 2021) manufactured with known porosity. There are also studies
that deal with the effects of porous circular cylinders on the drag coef-
ficient (Klausmann and Ruck, 2017) or the investigation of the wake of
porous square cylinders (Ledda et al., 2018; Seol et al., 2024). However,
as far as the authors are aware, there is no mention in the literature to
date addressing the Reynolds effects on the external pressure field of
sharp-edged bodies (such as a building) covered with porous material
(of known and varying porosity and thickness). Findings show that
there is no pronounced Reynolds number sensitivity at the wind speeds
investigated, with differences in calculated pressure coefficients among
the two Reynolds numbers of less than 5%. All the results presented in
the following sections were obtained with the lower Reynolds number
i.e. with u, =5 m/s.

4.2. Validation

Taking into account the results from Section 4.1, a validation test
of the model building with closed openings is performed in comparison
to literature data. The field measurement of the Silsoe cube (Richards
and Hoxey, 2012) is a widely accepted case, frequently used for val-
idation as it represents a realistic isolated building (6ém edge length)
with detailed surface pressure measurements available. The pressure
measurements with a free stream velocity of u,, = 5 m/s, having the
same atmospheric boundary layer inflow as described in Section 2.1
were used for the comparison. The distribution of the mean (Fig.
8a) and fluctuating (Fig. 8b) pressure coefficients is shown along a
horizontal line, that includes the windward, the side and rear walls,
at mid-building height. The values of the Silsoe cube were adjusted
accordingly to be compatible with the definition in Section 3.2. The
comparison between the wind tunnel data and the Silsoe cube shows
encouraging agreement in both the mean and fluctuating pressure
coefficients, particularly on the windward and on the side walls (area
of high gradients), especially where the separation mechanism and the
reattachment bubble occur. On the rear wall, both the mean and the
fluctuating pressure coefficients remain almost constant, but the mean
suction of the Silsoe cube is larger and fluctuations are almost twice as
high. It should be noted that the rear wall is a region of low pressures
where the measurement uncertainties are higher but it is also a region
far from the side walls, where most of the interest of the current study
lies. Furthermore, the Silsoe cube is exposed to a rural terrain with a
mean velocity profile exponent of ag;;,,, = 0.17, which is probably the
decisive factor for quantitative differences.

4.3. Bulk effects of rooftop and fagade greening on surface pressure distri-
bution on the model building

From the pressure measurements, a clear picture of the pressure
distribution on the building’s outer surfaces can be derived. In Figs. 9
and 10, the distributions of the mean pressure coefficient, Cp,., and its
fluctuation, Cpg,, on the outer building surfaces are presented for the
case of the building without vegetation (Fig. 9a, Fig. 10a), the building
with facade greening (Figs. 9b, 10b) and the building with rooftop
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Fig. 7. Mean pressure coefficients, Cp,n.q, at two Reynolds numbers: Rey = 2.4 - 10* and Rey = 4.7 - 10%, for the bare building (a) along the horizontal line, at mid-height and
(b) along the central vertical line, and along the central vertical line for (c) facade greening and (d) rooftop greening.
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greening (Figs. 9¢, 10c). The vegetation case with 4., = 1.67 m~1,
T, is chosen to illustrate typical effects, avoiding the extreme cases
of high pressure loss coefficient, 4,, (low permeability, K) or thin
greening layers. It should be noted that it was not possible to obtain
pressure data underneath the greening layer in the facade greening
case. A plausible explanation could be that the positive stagnation
pressures caused the greening material to block the pressure tap orifices
on the upstream face. This was not an issue for the case of rooftop
greening, presumably due to the suction pressure occurring on the
roof. From the mean pressure coefficients, the bare building’s windward
face stagnation point is located at roughly ?/; H from the ground and
is surrounded by a pressure drop towards the horizontal and vertical
edges (Fig. 9a). This is accompanied by a sharp drop in pressure on
the roof and at the side wall upstream edges, due to flow separation.
However, when rooftop greening is present, although the pressure drop
on the side face is not significantly affected, the windward face’s high
pressure zone extends to the roof’s leading edge (Fig. 9c) and, compared
to the bare building case, the suction is relatively more homogeneous.
Maximum suction occurs downstream and not at the roof leading edge.
This can be attributed to the presence of rooftop greening, which is
disrupting the separation of the flow from the leading edge and creating
a region of increased resistance, compared to the case of the bare
building. This is also observed from the increased value of upstream
face stagnation pressure. Looking at the pressure fluctuation in the
same areas, the high values covering the upper part of the windward
face in the bare building case (Fig. 10a) seem to be restricted towards
the roof’s leading edge when rooftop greening is present and the rooftop
pressure fluctuation is reduced (Fig. 10c). The effect on the side wall is
significantly less pronounced.

Although it was not possible to measure below the vegetation layer
in the facade greening case, it is possible to see the effects of facade
greening on the roof and side wall. Again, the vegetation layer seems
to be disturbing the separation mechanism on the leading edges, as with
rooftop greening. The roof and side wall peak low pressure regions
are restricted but, for the most part, the roof and the side walls do
not have the prominent streamwise pressure gradients (Fig. 9b) of
the bare building case (Fig. 9a). A similar observation can be made
for the pressure fluctuation: whereas the bare building exhibits strong
streamwise gradients of pressure fluctuations on both the roof and the
side walls (Fig. 10a), when facade greening is present, the maximum
fluctuation coefficients are reduced as are their spatial gradients on
these surfaces and a more uniform distribution is present (Fig. 10b).

Overall, the data suggest that greening affects the way that the
flow separates from the horizontal and vertical edges of the building’s
upstream face, thus affecting the extent and the mobility of the recircu-
lation bubbles forming on the roof and the side walls. It is interesting to
note that, comparing Fig. 9a with Figs. 9b and 9c, for the bare building
and the rooftop greening cases, the mean pressure is almost uniformly
distributed along the lateral openings. Thus, taking into account the
symmetry among the two opposite openings, is not expected to sig-
nificantly contribute any air exchange through the openings. Facade
greening disrupts this uniformity of the mean pressure field to some
extent but both the nature and the non-uniformity of the distribution
of the pressure fluctuation along the openings (Fig. 10a compared to
Fig. 10b and c) can be expected to dominate air exchange, as will be
shown in the following sections.

4.4. Effects of greening position

In order to obtain a more quantitative understanding for the ob-
servations made from the surface pressure distributions, variations of
mean and fluctuating pressure coefficients are presented as line plots
along selected linear paths for two extreme cases of vegetation, namely
Apy =7.82 m~1, T, and Ars = 1.56 m~1,T; and compared to those of
the bare building.
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Fig. 9. Calculated distributions of mean pressure coefficients, Cp,,,, of (a) bare
building (without greening), (b) facade greening (4,, = 1.67 m~1,T,;) and (c) rooftop
greening (A;, = 1.67 m™!, T,;) configurations.

In Figs. 11 and 12, the mean and fluctuating, respectively, pressure
coefficients are plotted along a horizontal path that spans the front, side
and rear walls. Results are shown for the bare building as well as for
the facade greening (Figs. 11a, 12a) and the rooftop greening (Fig. 11b,
Fig. 12b). It is noted that these two greening layers differ in values of
A-T by one order of magnitude and therefore, if the velocity is the same,
so will the pressure difference that they induce (see Eq. (2)). Along a
mid-height horizontal pathline, the mean pressure coefficient Cp,,,,,, of
the bare building shows a maximum in the middle of the windward
face, a slight drop towards the vertical edges and a significant drop
downstream of the leading edge (s/H = 1) of the side wall (Fig. 11).
The pressure drop on the side wall leading edge is associated with the
flow separation occurring there. It leads to a suction (negative) pressure
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Fig. 10. Calculated distributions of fluctuating pressure coefficients Cpy,,., of (a) bare
building (without greening), (b) facade greening (4 rs = 1.67 m‘l,TZL) and (c) rooftop
greening (A;, = 1.67 m™1,T,) configurations.

and although it quickly begins to recover along the side wall, it remains
negative and retains an almost constant value on the downstream wall.
Overall, the distribution is typical for this type of flow and in agreement
with previous studies (Castro and Robins, 1977; Ciarlatani et al., 2023).
The fluctuation pressure coefficient (Fig. 12) is fairly constant on the
windward face with a slight drop near the edges.

12

Journal of Wind Engineering & Industrial Aerodynamics 265 (2025) 106174

On the side wall, travelling downstream from the windward vertical
edge, Cpyy,., climbs to its maximum value upstream of the middle of
the wall (s/H = 1.25) and the opening, before making a significant drop
towards the leeward vertical edge. The pressure fluctuations are even
lower on the leeward face. The high levels of fluctuating pressure on
the side wall, near the leading edge, are indicative of the mobility of the
separation bubble forming there (Pappa et al., 2019; Ciarlatani et al.,
2023). It is however interesting to note that, these are significantly
lower on the downstream half of the side wall.

For vegetation added to either the windward facade or the rooftop,
the effect on the distribution of the mean pressure coefficient is pre-
sented in Fig. 11. Although there is a tendency to attenuate the side
wall suction peak when facade greening is present (Fig. 11a), the max-
imum relative differences of the peaks are rather limited (ACp,eqn-max.
~=12.4% for A, = 7.82 m~1,T,, greening species). However, rooftop
greening (Fig. 11b) has a more pronounced effect with a maximum
difference of ACpmeqn.max. ~+33% on the windward face for i, =
1.56 m~1,T; greening species. This is possibly due to a flow retarding
effect when the rooftop vegetation is present. In particular, in the
case of the lower pressure coefficient, i.e. A, = 1.56 m~L,T;, the
flow passes through the porous medium and is subject to its resistance
so higher pressures are induced on the windward wall. For higher
pressure coefficients, i.e A, = 7.82 m~1,T,;, the flow is presumably
bypassing the vegetation layer with little effect on the pressure of
the windward face of the building. Similar effects are observed for
the leeward face, both for the facade (ACp,,eqnmax.~ 61%) and for the
rooftop (ACPean-max. ~ 00%) greening, for the thinner layer with low
resistance i.e. A, = 1.56 m‘l,TL. When evaluating these differences,
one should keep in mind the very low pressure coefficients on the
leeward face.

However, for the fluctuating pressure (Fig. 12), the presence of
facade greening, regardless of thickness or permeability, leads to a
pronounced drop (4Cpg, ~35%) in the pressure coefficient on the
upstream half of the side wall, compared to the case of the bare build-
ing. Again, the effect of both greening species is similar. For rooftop
greening, the effect on pressure fluctuation is not evidently significant
on either of the three faces, at least at the building’s mid-height, where
the present analysis is focused.

Looking at the mean and fluctuating pressure coefficients (Figs.
13 and 14, respectively) along a path that starts at the centre of
the windward face’s bottom edge and runs vertically up, then along
the roof and down to the centre of the leeward face’s bottom edge,
a similar picture emerges. Significant effects on the mean pressure
coefficient are only observed on the roof, where the largest relative
differences are at the leading edge in the case of rooftop greening.
Similar behaviour to the mean pressure coefficients is observed for
the pressure fluctuations Cpy,,, particularly on the roof when rooftop
greening is present (Fig. 14b). However, they are also significant when
facade greening is present, with maximum differences up to ACpgyc.max.
~ —23% (see Fig. 14a), for A,, = 7.82m~1, Ty, and ACP,cemar, ~ —25%
for A, = 1.56 m~1,T;. Similarly to the effect on the side wall (Fig.
12a), the presence of windward facade greening changes the separation
behaviour from the roof’s upstream edge and introduces a damping
effect (Fig. 14a), which is also noticeable in the mean value (ACp,,cq,
<-19%) (Fig. 13a). Again, the effect of both vegetation layers is similar.

Comparing the cases of a thick, low permeability with a thin,
high permeability vegetation layer, the most prominent effect seems
to be from the facade greening on the fluctuating pressure coefficient.
Although rooftop greening has induced changes in the mean pressure
on the upstream face and shown a significant damping of pressure
fluctuations on the roof (Fig. 14b), these effects are far from the
openings and will not affect the air exchange through them.

Facade and rooftop greening effects on the external surface pressure
distribution of a model building are not readily available in the litera-
ture, for comparison. However, one could assume that the effects would
be analogous to those of a double-skin porous facade system (DSF),
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which is also a layer of porous material installed on the external surface
of the building. Hu et al. (2017) recently performed a wind tunnel study
of a building with a double-skin facade (DSF) installed at a distance
(gap) from the windward wall. The DSF had vertical openings that
could provide different levels of porosity. Their measurements show
that the pressure fluctuations on the side walls are much smaller in the
presence of these vertical openings. They attributed this finding to the
jet flow exiting the gap between the windward wall and the facade,
at the sidewall leading edge. The jet forms a virtual barrier between
the shear layer separating from the leading edge and the side wall.
As a result, the interaction between the shear layer and the side wall
is less intense and the flow fluctuations near the wall are attenuated.
Pomaranzi et al. (2020), also focused on the pressure distribution
in the presence of a double-skin porous facade system (DSF) and in
particular on the internal glazed facade when an external porous mesh
is installed. It was found that the absolute mean values and standard
deviations of the pressure signals are generally lower when the porous
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DSF system is present. Such a filtering effect of the mesh is particularly
evident in the suction regions at the strongest wind direction, where
the standard deviation of the recorded pressures were halved. These
findings are consistent with the subdued pressure fluctuations that have
been observed here, under the influence of vegetation layers directly
installed on the building’s windward wall and rooftop.

4.5. Effects of greening properties

We now proceed to examine the effect of a more systematic vari-
ation of facade greening properties. A path is defined, transverse to
the streamwise direction, beginning from the middle of the side wall’s
bottom edge and then continuing across the roof (see Fig. 15). A total of
seven different types of greening layers are installed on the windward
facade, four thick layers (Fig. 15a) and three thinner ones (Fig. 15b).
Based on the observation in Section 4.4 that the major effect of interest
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is on the pressure fluctuations, Cp ., we first focus on them along the
chosen path, and in the vicinity of the openings.

When a thick layer of greening is installed on the windward face,
the lower the pressure loss coefficient, the higher the damping of the
fluctuations on the side wall (Fig. 15a), reaching a maximum reduction
of ACPfycrmax. = 27-44% between the two extreme cases. Additionally,
the response on the roof also seems to be sensitive to the pressure loss
coefficient values with the lower value of 1, = 0.83 m~1, T, causing
the most damping (~29%). For the thinner greening layer (T, see Fig.
15b) the effects are not as clear, particularly for the roof, and the
damping of the side wall fluctuations is less (<21%) compared to the
case of the thicker greening layers (Fig. 15a). For the most permeable
of the three thin layers examined, 4, = 0.65 m~!,T; the damping effect
is minimal (<2%) as it is most likely below a threshold that makes any
significant difference to the flow.

These results point to the combined effect of the thickness and
permeability of the greening layer. According to Eq. (2), the pressure

loss is dependent on the value of the product A-T and with the values in
Table 1, one would expect the layer with 4,, = 0.83 m~1, T, to induce
nearly the same pressure loss as the layer with 1., = 1.56 m~1,T; since
their A-T values differ by less than 10%. The same is true for the pair of
layers with A, = 3.04 m~',T and i,, = 1.67 m~!,T,;. However, the
A-T values among layers with the same thickness differ by a factor of
two (see Table 1). One may consider an issue with the low velocities
that appear near the solid surface and pass through the greening layers
as they may belong to a Darcy (linear) regime instead of the quadratic
Forchheimer dependence found from the current measurements (see
Fig. 4). However, the A values in the Darcy regime will be larger for
all layers and the difference more pronounced, if at all, for the denser
ones (Dukhan and Minjeur, 2011). This will lead to an even larger (than
twofold) difference in A-T for layers of the same thickness, which is still
significantly higher than any increase in the 10% differences defined
above in the layer pairs of the “same” A-T.
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We return to examine the mean pressure distributions to investigate
the effect of these greening layer pairs i.e. pairs with the “same” A-T
in Figs. 16a and 17a along the horizontal and vertical paths already
defined in previous figures. It is interesting to note that for both the
horizontal (Fig. 16a) and the vertical (Fig. 17a) paths, the effect of the
thin vegetation layers on the mean pressure distribution is quite similar,
in spite of the fact that their A-T values differ by a factor of two. For the
thicker greening layers, there are discernible differences in the pressure
distribution, both on the roof (Fig. 17a) and on the side wall (Fig.
16a), where separation is expected. In Figs. 16b and 17b the effects
on the fluctuating pressure coefficient are presented, along the same
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paths as in Fig. 12 and Fig. 14. The effects are much clearer here. The
thickness of the greening layer is what determines the damping of the
fluctuations on both the side wall and the roof, with the thicker layers
providing more damping (~37%). The effect of pressure loss coefficient
for layers of the same thickness is minor even though the difference in
their induced pressure drop is twofold.

It seems that interpretation of the results should not be based on
the pressure loss alone but these should be based on the product
of thickness and pressure loss coefficient (4-T), given the same flow
velocity. When a fluid enters a porous medium, entrance effects will
lead to an increased pressure drop for the first part of the flow path
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and then, when a fully developed regime is established, a lower but
constant, pressure drop sets in Kopanidis et al. (2010) and Dukhan
and Patel (2011). This effect will obviously be more pronounced, the
thinner the porous medium in the direction of the flow. However,
in the present case where the flow has a “choice” of either passing
through the porous layer or bypassing it, we posit that thin greening
layers with a low pressure loss coefficient will allow a significant
part of the flow to pass through the layer. On the other hand, thick
layers with high pressure loss coefficient will favour a bypass of a
large part of the flow. The lower the pressure loss coefficient (high
permeability), the more flow through the greening (less bypass) can be
expected. The thickness of the greening layer will affect the position
of this pressure loss with respect to the solid surface, thus playing
an important role in determining the flow that comes into contact
with the surface downstream, and also influencing the separation that
occurs and the pressure distribution beneath it. The major effect is in
the interaction between the flow through the greening layer and the
flow structures on the building surfaces. The greening layer thickness
is altering the geometry of the building while simultaneously altering
the flow. This could be behind the observations in Figs. 16b and 17b,
where greening layers of the same thickness behave in the same manner
for the fluctuating pressures, regardless of the pressure loss they are
expected to induce for the same flow velocity. However, due to the
above mentioned effect, it is possible that the mean flow velocity also
is different for greening layers of different thickness. This may also
explain why the mean pressure distribution changes with pressure loss
coefficient for the thick layers but not for the thin ones (Figs. 16a and
17a), whose size is not sufficient to significantly alter the flow.

In terms of pressure fluctuations, the damping effect in thick green-
ing layers is expected to be more obvious for higher permeabilities,
as they will be damping a larger proportion of the flow fluctuations
(Fig. 15a compared to Fig. 15b). These higher permeability layers will
also be subject to the entrance effects mentioned above as the open
cell porous material used to represent the greening will include only a
limited number of pore cells in the layer. However, as the permeability
is reduced, bypass of the flow is induced and there is less flow passing
through the greening layer (Fig. 15a) compared to high permeabilities,
where damping may not depend as much on the value of the pressure
loss coefficient. It is clear that neither the pressure drop alone nor the
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greening properties (pressure loss coefficient, thickness) are sufficient
to explain the effects on the pressure distribution. It appears that the
flow bypassing or passing through the vegetation layer is determined by
both the thickness of the layer and the pressure loss coefficient. Further
information from flow properties such as velocities in the vicinity of the
greening layer is obviously necessary. Thus, velocity measurements at
the openings and around the model building (side wall, roof, wake)
are in progress in order to enlighten and/or reinforce our assumptions
about the flow-field near the green-plant layer and correlate them with
the pressure and tracer gas measurements.

4.6. Power spectrum analysis

The effects of greening on the mean pressure distribution of the
external surfaces are discernible but the major effect of interest to the
air exchange through the openings was found on the standard deviation
i.e. the pressure fluctuations. A further step to analyse this finding
was made through a frequency analysis. The non-dimensional power
spectral density has been calculated for a meaningful frequency range
at the wind tunnel scale, as shown in Figs. 18-20. It was found that
the energy content in the pressure fluctuation dropped by at least one
order of magnitude for frequencies above 60 Hz and so the range f
= 0-60 Hz is presented with a resolution of 0.33 Hz, while a zoom-
in for frequencies below 5 Hz is also included in the Figs. 18-20, for
panels (a)-(f), which were found sufficient to show the variations and
the effects. In Fig. 18, spectra are shown for four of the thick facade
greening layers and are compared with that of the bare building at six
measurement taps at mid-height along the side wall. Fig. 19 presents
the spectra for three thin greening layers at the same six measurement
taps. This permits evaluation of the behaviour from the leading edge,
across the opening and up to the downstream edge.

It is evident from all the graphs in Fig. 18 and in Fig. 19 that
the effect of facade greening extends through the whole range of
frequencies presented but the major effect is in the lower frequency
range (0-30 Hz). The differences are less evident downstream and
after the opening, becoming almost negligible towards the downstream
vertical edge (Figs. 18e-f and 19e-f). Upstream and near the opening
is also the region where the mean and fluctuating pressure coefficients
exhibit a significant drop (Figs. 11a and 12a, respectively) and these
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high gradients are also present in the bare building case. It is difficult
to tell, without input from velocity measurements, if this is the edge
of the recirculation zone or if it is the opening that causes the steep
streamwise gradient in mean and fluctuating pressure. However, the
effect of greening is clear: it is the lower frequencies that are mostly
damped immediately downstream of the leading edge and it is the
lower pressure loss coefficient layers that cause the most damping (Fig.
18).

It is interesting to note that the sensitivity of the damping to the
layers’ pressure loss coefficient is mainly evident at frequencies below
30 Hz (Fig. 18a-d). At higher frequencies and downstream positions
(Fig. 18d-e) damping does not show any significant sensitivity to the
vegetation properties i.e. all vegetation layers behave almost the same.

The thin greening layers in Fig. 19 show a slightly different be-
haviour with the highly permeable greening having hardly any effect
and the two denser greening layers behaving in almost exactly the same
manner, in accordance with the observations of Fig. 15b. The damping
caused by these two layers in Fig. 19a-d is similar (~33% between f
= 0-30 Hz) to that of the denser and thicker layer (4 rs=7.82 m‘l,TZL)
in Fig. 18a-d. This is also in agreement with the behaviour of the
facade greening layers shown in Figs. 11-14 where reduced fluctuation
pressure coefficients were found at these positions.

Taking into account the greening layer pairs with the same A-T val-
ues as mentioned before: (4;, = 0.83 m~1, T, with Ary =1.56 m~1,T,)
and (A7, = 3.04 m~!,T; with A, = 1.67 m~1,Ty), Fig. 20 shows a
prominent effect of greening thickness. The layers belonging to each
pair of similar A4-T do not have the same damping behaviour. However,
layers of common thickness do behave similarly with the thicker layers
damping out more than half of the energy content near the leading edge
(Fig. 20a-b) and by far exceeding the damping of the thinner ones up
to halfway downstream (Fig. 20c—d). The difference between the two
thicknesses is not distinguishable above 50 Hz or near the downstream
edge (Fig. 20e-f).

One would obviously expect a flow passing through a porous
medium to be subject to an effect on its frequency content. However,
in the present case, the fact that the porous medium (vegetation) is
attached to a bluff body (building) creates an interaction with the
flow that is not present in the case where the flow is forced to pass
through this porous medium e.g. when measuring the pressure loss
coefficient. The bypass mechanism discussed above and the variation
of the frequency content with the material properties of the vegetation
are shown here for the first time.

Haghighat et al. (1991) were among the first to analyse fluctu-
ating air change rates and Xiao et al. (2022) recently presented a
comprehensive review of modelling approaches to natural ventilation
due to wind fluctuations. They refer to the widely accepted types
of turbulent ventilation mechanisms as continuous airflow, pulsating
flow and eddy penetration. These have recently been supplemented
by pumping ventilation, which refers to a specific type of pulsating
flow at a leeward building opening. It is important to discern these
mechanisms with respect to the frequency range and the direction
of the flow. According to Straw et al. (2000), the continuous flow
mechanism can be considered as broad-band in the sense that it appears
as the result of surface pressure fluctuations across a wide range of
frequencies. The pulsating flow mechanism is a result of fluid flow
parallel to the plane of an opening, resulting from pressure differences
between the inner and outer sides of the opening. It is dependent on
the geometry of the opening and the compressibility of the fluid and
will have a frequency peak at the Helmholtz resonant frequency of the
enclosure. Eddy penetration refers to fluid entering the enclosure due
to the unstable behaviour of shear layers or vortex shedding that passes
over the opening. Ai and Mak (2014) performed LES simulations of the
flow past a cube with a single opening and found that when this occurs
on the side wall (parallel to the flow) the contribution of turbulent flow
to the total air exchange is over 63%, as opposed to only 14% for a
windward opening.
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The work of Straw et al. (2000) is highly relevant to the present
work as it involves full scale measurements of pressure fluctuations on
a 6 m cubic structure exposed to turbulent flow with two openings
on its side walls (parallel to the flow). They found that the effect of
the pulsating flow mechanism (relevant to resonance) was an order of
magnitude less than the broad band and eddy penetration mechanisms.
The resonant/natural frequency of an enclosure (w,) can be estimated
as (Straw et al., 2000):

0.5
ABN
o= (57) ®
_ yPR
B= 7 (10)

where p is the density of air, A is the area of the opening, L is
the effective orifice length (actual orifice length +0.89\/X), N is the
number of orifices, y is the ratio of specific heats, PR is a reference
pressure and V is the volume of the enclosure.

For the present case, one finds f, = w,/2z ~ 353 Hz. From Figs.
18-20, the fluctuation frequencies being measured at the side wall are
much lower and this is an indication that the main mechanism will most
probably not belong to any high frequency Helmholtz regime but rather
the broadband (i.e. continuous flow) and/or the eddy penetration
mechanism i.e. unsteadiness of the recirculation zone on the side walls.

The fact that greening affects only the lowest frequency range
(Figs. 18-20), supports the fact that its presence is affecting the large
scale structures of the flow around the building. These structures are
expected to be affected by the mechanism proposed earlier in this study
that the vegetation layer thickness and the permeability are damping
the portion of the flow that does not bypass the layer and thus the
separation and unsteadiness of the flow is modified. Both of these are
expected to be major mechanisms for air exchange through openings
on the building side walls.

5. Summary and conclusions

In this study, the aerodynamic effects of facade and rooftop green-
ing were investigated on a simplified model building exposed to an
urban atmospheric boundary layer. The model building has a cubic
geometry and two openings on its side walls, namely those parallel
to the incoming flow. A porous foam medium with different pres-
sure loss coefficients 4, thicknesses T and porosities €, was used to
model different types of greening and greening species. During the
experimental procedure, the same scale factor M = 1:300 was used
for the atmospheric boundary layer, the model building, its openings,
and the greening. Time-resolved surface pressure measurements were
performed on the outer surfaces of the model building.

A general outcome of this study is that the greening position has
a major effect on the pressure distribution. In particular, it is deduced
that both rooftop and windward facade greening have a major influ-
ence, not only on the mean, but mostly on the fluctuating pressure
distribution. Rooftop greening reduces the magnitude of the rooftop
suction pressure and increases the upstream face stagnation pressure
by ~30%, compared to the building without vegetation. The windward
facade greening has a similar effect on the side wall adjacent to the
opening, where the damping of the fluctuating pressure signal can be
~35% in comparison to the bare building.

The two kinds of greening, namely facade and rooftop greening,
were also tested for four different permeabilities expressed by the
pressure loss coefficient at two thicknesses. It seems that the effect
of greening layer thickness is more pronounced for facade greening
than for rooftop greening. With a thick greening layer on the wind-
ward facade, the higher the permeability, the greater the damping of
pressure fluctuations on the side wall where the opening is located. It
is presumed that the lower pressure loss coefficient permits more flow
through the greening layer, rather than diverting it around it (bypass
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effect). This leads to reductions of the suction pressures range between
24% and 41% compared to the reference case. A thinner greening layer
with low pressure coefficient has hardly any effect on the flow but if the
resistance of the thin layer increases, damping occurs, although lower
than for the thick layer, with maximum relative differences of ~22%.
Another interesting finding of the present study is the influence of
facade greening on the power spectral density. The frequency analysis
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of the side wall measurement points at mid-building height reveals
that it is the lower frequencies, i.e. below 50 Hz, that are mainly
influenced by the presence of windward facade greening. However, the
effect of the greening’s permeability is more pronounced at frequencies
below 30 Hz. It is also concluded that the thicker greening layers with
lower pressure loss coefficients (higher permeability) cause the greatest
damping of the power spectrum. On the contrary, the thinner facade
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greening layers with high permeability expressed by the pressure loss
coefficient, induce almost no effect, which leads to similar results as
with a bare building. This behaviour may also be attributed to the
bypass effect observed in the pressure measurements.

Finally, it should be noted that although the similarity criterion for
modelling vegetation in reduced scale experiments assumes that, for the
same dynamic pressure, the pressure loss, i.e. the product of thickness
and pressure loss coefficient, should be the same at the model scale
and at full scale, the results of the pressure measurements point to the
conclusion that the thickness and/or the pressure loss coefficient follow
the same principle as an independent parameter. It is clear, however,
that neither the pressure drop alone, nor the greening properties (pres-
sure loss coefficient, thickness) are enough to explain the effects on
the pressure distribution. It seems that the flow bypassing or passing
through the greening layer is determined by both the layer’s thickness
and the pressure loss coefficient. This, in turn, is reflected upon the
pressure distribution and the damping of the lower frequencies of the
pressure fluctuations and is expected to carry over to other dependent
parameters such as air exchange through openings.

In summary, this is the first wind tunnel study to investigate the
effects of windward facade greening and rooftop greening on the
pressure distribution of a scale model building. The results complement
an earlier study in which the influence of the greening position on
the air exchange rate was investigated (Pappa et al., 2023). Although
multiple wind directions and sheltered building conditions were not
tested, the future availability of flow field measurements will provide
an holistic picture and the role of building embedded vegetation will
become clearer under these specific measurement conditions.
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