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Abstract 12 

The installation of urban green infrastructure, particularly green walls, has proven to be an effective strategy for 13 

the mitigation of particulate matter (PM) pollution and the urban heat island effect. For the interaction between 14 

vegetation, PM and the local microclimate, wind flow is the main driving force. In order to investigate these 15 

interactions in detail, it is important to know how air flows through vegetation. This study proposes a method 16 

based on the Darcy-Forchheimer equation, where vegetation is considered as a porous medium and several plant 17 

species and the effects of plant morphological characteristics are examined both experimentally and using 18 

computer simulations. Results showed that the Darcy-Forchheimer model is a simple and robust way to describe 19 

air flow through vegetation regardless of its morphology. This research provides a new vision on studying 20 

aerodynamic properties of vegetation in relation to their morphology and provides opportunities for modelling 21 

the interaction between vegetation and its environment. 22 
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1 Introduction  28 

Over the last decade green walls and façades have become an increasingly popular type of urban green 29 

infrastructure (UGI). They provide an efficient way to introduce green environments in the limited space 30 

typically available in the urban environment provided they are thoughtfully planned (Cameron & 31 

Blanuša, 2016). UGI is able to fulfil many different ecosystem services (ES), including air quality 32 

improvement (by particulate matter [PM] deposition) (Abhijith et al., 2017; Gallagher et al., 2015), 33 

environmental cooling, carbon sequestration, increasing biodiversity and also serving social and cultural 34 

purposes (Madre, Clergeau, Machon, & Vergnes, 2015; Tallis et al., 2015; White & Gatersleben, 2011). 35 

Improvements in air quality and environmental cooling are significantly driven by physical interactions 36 

between the plants and air flowing over and through them. Vegetation affects local air flow and it 37 

therefore alters wind-driven processes such as PM deposition (K. P. Beckett, Freer-Smith, & Taylor, 1998; 38 

Janhäll 2015; Litschike & Kuttler, 2008; Nowak, Crane, & Stevens, 2006; Ottelé, van Bohemen, & Fraaij, 39 

2010; Pugh, Mackenzie, Whyatt, & Hewitt, 2012; Tallis et al., 2015), evaporation and heat transfer 40 

(Demuzere et al., 2014; Hunter et al., 2014; Perini, Ottelé, Fraaij, Haas, & Raiteri, 2011; Tallis et al., 2015).  41 

Several investigations have demonstrated the influence of vegetation on local air flow, based either on 42 

field measurements (Hong, Lin, Wang, & Li, 2012) or wind tunnel studies using plant imitators 43 

(Buccolieri, Gromke, Di Sabatino, & Ruck, 2009; Endalew et al., 2009; Gromke 2011 and references 44 

therein; Gromke et al., 2016) or real plants (Molina-Aiz, Valera, Álvarez, & Madueño, 2006; Lin & 45 

Khlystov, 2012a; Sase, Kacira, Boulard, & Okushima, 2012). Some studies were based on numerical 46 

airflow models (Connell, Endalew, & Verboven, 2011; De Maerschalck, Maiheu, Janssen, & Vankerkom, 47 

2010; Endalew et al., 2009; Hong et al., 2012) or empirical models (Raupach, Woods, Dorr, Leys, & 48 

Cleugh, 2001; Tiwary, Morvan, & Colls, 2005; M. Lin, Katul, & Khlystov, 2012b) or a combination of 49 

multiple approaches. Most model-based studies considered vegetation as rigid structures, omitting 50 

realistic descriptions of micro-scale parameters, such as porosity and leaf morphology within vegetation 51 

stands. This simplification of the vegetation structure increases the uncertainty in study outputs. 52 

Moreover, few studies have been performed on the dynamics of air flowing through vegetation. This 53 

knowledge gap can be explained by the complexity of a vegetation stand and the physics involved, with 54 

randomly distributed air spaces between inhomogeneous foliage elements, causing flows with high 55 

turbulence (Tiwary et al., 2005). Also, drag forces may affect the airflow. The aerodynamic effects of 56 

plant stands are often expressed in terms of resistance to the flow or a drag coefficient (Molina-Aiz et 57 

al., 2006; Sase, Kacira, Boulard, & Okushima, 2012). Endalew et al. (2009) modelled the interaction 58 

between airflow and vegetation based on leaf drag/area and volume weighted drag (based on porosity), 59 

but for both methods detailed 3D geometrical information is needed (Endalew et al., 2009 and 60 

references therein). However, given the complexity of the systems under study, some simplification is 61 

recommended when modelling the dynamics of air flowing through vegetation.  62 

This paper proposes a method based on the Darcy-Forchheimer equation (Nield, 2000). This equation 63 

originates from earth sciences where it is used to describe the flow of water through porous soils, but it 64 

has been proven to be applicable in many more research fields involving fluid flow (including air) through 65 

porous media (Bartzanas, Kittas, & Boulard, 2002; Bartzanas, Katsoulas, & Kittas, 2012; Mattis, Dawson, 66 

Kees, & Farthing, 2012a; Miguel, van de Braak, & Bot, 1997; Verbruggen et al., 2016). The Darcy-67 

Forchheimer equation is an extension of the simple Darcy equation that relates the pressure drop 68 

observed when a fluid flows through a porous medium to the flow rate of the fluid. The Forchheimer-69 

drag includes inertial effects that occur at high flow rates. Molina-Aiz et al., (2006) found that, when air 70 
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velocity and pressure drop are plotted, the Darcy-Forchheimer equation seemed to have the best fit 71 

with their wind tunnel data compared to drag equations.  72 

The objectives of this study are (1) to assess whether the Darcy-Forchheimer equation is applicable to 73 

describe air flow through vegetation; (2) to investigate whether there are significant differences in the 74 

corresponding aerodynamic parameters between plant species and if so, (3) to check whether 75 

aerodynamic parameters can be related to plant species morphology. 76 

2 Materials and methods 77 

2.1 Selection of species and morphology 78 

In order to cover the high variability in morphology typical for green wall vegetation, a broad range of 79 

plant species were selected according to their occurrence in green walls. Climbers/creepers as well as 80 

herbaceous species were chosen to cover both soil-bound and substrate-bound vertical garden systems, 81 

and a broad range in leaf morphological characteristics, like e.g. leaf size and shape (Table 1). 82 

Table 1: Selected species and their morphological characteristics. Scientific name, leaf shape and length 83 

and width of an individual leaf are given.  84 

Scientific 
name 

Leaf 
morphology 

Length 
x width 

Scientific 
name 

Leaf 
morphology 

Length 
x width  

Scientific 
name 

Leaf 
morphology 

Length 
x width  

Hedera 
helix 

Heart shaped 70 x 
100 
mm 

Campanul
a isophylla 

Heart shaped, 
serrated 

40 x 45 
mm 

Lonicera 
nitida 

Oval 15 x 5 
mm 

 

 

 
Festuca 
glauca  

Very thin 
grass 

200 x 2 
mm 

Fragaria 
sp.’Ostara’ 

Ternate leaf, 
leaflets 
serrated 

120 x 
120 
m0m 

Bergenia 
cordifolia 

Oval, large, 
thick 

100 x  
200 
mm 

  
 

Geranium 
traversii × 
oxonianu
m  

Hand shaped, 
lobed 

50 x 60 
mm 

 

 

 85 

A series of directly measurable morphological plant parameters was examined. Morphological 86 

parameter selection was based on their potential to affect the air flow through vegetation. Each of these 87 

parameters is able to explain some aspects of leaf morphology into a single metric, which makes inter-88 
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species comparison possible. An overview is given in Table 2. Methods were original unless stated 89 

otherwise with a reference.  90 

Plant area density (PAD) is the amount of one sided plant surface (including twigs; Aplant) per total bulk 91 

volume (the volume of the cylinder holding the plants) (Vtotal) and a measure of how vegetation can fill 92 

up a space. It is closely related to porosity which is the void volume fraction of a porous material (see 93 

further). Plant surface was measured with a Li-3100c leaf area meter (Li-cor Inc., Lincoln, NE, USA). PAD 94 

is similar to leaf area density (LAD), which is more commonly used in plant ecology and considers only 95 

the one sided leaf surface. However, because in this study species with a highly diverse morphology 96 

were used and branches also affect local air flow, PAD is a better choice, as it is the total portion of plant 97 

material which contributes to pressure losses. Realistic PAD values were pursued without omitting 98 

extremely sparse or dense vegetation.  99 

Volumetric porosity (ϕ) is the void volume fraction (1-[Vplant Vtotal
-1]) of a porous material. In this context, 100 

it is the volume fraction occupied by the air filled spaces in between the leaves and branches of the 101 

vegetation, and is typically higher than 93% (Gromke, Buccolieri, Di Sabatino, & Ruck, 2008). It should 102 

not to be confused with the ‘optical porosity’, which is a two-dimensional parameter that ignores some 103 

spatial information. Plant volume was determined through displacement by putting the vegetation in a 104 

graduated cylinder filled with water. Despite being the best empirical method to estimate the volume 105 

of an irregular shaped object, this method is quite crude. Therefore, as a quality control for each species, 106 

the volume was correlated with dry mass.  107 

The leaf ratio (LR) is the amount of leaf material with respect to the total amount of plant material, 108 

calculated both in mass or volume units. The mass based leaf ratio was assessed by weighing leaves and 109 

stems that were dried in an oven (Memmert UF 260, Memmert, Eeklo, Belgium) separately on an 110 

analytical balance ( S-234, Denver Instruments, NY, USA, accuracy= 0.1 mg). These masses were 111 

averaged for every species, with between 8 and 15 replicates per species, and the correlation between 112 

weight and volume based leaf ratios was identified.  113 

Specific leaf area (SLA) (Cornelissen et al., 2003) is expressed as the one-sided leaf surface (Aleaf) with 114 

respect to leaf dry mass (Mleaf). Dry matter was measured on the analytical balance (accuracy = 0.1 mg). 115 

This parameter can be used as a measure for leaf structure/thickness (Vile et al., 2005). One average 116 

SLA value was calculated for every species out of 8 to 15 replicates. Including mass in a dataset can be 117 

beneficial, as most other parameters only cover a two dimensional representation of vegetation, while 118 

mass is also indicative for the occupied volume. 119 

Leaf dissection index (LDI) can be described as the ratio of a leaf’s perimeter (Pleaf) to the square root of 120 

its surface area (√Aleaf) (McLellan & Endler, 1998). This is a dimensionless parameter which is used to 121 

describe leaf shape. Plant species that have strongly incised or elongated leaves have a higher LDI than 122 

plants which have leaves with a more circular shape. The minimum value for LDI is 3.545, this is the value 123 

for a perfect circle. The square root of leaf area is taken in order to normalize for leaf size, as the test 124 

plants had leaves with similar shapes but different sizes. LDI was determined for every species by 125 

measuring six undamaged leaves over their leaf size range, of which the mean value was taken as the 126 

species’ LDI. It should be noted that for Fragaria sp. only one leaflet was considered, as one full leaf 127 

consist of three fully separated petioles. 128 

Functional leaf size (FLS) is the surface of the largest full circle that can be drawn into a leaf (Acircle), 129 

normalized by leaf surface (Aleaf). This parameter is the major determinant of the leaf boundary layer 130 
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and thus strongly influences PM deposition and transpiration. Per species one value for FLS was 131 

retrieved by taking the mean of six leaves of varying sizes as used for LDI. For species of which the leaves 132 

were consisting of multiple leaflets (e.g. Fragaria sp.), again only the single leaflet was considered. 133 

Leaf size (LS) is the one-sided surface area of a leaf (Aleaf). Per species one value for leaf size was taken 134 

as an average from six individual undamaged leaves over their size range.  135 

Leaf surface structure (LSS) was assessed by categorization. Hairy leaves and leaves with rough 136 

(irregular) surfaces, at microscopic level, are known to sustain a thicker boundary layer than non-hairy 137 

and smooth leaves. This could have an influence on local air flow (turbulence), PM deposition and gas 138 

exchange processes. Of each species, SEM (scanning electron microscope) images were taken with a 139 

Quanta FEG 250 at high vacuum. For full explanation of the methodology we refer to Castanheiro, 140 

Samson, & De Wael (2016). Surface characteristics were divided into 3 categories and categorized as 141 

very hairy and/or irregular (considered as ‘2’), semi-hairy and/or semi-irregular (‘1’), and smooth (‘0’).  142 

For LR, SLA, LDI, FLS and LS results are presented as mean values with a standard deviation. 143 

Table 2: Overview of determined plant morphological parameters. V: volume (m³), A: leaf surface (m²), 144 

P: leaf perimeter (m), M: dry leaf mass (kg) 145 

Parameter  Formula  Unit  

 
Plant Area Density (PAD) 
 
 
Porosity (ϕ) 
 
 
Leaf Ratio (LR) 
 
 
Specific Leaf Area (SLA) 
 
 
Leaf Dissection Index (LDI) 
 
 
Functional Leaf Size (FLS) 
 
 
Leaf size (LS) 
 
 
Leaf Surface Structure (LSS) 

𝑃𝐴𝐷 =
𝐴𝑝𝑙𝑎𝑛𝑡

𝑉𝑡𝑜𝑡𝑎𝑙
 

 

𝜑 = 1 − (
𝑉𝑝𝑙𝑎𝑛𝑡

𝑉𝑡𝑜𝑡𝑎𝑙
) 

 
 
LR = 1 – stem ratio 

 

𝑆𝐿𝐴 =
𝐴𝑙𝑒𝑎𝑓

𝑀𝑙𝑒𝑎𝑓
 

 

𝐿𝐷𝐼 =
𝑃𝑙𝑒𝑎𝑓

√𝐴𝑙𝑒𝑎𝑓

 

 

𝐹𝐿𝑆 =
𝐴𝑐𝑖𝑟𝑐𝑙𝑒

𝐴𝑙𝑒𝑎𝑓
 

 
𝐴𝑙𝑒𝑎𝑓 

 
m² m-³ 
 
 
dimensionless  
 
 
percentage 
 
 
m² kg-1 
 
 
dimensionless 
 
 
dimensionless 
 
 
m² 

 146 

 147 

2.2  Experimental procedure 148 

2.2.1 Wind tunnel experiments 149 

Pressure losses over vegetation were measured in a continuous flow, closed circuit wind tunnel (Fig. 1 150 

left). The circuit consists of circular air ducts (inner diameter 103 mm) with a total length of 6 m. A plant 151 

compartment consisting of a transparent pipe (length 545 mm, inner diameter 114 mm) was fitted in 152 

the closed circuit. Air movement was created by a continuously controllable inline duct fan which could 153 

induce wind speeds varying from 1.14 to 4.40 m s-1 (for an empty compartment), which is a realistic but 154 

low range of wind speeds. Air velocity induced by the duct fan was measured by a hotwire air velocity 155 

sensor (CTV 110, KIMO Instruments, Chevry-Cossigny, France). Instead of continuously varying the 156 

airflow rate during an experiment, the power supply to the duct fan was controlled and fixed at five 157 

power supply settings: the minimum and maximum power supply (corresponding to the minimum (but 158 
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not zero) and maximum wind speed), and approximately the 1st, 2nd (median) and 3th quartile. The 159 

advantage of selecting five specific power supplies was that for each setting, a corresponding fan curve 160 

(i.e. the relation between the pressure loss and the flow rate for the fan used) could be determined from 161 

all pressure loss and velocity measurements (for all species under study) corresponding to the specific 162 

power supply. The fan curves could then be used as boundary conditions in the models (see further). 163 

Obviously, the air velocity v is not uniform over the cross section of the flow. Mostly, average velocities 164 

are used in the analysis of duct flow. Air velocity profiles were derived from measurements with the hot 165 

wire velocity sensor located at different distances from the duct wall and the average air velocity was 166 

calculated by integrating the profile over the flow cross section. 167 

Freshly cut plant specimens were brought into the plant compartment of the wind tunnel and stacked 168 

as homogeneously as possible with the least possible clustering (Fig. 1 right), approximating the 169 

composition of the plants in a real green wall. After selecting one of the five power supply settings 170 

(always from low to high), the inline duct was switched on and the system was allowed to equilibrate 171 

until the pressure loss was stationary. Pressure loss (ΔP) over the plant compartment was assessed by a 172 

Pressure Module (750PD2, FLUKE Corporation, Gent, Belgium) with a range of ± 7 kPa and a Pressure 173 

Calibrator (717 30G, FLUKE Corporation). Test experiments showed similar results for the same 174 

vegetation specimen if brought multiple times into the wind tunnel in different configurations, providing 175 

that stacking was done uniformly. Only when heavily clustered, resulting in an inhomogeneous 176 

distribution within the plant compartment, did the results differ from each other. Therefore, each 177 

specimen was only tested once for a particular PAD under different airflow rates. Nevertheless, each 178 

plant species was tested at different PADs (Fig. 2 top) and porosities (Fig. 2 bottom) by adding or 179 

removing a certain amount of plant material. Vegetation was held in place by two grates, whose 180 

pressure loss was measured in a separate run in order to subtract the values from the vegetation 181 

measurements. Runs through an empty tunnel were used as a reference. 182 

 183 

Fig. 1: Left panel: setup of the wind tunnel with the plant compartment filled with vegetation, right panel: plant 184 

compartment filled with fresh Campanula sp. 185 

 186 

 187 
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 188 

Fig. 2: PAD values for each run (top) and porosity values for each run (bottom). Species are sorted alphabetically. 189 

  190 

2.2.2 Aerodynamic characterisation 191 

In recent literature, an explicit approach is advised to simulate wind flow in urban areas where 192 

vegetation is present (Buccolieri et al., 2018). In most computation fluid dynamics (CFD) studies 193 

vegetation is considered as a porous medium, and additional terms are added to the momentum and 194 

turbulence equations to account for the loss of energy (refs from Buccolieri et al., 2018). While most 195 

published work focused on aerodynamic effects in the vicinity of trees, a characterisation of the air flow 196 

through vegetation was performed, and parameterised in a CFD model by adding pressure loss terms 197 

described in terms of permeability (for viscous losses) and ‘inertial permeability’ (for inertial losses). 198 

Since the intention was to correlate plant morphological parameters to aerodynamic parameters, a 199 

limited set of aerodynamic parameters was needed.  200 

From pressure loss measurements over the plant compartment stacked with vegetation, it is possible to 201 

calculate the permeability of the vegetation to fluid flow. The permeability of a porous material is its 202 

ability to allow a fluid to pass through it and is closely related to its structure and porosity. For 203 

vegetation, which always has high values for porosity (often over 95%), leaf size and morphology were 204 

expected to be the determining parameters. At low fluid velocities (Reynolds numbers up to 10), the 205 

permeability of a porous material (K) can be simply derived from Darcy’s law as: 206 

K =
v  A  µ Δx

ΔP
      (Eq. 1) 207 

where v is the bulk fluid speed (m s-1) (the mean speed within the pores of the porous media), µ the 208 

viscosity of the fluid (Pa s), Δx the length of the porous medium (m), A  the cross section area of the flow 209 

(m²) and ΔP the pressure loss (Pa). The simple Darcy equation assumes a linear relation of fluid flow rate 210 

(or velocity) and pressure loss, and a unique value for the permeability. However, for very high velocities 211 

(Reynolds numbers being multitudes of 10) in porous media, inertial effects become important and an 212 

inertial quadratic term, known as Forchheimer-drag, needs to be added to the Darcy equation. This term 213 

accounts for the kinetic energy and inertia of the fluid and the typical non-linear relation of fluid flow 214 

rate and the pressure drop (S. A. Mattis, Dawson, Kees, & Farthing, 2012b): 215 

ΔP

Δx
=  − (

µ

K
)  q – (

ρ

K1
) q2    (Eq. 2) 216 

where K1 is the inertial permeability (m), ρ the fluid density (kg m-³) and q the fluid flux (m s-1), calculated 217 

as: 218 

q =  v  φ       (Eq. 3) 219 
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where φ represents the porosity (-). The term 
ρ

K1
 is called the Forchheimer-drag coefficient. Notice that 220 

in all calculations, the average air velocity (see section 3.2) was used.  221 

For each of the species, the pressure loss was measured as a function of average air velocity. The 222 

permeability (K) and Forchheimer-drag (
ρ

K1
) were obtained by regression of Eq. 2. Obviously, the amount 223 

of plant material brought in the compartment affects the PAD, the porosity and the aerodynamic 224 

parameters. Experiments were repeated with 8 to 15 different PAD’s per species, depending on how 225 

easily the vegetation could be stacked and how long the branches stayed fresh (see Fig. 2). A wind tunnel 226 

experiment for one species took approximately one day. This was no problem with species such as 227 

Hedera, but more sensitive species, for example Fragaria became weak towards the end of the 228 

experiment so fewer wind tunnel tests could be performed.  229 

In some cases, regression led to negative values for permeability and/or inertial permeability. This was 230 

solved by modifying the polynomial (Eq. 2) to a linear equation as follows: 231 

ΔP

Δx  q
=  − (

µ

K
) − (

ρ

K1
)  q     (Eq. 4) 232 

K and 
ρ

K1
  could then be retrieved by simple linear regression. Samples for which parameters remained 233 

negative were left out, as these physical impossible outcomes were attributed to flaws in those 234 

particular runs. In order to compare the aerodynamic characteristics of different species under similar 235 

conditions of wind velocity and PAD, pressure losses were normalised for wind velocity and PAD, so that 236 

a dimensionless, normalized pressure loss (ΔPnorm) can be defined as:  237 

ΔPnorm =
∆P

ρ v2 PAD ∆x
     (Eq. 5) 238 

where ρ v² is a measure of kinetic energy per unit volume, also called dynamic pressure (Pa).  239 

 240 

2.2.3 Calculations and statistical analysis 241 

All calculations and analysis were performed in R version 3.3.1 (https://cran.r-project.org/) and an Excel 242 

spreadsheet. Within species morphological parameters, significant differences are identified with a 243 

Tukey-HSD test and these differences are indicated with the letters A, B and C. Due to the nature of the 244 

permeability and Forchheimer-drag data we performed a log (ln) transformation for normalization. 245 

Herewith an ANOVA was executed for looking at the variance between permeability and Forchheimer-246 

drag between species. A Tukey-HSD test was performed to see where the differences are between 247 

species. A Kendall rank correlation test was performed for testing differences between permeability and 248 

Forchheimer-drag against porosity and PAD. A Kendall rank correlation test is comparable to a 249 

Spearman’s test but stronger and more robust considering outliers as our data is highly skewed. Larger 250 

tau-values (always between 0 and 1) mean stronger correlations. Finally, to explain variance in 251 

permeability and Forchheimer-drag, linear models of the mean and median of permeability and 252 

Forchheimer-drag against SLA, LDI, FLS, LR, LS and LSS were made.  253 

 254 

https://cran.r-project.org/
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2.3 Numerical modelling 255 

To test whether the aerodynamic parameters derived from the wind tunnel experiments can be used in 256 

a modelling approach, a numerical model of the wind tunnel was developed. The advantage of a 257 

numerical modelling approach such as CFD is that geometrical effects (realistic green walls with complex 258 

geometries) as well as (dynamic) climate boundary conditions can be tested. CFD simulations were 259 

conducted using the commercially available software package COMSOL Multiphysics® version 5.2a 260 

(COMSOL Inc., MA, USA). The geometry consisted of the entire wind tunnel (Fig. 3) including the plant 261 

compartment (which is slightly wider than the other ducts). Considering the symmetry of the geometry, 262 

only half of the geometry was meshed as shown in the figure. The computational grid consisted of 263 

approximately 170,000 tetrahedral cells with a boundary layer at the duct walls. Grid size independency 264 

was ensured by gradually refining the mesh until further refinement did not affect the results. The 265 

average mesh quality of the geometry was 0.72. Mesh quality is a compound quantity representing some 266 

quality attributes of the mesh elements (skewness, volume versus circumradius, growth rate, …).  A 267 

quality of 1 indicates the best possible fit and an optimal element. At the other end of the interval, 0 268 

represents a degenerated element. Under the flow rate conditions, a turbulent flow regime is expected 269 

and a k-ω turbulent, incompressible flow model at standard conditions (101325 Pa, 293.15 K) was 270 

considered in the ducts. In contrast to the laminar flow model, the k-ω model solves for extra variables: 271 

the turbulence kinetic energy and the rate of dissipation of turbulence kinetic energy ω. A steady-state 272 

solution was generated with a direct stationary solver (relative tolerance 0.001), by solving the 273 

governing equations of momentum and mass continuity in the wind tunnel ducts (Comsol 2017): 274 

𝜌(𝐮 · ∇)𝐮 = ∇ ∙ (−P𝐈 + (𝜇 + 𝜇𝑇)(∇𝐮 + (∇𝐮)𝑻)) 275 

𝜌∇(𝐮) = 𝟎 276 

With 𝜌 the air density (1.2044 kg m-3), 𝐮 the velocity vector (m s-1), 𝐈 an identity matrix, P the pressure 277 

(Pa), 𝜇 the dynamic viscosity (Pa s) and 𝜇𝑇 the eddy viscosity (Pa s), which is calculated by the k-ω model 278 

for a turbulent flow and equals zero in the case of a laminar flow. Second order discretisation was set 279 

by default in all equations. In the plant compartment the air velocity and pressure fields were modelled 280 

using the Darcy–Forchheimer equation (Eq. 2), which considers single-phase flow in a porous medium. 281 

To couple the physics, the pressures at the boundaries between the air ducts (turbulent flow) and the 282 

plant compartment (Darcy-Forchheimer) were equalised. This is a convenient and computationally 283 

profitable approximation for single phase fluid flow in a porous medium (Bejan, 2013). For the duct walls 284 

a no-slip condition is used which means that the fluid velocity adjacent to the wall is zero. Wall roughness 285 

was chosen to be generic with standard roughness height and roughness parameter. The inline duct fan 286 

was modelled as an ‘interior fan’. This boundary condition considers the static pressure curve data (the 287 

fan curve) of the actual duct fan. For the fan used in this study, five pressure/flow rate curves were 288 

determined corresponding to the five different power supply settings. Due to the different densities in 289 

plant material during the experiment, a trend line could be fitted through the data points on the pressure 290 

loss versus flow rate curve. This means that the more plant material that is present, the higher the 291 

pressure loss between the front and rear of the vegetation sample and the lower the air flowrate. Curves 292 

are at various positions for each chosen wind speed; at higher wind speeds there is a shift towards higher 293 

values. However, this relationship retains the same slope. The advantage of using the fan boundary 294 

condition is, that the model automatically finds the working point of the fan, corresponding to the 295 
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pressure losses imposed by the vegetation and all duct walls. Consequently, the velocity measured by 296 

the hot wire anemometer in the experiment can be used to validate the accuracy of the model, by 297 

plotting experimental and modelled values against each other. The same applies to the pressure loss 298 

measured by the pressure module and the modelled pressure loss. Permeability, porosity and 299 

Forchheimer-drag datasets were provided by the wind tunnel experiments. Apart from Darcy-300 

Forchheimer, a simple Darcy model was tested as well. Model results for all experiments were obtained 301 

using a parametric sweep, which is the easiest way to find the solution for a sequence of input 302 

parameters. The mesh of the plant compartment was built at a larger element size, as a finer mesh 303 

would take too much computational time and computer capacity. The pressure losses, obtained by the 304 

model, were then compared with the experimentally measured values to test the method. As a 305 

validation, the modelled velocity was compared to the value measured by the anemometer, at the 306 

corresponding measuring point. 307 

 308 

 309 

Fig. 3: Geometry of the wind tunnel (left) and the computational mesh used in the model (right) 310 

3 Results 311 

3.1 Species morphology 312 

A series of species morphological parameters was determined in order to explain potential variance in 313 

pressure and permeability data. Fig. 4 on the left shows the mean LR per species. For Campanula (26% 314 

± 0.04) the stem volume overrules the leaf volume. For Geranium (49% ± 0.01) and Hedera (50% ± 0.06), 315 

the ratio is 50/50. Lonicera (68% ± 0.01) and Fragaria (82% ± 0.06) possess more leaf than stem material 316 

in terms of volume. Bergenia (rozet plant) and Festuca (grass) both consist solely of leaves. LS (Fig. 4 317 

right panel) shows Bergenia (741.2 mm² ± 421.3) to have the largest leaves, followed by Fragaria (335.5 318 

mm² ± 236.6) and Hedera (288.4 mm² ± 265.4) which are close together. Geranium has small leaves 319 

(118.2 mm² ± 62.9) followed by Campanula (47.6 mm² ± 27.8). Festuca is a very fine grass (29.6 mm² ± 320 

3.0) and Lonicera has the smallest leaves (11.1 mm² ± 6.6). SLA varied from 20.60 m² kg-1 ± 1.99 for 321 

Fragaria, down to 5.60 m² kg -1± 1.31 for Hedera (Fig. 5). Furthermore, FLS varied from 8.87 × 10-1 ± 0.08 322 

for Fragaria down to 3.22 × 10-3 ± 0.001 for Festuca (Fig. 5). LDI of the species varied from 4.16 ± 0.3 for 323 

Lonicera, which has the roundest leaves to 33.8 ± 2.5 for Festuca, which is a grass. LSS varied widely 324 

between species, which made comparison complicated. Hence, surface structure was categorised into 325 

robust classes (Table 3). Based on an ANOVA-analysis no statistically significant correlations could be 326 

found between the species’ morphological parameters.  327 
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 328 

Fig. 4: Volumetric leaf ratio (LR) of the considered plant species, classified from lowest to highest 329 

 330 

 331 

Fig. 5 (from top to bottom): Mean Specific Leaf Area (SLA), Functional Leaf Size (FLS) and Leaf Dissection Index (LDI) 332 

with standard deviations for all species, classified alphabetically according to species name. Different letters 333 

indicate significant differences. 334 

 335 

 336 
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Table 3: Leaf surface structure (LSS) divided into 3 categories: very hairy and/or irregular, semi-hairy 337 

and/or irregular, and smooth. Images were taken at 10 µm to 1 mm, depending on the size of the 338 

structures showed. 339 

Very hairy and/or irregular  

Campanula sp. (1 mm) 

 
 

Fragaria sp. (100 µm) 

 

Geranium sp. (500 µm) 

 

 

Semi-hairy and/or irregular  

Hedera helix (1 mm) 

 

Festuca glauca (50 µm) 

 
 

Smooth  

Lonicera nitida (300 µm) 

 

Bergenia cordifolia (500 µm) 

 

 340 

 341 

3.2 Aerodynamic characterization using wind tunnel experiments  342 

Figure 6 shows the shape of the air velocity profiles, derived from measurements at the five power 343 

supply settings and three different positions in the tunnel duct (centre, 0.025 and 0.05 m from the 344 

centre). During the pressure loss experiments, air velocity was only measured in the centre of the duct 345 

and the average velocity was calculated by integration over the cross section surface of the duct, 346 

according to the profiles in Fig. 6. For further determination of the aerodynamic parameters, the average 347 
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velocity was used in the equations. Reynolds numbers were calculated for each run using the kinematic 348 

viscosity of air at 20° C which is 1.51 × 10-5  m2 s-1. Reynolds numbers varied from 2.33 × 104 to 1.50 × 349 

105. These values indicate turbulent air flow, which justifies the use of Darcy-Forchheimer for further 350 

calculations. 351 

 352 

Fig. 6: Air velocity profiles at the five used power supply settings and three different positions in the tunnel duct 353 

(centre, 0.025 and 0.05 m from the centre). The dotted lines indicate polynomials plotted through the data points.  354 

 355 

From the pressure loss measurements at a range of average air velocities, the permeability (K) and 356 

Forchheimer-drag (ρ/K1) were obtained by regression using Eq. (2). Values of permeability and 357 

Forchheimer-drag varied from 1.59 × 10-7 m² to 4.71 × 10-5 m² and 5.09 × 10-1 kg m-4 to 7.80 × 10-1 kg m-358 
4, respectively. Data distribution for both permeability and Forchheimer-drag is heavily skewed. 359 

Therefore, to investigate the difference between species, a natural log transformation was performed. 360 

Normality could be confirmed by a Shapiro-Wilk normality test. Figure 7 shows differences in 361 

permeability (top) and Forchheimer-drag (bottom) between species. An ANOVA proved that log (K) is 362 

different between species (p = 1.63 × 10-5). The TukeyHSD test indicated where the differences are 363 

between species (A and B).  On the other hand, log (ρ/K1) did not differ between the species (p = 0.09).  364 

 365 

 366 

 367 

 368 

 369 

 370 
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 371 

 372 

Fig. 7: Dispersion of permeability log (K) in m² (top) and Forchheimer-drag log (ρ/K1) in kg m-4 (bottom) for all 373 

species, classified from high to low. For log (K) differences between species are indicated with the letters A and B.  374 

 375 

Furthermore, Kendall rank correlation tests were performed to test the correlations between K and ρ/K1 376 

on one hand and PAD and porosity on the other hand and between PAD and porosity reciprocally (Fig. 377 

8). Tau and p-values are given in Table 4. Permeability is positively correlated to porosity and negatively 378 

correlated to PAD, while for the Forchheimer-drag, the opposite is observed (as seen on the middle and 379 

bottom row, respectively). Furthermore, porosity can be seen as the best indicator (highest values of 380 

tau) for both permeability and Forchheimer-drag. In general, porosity was close to 1 for all experiments 381 

(0.956 to 0.997). Linear regression for PAD as a function of porosity for individual species showed R² 382 

values between 0.99 (Campanula) and 0.96 (Fragaria). For aggregation of all samples, also a strong 383 

correlation was found (p < 2.2 × 10-16, R² = 0.85, τ = -0.77), with more scatter at higher PAD and lower 384 

porosity values. Consequentially, one linear relationship could be derived: ϕ = 0.997 - 3.78 × 10-4 × PAD. 385 

It appears that the Forchheimer-drag becomes more important with decreasing permeability, as 386 

evidenced by the top left figure (although the data is scattered).  387 
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388 

389 

 390 

Fig. 8: Kendall rank correlations between permeability (m²), Forchheimer-drag (kg m-4), plant area density (m² m-391 
3) and porosity (dimensionless). Each points represents one wind tunnel run for a specific species under different 392 

wind speeds. Trendlines are also given (dotted line). The equations of the trend lines, from left to right and top to 393 

bottom, are y = -0.4107 x - 3.167, y = -2206 ln(x) - 1.6602, y = -1.248 ln(x) - 8.803, y = 101.3 x - 112.63, y = 1.2676 394 

ln(x) - 2.0972 and y = -88.04 ln(x) + 0.7038, respectively.  395 

 396 

Table 4: Kendall rank correlation coefficients (τ) and p-values or correlations between permeability (m²), 397 

Forchheimer-drag (kg.m-4), plant area density (m².m-3) and porosity (dimensionless). 398 

 Permeability (m²) Forchheimer-drag (kg 
m-4) 

PAD (m² m-3) 

Forchheimer-drag 
(kg m-4) 

τ = -0.42 
p-value = 1.58E-06 

  

PAD (m².m-3) τ = -0.43 
p-value = 1.58E-06 

τ = 0.65 
p-value = 3.88E-13 

 

Porosity τ = 0.52 
p-value = 6.79E-09 

τ = -0.69 
p-value = 1.58E-14 

τ = -0.77 
p-value < 2.2E-16 

 399 

 400 

3.3 Correlation between aerodynamic and morphologic parameters 401 

For each distinct species, the morphological parameters SLA, LDI, FLS, LR, LS and LSS were analysed as a 402 

function of permeability and Forchheimer-drag. Because morphological parameters have only one value 403 

per species and permeability and Forchheimer-drag have a series of values per species, we need also 404 

one value for permeability and Forchheimer-drag to compare them with the morphological parameters. 405 

P-values obtained for the linear models are shown in Table 5. Since data was skewed, both mean and 406 
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median values of permeability and Forchheimer-drag were used. Note that LSS should be considered as 407 

a factor.  408 

Table 5: Morphological parameters Specific Leaf Area (SLA), Lead Dissection Index (LDI), Functional Leaf 409 

Size (FLS), Leaf Ratio (LR), Leaf Size (LS) and Leaf Surface Structure (LSS) as a function of mean and 410 

median permeability (K) and Forchheimer-drag (ρ/K1) for all species. The table shows p-values and R²-411 

values of the correlations as result of an ANOVA. Stars indicate significant p-values (p =< 0.05). 412 

 Mean K Mean ρ/K1 Median K Median ρ/K1 

SLA p = 0.04* 
R² = 0.53 

p = 0.17 
R² = 0.21 

p = 0.007* 
R² = 0.79 

p = 0.15 
R² = 0.23 

LDI p = 0.75 
R² =-0.17 

p = 0.73 
R² = -0.16 

p = 0.82 
R² = -0.19 

p = 0.93 
R² = -0.20 

FLS p = 0.71 
R² = -0.16 

p = 0.018* 
R² = 0.71 

p = 0.27 
R² = 0.083 

p = 0.05* 
R² = 0.47 

LR 
 
LS 

p = 0.50 
R² = -0.088 
p = 0.85 
R² = -0.19 

p = 0.78 
R² = -0.18 
p = 0.52 
R² = -0.09 

p = 0.62 
R² = -0.14 
p = 0.36 
R² = -0.0002 

p = 0.28 
R² = 0.07 
p = 0.34 
R² = 0.017 

LSS p = 0.19  
R² = 0.34 

p = 0.71 
R² = -0.26 

p = 0.10 
R² = 0.51 

p = 0.61 
R² = -0.18 

 413 

 414 

The variance of mean and especially median values of K could be explained by SLA (R² = 0.79) and the 415 

variance of both mean and median values of ρ/K1 could be predicted by FLS (R² = 0.71). These 416 

correlations are plotted in Fig. 9. No other statistically significant correlations could be found.  417 

 418 

Fig. 9: Left: The correlation between SLA (m² kg-1) and the median values for permeability K (m²). Equation of trend 419 

line: SLA (m² kg-1) = -(3 x 10-6) median +21.323. Right: The correlation between FLS (dimensionless) and mean values 420 

for Forchheimer-drag (kg m-4). Equation of trend line: FLS = 0.0338mean +0.004. Each point represents a species. 421 

Trend lines are shown as dotted lines. 422 

 423 

3.4 Numerical modelling 424 

Before running the CFD model, the fan curves of the duct fan, corresponding to the five power supply 425 

settings, needed to be derived. These were the boundary conditions considered in the model. Fan curves 426 

corresponding to the five power settings were derived by plotting ΔP values against the flow rate (Q) for 427 

the total number of wind tunnel runs, including all species and densities (Fig. 10). Flow rates varied from 428 

the lowest to the highest wind speed the fan could provide.  429 
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 430 

 431 

 432 

 433 

A typical result obtained by the CFD model is shown in Fig. 11. The figure shows the distribution of 434 

pressure in the system for the k-ω coupled turbulence model, coupled with the Darcy-Forchheimer 435 

equation for air flow through the porous vegetation in the plant compartment. The figure clearly shows 436 

the sudden pressure drop over the fan, corresponding to the fan curve, and the gradual pressure drop 437 

over the plant compartment. Apart from the Darcy-Forchheimer model, a simple Darcy model was 438 

applied with values of K retrieved from standard Darcy’s Law (Eq. 1). However, this model showed a 439 

consistent underestimation of the pressure drop compared to the experiments, because no inertial term 440 

was accounted for and porosities were high. The k-ω coupled turbulence model, which included the 441 

Forchheimer-drag for air flow through the porous vegetation section, performed best when pressure 442 

drop outcomes were correlated to experimental pressure drop results (R² between 0.96 and 0.98).  443 

Model validation was performed by comparing the velocity measured with the anemometer and the 444 

velocity calculated by the model, whereby the model velocity was evaluated at the exact anemometer 445 

location (Fig. 12 left, R² = 0.98, NMSE = 0.016). Since the fan curve was used as a boundary condition, no 446 

velocity boundary was considered, i.e. the experimentally measured velocity was not used as a model 447 

input. Further validation of the model is evidenced by the comparison of measured and modelled ΔP 448 

values (Fig. 12 right, R² = 98, NMSE = 0.014). Data points tend to be more scattered at higher pressure 449 

differences (and thus wind velocities). A simple t-test showed no significant differences between model 450 

and experimental pressure drops for every separate species.  451 

Fig. 10: Fan curve derived from the experiments 

with plant material in the wind tunnel, for lowest 

(a) to highest wind speed (e) setting. ΔP = dynamic 

pressure loss between before and behind the plant 

compartment, Q = flow rate. The full lines are the 

linear approximations of the fan curves, obtained 

via linear regression, which were used as boundary 

conditions in the CFD model. 

 

Figure 11: Typical pressure distribution obtained by 

the CFD model for the specific case of Geranium sp. 

(PAD = 12.64 m² m-³, ϕ = 0.9933, K = 1.9039 x 10-6 m², 

ρ/K1 = 1.2835 kg m-4, v = 1.36 m s-1) 
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 452 

Fig. 12: Left panel: correlation between experimental and modelled wind velocities at anemometer position. Each 453 

dot represents an experimental velocity respective to its model output. Right panel: modelled versus experimental 454 

pressure drop for all species considered. Each dot represents an experimental wind tunnel run under a certain PAD 455 

of a certain species with a certain velocity, respective to its modelled counterpart. The dotted lines represent the 456 

trend line of the correlations between parameters. Respective trend line equations: y = 1.0439 x + 0.1177 and y = 457 

0.9611 x + 0.6972. 458 

 459 

For all species, differences between modelled and experimental normalised pressure loss were not 460 

significant. Consequentially, only modelled values are given in Fig. 13, which shows the ranking of all 7 461 

species from low to high normalised pressure loss according to Eq. 5. A clear ranking of species can be 462 

seen, even though a normalisation for air and plant density, wind velocity and distance (length of the 463 

plant compartment) was performed. Festuca shows the lowest value, while Bergenia is on the other side 464 

of the figure, showing the largest normalized pressure loss. Moreover, an ANOVA showed a significant 465 

difference between species (p < 2.2 × 10-16). For every species a mean normalized pressure loss (ΔPnorm) 466 

was calculated for both experimental and modelled values for every species in order to test against 467 

morphological parameters. An ANOVA showed that the variance in normalised pressure loss could not 468 

be explained by either one of the considered morphological parameters.  469 

 470 

 471 

Fig. 13: Boxplots of simulated normalised pressure drop for all considered species  472 

 473 

 474 

 475 
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4 Discussion 476 

4.1 Wind tunnel experiments 477 

Wind tunnel experiments are a powerful way to study the aerodynamics of air flow through vegetation 478 

(e.g. K. Paul Beckett, Freer-Smith, & Taylor, 2000; Endalew et al., 2009, Gromke 2011). Relatively small 479 

and thus, cheap wind tunnels are sufficient and experiments are not too time and labour intensive. For 480 

these experiments plants were brought into a removable compartment of a wind tunnel under a range 481 

of packing densities. Compared to Lin & Khlystov, (2012a), who tested packing densities (plant volume 482 

to wind tunnel compartment volume) ranging from 0.017 to 0.040 for Pine and 0.037 to 0.055 for Juniper 483 

(both coniferous tree species), our packing density range was much wider, from 0.0018 to 0.043 (both 484 

for Festuca) with a median value of 0.0126 (Lonicera).  485 

Regarding porosity, our values (0.9564 to 0.9973) are in agreement with the study of Buccolieri et al. 486 

(2009) who used synthetic wadding material in wire cages (ϕ = 0.96 - 0.975), which is assumed typical 487 

for tree crown porosities, and in agreement with Gromke et al. (2016), who used foam materials with 488 

pore volume fractions of 96.1% and 94.5%. In contrast with these studies, our research included a whole 489 

range of different porosities between and within species instead of using only one or two species with 490 

fixed porosities.  491 

In general, most wind tunnel studies considering vegetation aerodynamics are conducted with 492 

vegetation simulators (model plants) (Buccolieri et al., 2009;  Endalew et al., 2009;  Gromke 2011 and 493 

references therein; Gromke et al., 2016; Wuyts et al., 2008) instead of real vegetation. The main 494 

disadvantage of using simulators is that they are artificial and rigid and thus, their structure is not 495 

affected by wind velocities, whereas the flexible structure of plants enables them to bend and even 496 

reduce drag at high wind speeds by changing their shapes. Wind tunnel experiments concerning real 497 

vegetation have mostly been used in particulate pollution capture studies (Beckett et al., 2000; Huang, 498 

Lin, Khlystov, & Katul, 2013; M.-Y. Lin & Khlystov, 2012a) but rarely in aerodynamic research, making 499 

this study innovative in terms aerodynamic research of air flow through vegetation. 500 

 501 

4.2 Aerodynamic and morphological parameters and their correlation 502 

Our results showed significant differences between species for permeability (Fig. 7 top) (p = 1.63 × 10-503 
5), but not for the Forchheimer-drag (Fig. 7 bottom) (p = 0.09). This suggests that permeability is sensitive 504 

to specific differences between species, while Forchheimer-drag apparently works in a similar way 505 

regardless of species. Because permeability is dependent on porosity, pore size and detailed plant 506 

geometry (Nield, 2000), variations in means of permeability are expected to be caused by morphological 507 

and architectural differences between species. The spread of permeability values per species (see Fig. 508 

8) can be explained by stacking convenience in the plant compartment of the wind tunnel. Species like 509 

Hedera and Fragaria could be stacked in a wider series of PAD’s (thus values for PAD lying further apart, 510 

see Figure 2.3). While for species like Geranium and Festuca the variation in PAD was more limited as 511 

these species were structurally lighter and more difficult to spread homogeneously. In accordance with 512 

Sase et al. (2012), larger values of permeability were found with decreasing plant/leaf area density. 513 

However, the plants used in the experiment of Sase et al. (2012) where much further from each other, 514 

resulting in lower densities, so these values would be reported on the left side of the graph in Figure 8.   515 

Furthermore, because of the strong correlation between PAD and porosity (p < 2.2 × 10-16) (Fig. 9), 516 

porosity has a strong positive correlation with permeability (p = 0.79 × 10-9). PAD and porosity also seem 517 
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to have a strong influence on Forchheimer-drag with p-values of 3.88 × 10-13 and 1.58 × 10-14, 518 

respectively. This is logical as larger amounts of plant material (higher PAD, lower porosity) cause more 519 

drag and resistance to free air flow, which causes more turbulence and thus higher values for 520 

Forchheimer-drag.  521 

Our experiments suggest that SLA can be an indicator of permeability (Table 5 and Fig. 9 left). This means 522 

that it could be possible to at least estimate the permeability of an herbaceous plant species (without a 523 

woody stem) by only assessing SLA. This makes sense, because species with large, thin and broad leaves 524 

(large SLA) cause a stronger decrease in air flow in contrast to compact, rigid leaves (small SLA), where 525 

it’s easier for air flow to pass around. Even though thin leaves would bend easier, this effect seems to 526 

be subordinate. Moreover, Figure 9 (right) shows significant correlations between Forchheimer-drag 527 

and FLS. This could be explained by the leaf boundary layer, which becomes larger with increasing FLS. 528 

Thicker boundary layers signify thicker stagnant layers of air and thus an increased amount of air inertia. 529 

Please note that the correlations between SLA and permeability, and FLS and Forchheimer-drag might 530 

be subject to change. Although care was given to select representative species with a wide variety in 531 

leaf morphology, it might be that adding more species, be they shrubs or trees, would reinforce the 532 

given correlations. Therefore, still further research is needed to study these interactions. 533 

 534 

4.3 Model vs. experiment 535 

In recent years, CFD has become an attractive tool to predict the effects of green infrastructure on the 536 

local microclimate (heat island effect, PM deposition) and the demand for CFD studies (and appropriate 537 

parameters) for analysis of different urban planning scenarios is rising. However, CFD models can be 538 

computationally demanding, which puts limitations on this method. As a result, most CFD models 539 

represent vegetation in a rather rudimentary and theoretical way, which can simplify complex processes 540 

too much; e.g. for the assessment of PM removal capacity of vegetation, where vegetation is modelled 541 

as a simple body with theoretical leaf area densities (LAD), leading to an underestimation of PM removal 542 

capacity (Hofman et al., 2016). CFD modelling is widespread and many aerodynamic studies exist on 543 

street level (Bartzanas et al., 2002; Hong et al., 2012), but fewer work is done on vegetation level, i.e. 544 

within vegetation stands. This does not come as a surprise because detailed assessment of wind flow 545 

through vegetation is challenging. Compared to a solid body, around which the wind flow is predictable, 546 

plants are porous and flexible. Also, individual plants of the same species can have different geometries 547 

and most plants experience a shift in structure throughout the year, with as a pronounced example the 548 

seasonal leaf dynamics of deciduous species, and throughout their lifetime. The complexity of air flow 549 

through vegetation makes a simplification inevitable: in the best case, a minimum of parameters are 550 

used (here: permeability, Forchheimer-drag and porosity) in the model approach and a compromise 551 

between accuracy and computational demand needs to be found.  552 

Figure 12b shows a strong correlation (R² = 0.98) of modelled and experimental pressure outcomes with 553 

no significant differences between modelled and experimental results for all species considered. The 554 

correlation becomes less obvious at higher pressure drop values (so also at higher wind velocities and 555 

plant densities). This can be explained by movement or compression of the vegetation in the wind tunnel 556 

at higher wind speeds, where in the model the vegetation is considered to be a static, non-moving body. 557 

Higher wind speeds cause changes in permeability due to plants being pliable. More specifically, on one 558 

hand, strong wind flow tends to bend foliage and make it more streamlined, thus increasing permeability 559 

but on the other, permeability lowers at the point where vegetation in the vegetation compartment is 560 
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blown together due to an increase in local density or porosity. Tiwary et al. (2005) suggest that grass-561 

like and fine-leaved species appear to be more likely to be bent or compressed, while species possessing 562 

more rigid leaves and twigs are only affected by strong winds. Thus, Fig. 12b suggests that the Darcy-563 

Forchheimer model is suitable to describe wind flow through herbaceous vegetation, with higher 564 

reliability under lower pressure drops and wind velocities. This model is a solid base for further 565 

experiments considering interactions between plants and wind-driven processes like PM deposition and 566 

heat exchange. However, it is suggested that future validation of this model should be performed with 567 

more plant functional types (e.g. shrubs and trees) with special features like very large leaves or needles, 568 

as this will contribute to the model’s robustness. Furthermore, higher wind speeds should be considered 569 

to detect if the model performs also well under these conditions.  570 

Pressure losses were normalised in order to assess differences between species. Even after 571 

normalisation for wind velocity and PAD, a measure of plant packing density, a clear difference between 572 

species was found (Fig. 13). The figure shows a ranking from small to large values for ΔPnorm. This is 573 

expected to be caused by species-specific morphological characteristics. However, differences in ΔPnorm 574 

between species could not be explained by the morphological parameters. Further research, with more 575 

species and different species traits in terms of leaf shape and size, and perhaps rigidity, should be 576 

conducted. Also no differences in mean pressure drops were found within species between modelled 577 

and experimental outcomes. This means that the model is equally able to predict pressure drop over a 578 

vegetation stand for the wide variety of species used in this research. This is promising, as living wall 579 

systems often contain a combination of different species, which points towards a broad applicability. 580 

To describe vegetation and its aerodynamic characteristics, different measures are used in literature, 581 

which makes comparison difficult (Janhäll, 2015). Because of the setup used in our experiment it is 582 

possible that the model provided values are overestimating pressure drop in a real-life situation. This 583 

agrees with the comments of Janhäll (2015), who stated that pressure drop found in reality will be less 584 

than that found in a wind tunnel. This is because in a wind tunnel air is restricted to flowing through the 585 

vegetation whereas in reality air will partly pass around the structure due to resistance. Likewise, Tiwary 586 

et al. (2005) state that high porosity barriers are more penetrable by wind while vegetation with lower 587 

porosities forces air to pass around them. 588 

5 Conclusions 589 

This paper studied the interactions of vegetation and air flow and the influence of plant morphological 590 

characteristics. For the first time, several herbaceous plant species were aerodynamically characterized.  591 

A Darcy-Forchheimer model to describe air flow through the vegetation was proposed. The 592 

permeability, Forchheimer-drag and porosity of the vegetation could be used as an input for CFD-593 

modelling. It was concluded that: 594 

 The use of real plants instead of artificial materials is innovative in terms aerodynamic research 595 

of air flow through vegetation. 596 

 Strong correlations between modelled and experimental data show us that the Darcy-597 

Forchheimer model is a simple and robust way to describe air flow through vegetation, with 598 

higher reliability under lower pressure drops.  599 

 Our results illustrate that permeability is sensitive to variation between species, while 600 

Forchheimer-drag is not.  601 
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 Because of the correlation between mean and median permeability values and SLA, it can be 602 

assumed that the differences in permeability between species can be partly explained by their 603 

SLA.  604 

 Even though Forchheimer-drag showed no significant difference between species, mean and 605 

median values for Forchheimer-drag seem to be correlated with FLS. Therefore, we suggest FLS 606 

could be an indicator for Forchheimer-drag.  607 

 A significant variance in normalized pressure drop exists between species, which could not be 608 

explained by the investigated morphological parameters. This suggest that more research needs 609 

to be conducted by making use of more species and other plant morphological characteristics. 610 

It can be stated that the proposed method is useful for future modelling of vegetation and its interaction 611 

with air flow, more specifically helping investigate the process of PM deposition and thermal behaviour 612 

in green walls.  613 
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