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ABSTRACT 

According to the United Nations, 55% of the world’s population currently lives in urban 

areas and which is projected to increase to 67% by 2050. Thus, it is imperative that effective 

strategies are developed to mitigate urban pollution. Complementing field experiments, 

computational fluid dynamics (CFD) analyses are becoming an effective strategy for identifying 

critical factors that influence urban pollution and its mitigation. This thesis focuses on two scales 

of the urban micro-climate environment: (i) evaluation of LES simulations with a simplified grid 

for modeling pollution dispersion in a street canyon and (ii) investigation of the effects of leaf 

surface micro-characteristics, wind speed, and particle sizes on the dry deposition of fine 

particulate matter (PM2.5).  

The first of these studies focuses on reproducing the pollution dispersion in a street 

canyon measured in a wind tunnel at Karlsruhe Institute of Technology (KIT), Germany. A 

simplified grid with the Large Eddy Simulations (LES) approach for canyon ratio W/H = 1 is 

proposed with the goal to reduce the computational cost by eliminating the need to model the 

entire canyon while striving to preserve the mixing induced by individual jets used to model 

vehicle emission in the experiment. LES is also capable of providing transient flow field and 

pollution concentration data not available with widely-used steady approaches such as RANS. 

The time-dependent information is crucial for pollution mitigation since pedestrians are usually 

exposed to pollution on a short-time basis. 



 

The predictions are in satisfactory agreement with the experiment for W/H = 1, yielding 

the Pearson correlation coefficient R = 0.81, with better performance near the leeward wall. Due 

to the small span modeled, three-dimensional instabilities fail to develop which could probably 

explain the overprediction of pollution concentration near ground level. However, other LES 

investigations where the full canyon was modeled also observed over-predictions. The use of a 

discrete emission source was not observed to provide benefits. The current model could be 

further improved by using a larger spanwise domain with a continuous line source to allow large 

wavelength instabilities to develop and increase turbulent diffusion. 

The second part of this thesis investigates the impact of trichome morphology and wind 

speed on the deposition of 0.3 µm and 1.0 µm particles on leaves. Using the one-way coupling 

approach to predict the fluid-particle interactions with the assumption that all particles that 

impact the leaf or trichome surface deposit, trichomes of 5 µm and 20 µm in diameter are 

modeled as equally spaced and uniform cylinders on an infinitely large plane.  

The results show that trichome diameter, density, and wind speed have a favorable 

impact on deposition velocity. Comparing to the smooth leaf, the presence of the thicker 20 µm 

hairs increases the deposition velocity by 1.5 – 4 times, whereas, the presence of short 5 µm 

trichomes reduces the deposition by 15 - 45%. Increasing trichome height from H/D = 20 to 30 

shows benefits for the thinner trichomes but lowers the deposition for the densely packed thicker 

trichomes. Less aerosol deposition is also observed when the particle diameter increases from 0.3 

µm to 1.0 µm.  



 

Due to the non-uniform contributions of these various traits, a non-dimensional ratio 

Rhp = Dhair
∗

Dp∗
�Dhair

∗ �2

Hhair
∗ Shair

∗  is proposed to model the aerosol deposition on leaf surface at wind speed of 

1 m/s which yields a satisfactory linear correlation coefficient of 0.89 for 0 < Rhp < 0.3. 

Comparing to other published field and wind tunnel experiments conducted on a much 

larger scale, the deposition velocities predicted are at the lower end (Udep
∗  = 0.002 to 0.012 cm/s) 

because of the idealized conditions. Nonetheless, the results still offer valuable insight into the 

effects of trichome morphology on pollutant deposition in isolation from other macro-factors. 
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GENERAL AUDIENCE ABSTRACT 

According to the United Nations, 55% of the world’s population currently lives in urban 

areas and which is projected to increase to 67% by 2050. Thus, it is imperative that effective 

strategies are developed to mitigate urban pollution. Complementing field experiments, 

computational fluid dynamics (CFD) analyses are becoming an effective strategy for identifying 

critical factors that influence urban pollution and its mitigation. This thesis focuses on two scales 

of the urban micro-climate environment: (i) evaluation of Large Eddy Simulation (LES) with a 

simplified method for modeling pollution dispersion in a street canyon and (ii) investigation of 

the effects of leaf surface micro-characteristics, wind speed, and particle sizes on the dry 

deposition of fine particulate matter (PM2.5).  

The first of these studies focuses on reproducing the pollution dispersion in a street 

canyon measured in a wind tunnel at Karlsruhe Institute of Technology (KIT), Germany. A 

simplified grid with the LES approach for canyon ratio W/H = 1 is proposed. The goal of this 

study is to reduce the computational cost by modelling the canyon with a very thin span instead 

of the entire canyon while providing time-dependent information which is crucial for pollution 

mitigation since pedestrians are usually exposed to pollution on a short-time basis. 

The predictions are in satisfactory agreement with the experiment for W/H = 1 with better 

performance near the leeward wall (i.e. the left wall) and overprediction of pollution 

concentration near ground level – as observed by other LES investigations. The current model  
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could be further improved by using a larger spanwise domain with a continuous line source to 

allow instabilities to develop, thus improve prediction accuracy. 

The second part of this thesis investigates the impact of trichome (i.e. a hair or an 

outgrowth from leaf surface) morphology and wind speed on the deposition of 0.3 µm and 1.0 

µm particles on leaves. The results show that trichome diameter, density, and wind speed have a 

favorable impact on deposition velocity. Less aerosol deposition is also observed when the 

particle diameter increases from 0.3 µm to 1.0 µm. No clear effects is observed by altering the 

trichome height. 

Due to the non-uniform contributions of these various traits, a non-dimensional ratio 

Rhp = Dhair
∗

Dp∗
�Dhair

∗ �2

Hhair
∗ Shair

∗  is proposed to model the aerosol deposition on leaf surface at wind speed of 

1 m/s which yields a satisfactory linear correlation coefficient of 0.89 for 0 < Rhp < 0.3. This 

ratio includes trichome diameter (Dhair
∗ ), height (Hhair

∗ ), spacing (Shair∗ ) as well as the ratio of 

trichome diameter to particle diameter (Dhair
∗ /Dp

∗ ). The results offer valuable insight into the 

effects of trichome morphology on pollutant deposition in isolation from other macro-factors. 
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CHAPTER 1: INTRODUCTION 

Hazardous air pollutants are found to pose higher risks in urban areas due to larger 

populations and higher concentrations of emission sources [1]. This relationship is alarming 

because 82% of America’s population is now living in urban areas in 2018, and 68% of the 

world’s population is predicted to live in urban areas by 2050, indicating the rapid rise of 

urbanization [2]. Since the passage of the Clean Air Act in 1990, the overall air quality in the 

United States has improved by 70%. However, pollutants continue to be released into the air [1]. 

To combat the issue of pollution which rises with urbanization, research on sustainable living has 

been gaining more attention in recent years [3], and much emphasis has been paid to street 

vegetation such as trees, green facades and urban parks which are commonly thought of as air 

filters [4]. In the review on the CFD analysis of urban microclimate by Toparlar, et al. [5], where 

microclimate studies from 1998 to 2015 were investigated, the growing popularity of this field is 

indicated by the number of publications in the 2013-2015 period constituting more than half of 

all the studies (57% of 183 studies).  

In order to mitigate the issue, one must understand the nature and behavior of urban air 

pollution. There are two main categories employed for urban microclimate1 studies: 

observational and simulation approaches. Numerical simulations allow researchers to assess 

different variables and scenarios. As advanced computational resources have become 

increasingly available, numerical simulation approaches, especially Computational Fluid 

                                                 

1American Meteorological Society (AMS) (http://glossary.ametsoc.org/) defines the term “microclimate” as “the 

fine climatic structure of the air space that extends from the very surface of the earth to a height where the effects of 

the immediate character of the underlying surface no longer can be distinguished from the general local climate.” 
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Dynamics (CFD), have gained popularity in the field of urban microclimate research due to its 

ability to resolve finer scale flow fields and applications to various spatial scales in climate 

modeling [5]. 

Outdoor pollution originates from both natural and anthropogenic sources and comes in 

form of gas and aerosols, with the most harmful pollutants to public health being particulate 

matter (PM), ground-level ozone (O3), Nitrogen Dioxide (NO2), and Sulfur Dioxide (SO2) [6]. 

Thus, through the lens of computational simulations, air pollutants can be generally categorized 

as gas and particles. 

An aerosol is any solid or liquid particle dispersed in the atmosphere. The particulate 

portion of an aerosol is called particulate matter (PM). In this report, the terms aerosol and 

particulate matter will be used interchangeably and specifically for solid particles. 

Anthropogenically generated particulate matters are primarily from fuel combustion, industrial 

processes, power generation, and transportation sources mainly through direct emissions and 

gas-to-particle conversion of vapor precursors [7]. Aerosols are categorized into two main 

groups based on diameter:  

(1) Coarse Particles (PM10): particles with diameters of 10 µm or less. 

(2) Fine Particles (PM2.5): particles with diameters of 2.5 µm or less.  

Aerosols of both classes are inhalable. PM10 can penetrate inside the lungs, but PM2.5 can 

pose more health-damaging effects since they can penetrate the lung barrier and enter into the 

blood system, increasing the risk of developing chronic and acute cardiovascular and respiratory 

diseases such as asthma and lung cancer [8].  

In urban areas, the primary sources of particulate emissions are industries and 

transportation as well as natural sources. The typical size distribution of urban aerosols is shown 
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in Figure 1. The mass, which is proportional to the volume, distribution is dominated by particles 

with diameters of 0.3 µm and 6 µm, while the number distribution mostly consists of ultrafine 

particles (<0.1 µm in diameter), typically found close to sources [7]. Particles smaller than 1 µm 

in diameter are usually found at atmospheric concentrations ranging from ten to several thousand 

per cm3. Larger particles normally have concentrations of less than 1 per cm3 [7]. Due to the 

higher health risk, the author chose to pay specific attention to fine particles with a diameter 

ranging from 0.1 to 1 µm. 

 
Figure 1 Typical size distributions of urban aerosols based on number, surface area, and 
volume. [7] 

This thesis emphasizes on two scales of microclimate studies:  

(1) Evaluation of LES simulations with a simplified grid for microscale climate modeling of 

pollution dispersion in a street canyon; and 

(2) Effects of leaf hair traits, wind speed, and particle sizes on fine aerosol deposition on a 

leaf surface. 



 

 
 

4 

Chapter 1 discusses the motivation and objectives of the research. The general 

mathematical method used for both focuses is given in Chapter 2. Chapter 3 discusses the state-

of-the-art of pollution dispersion modeling in a street canyon and the development and 

performance evaluation of a simplified street canyon model. Chapter 4 gives a brief overview of 

leaf hair structure and investigates the effects of hair characteristics as well as particle sizes and 

wind speed on deposition velocity.  
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CHAPTER 2: MATHEMATICAL FORMULATION  

Calculations are performed using the in-house source code GenIDLEST (Generalized 

Incompressible Direct and Large Eddy Simulation of Turbulence) [9]. For simulating the street 

canyon, a Large-eddy Simulation (LES) is performed. To simulate the particle deposition on leaf 

hairs, a fully-developed laminar flow is used.  This chapter discusses the governing equations for 

the single- and two-phase flows encountered in this study. 

2.1 Governing Equations 

2.1.1 Mass and Momentum Conservation 

The filtered mass and momentum conservation equations are solved in the domain, and 

the dimensionless form of continuity and momentum equations are expressed as 

∂ρ
∂t

+
∂ρui
∂xi

= 0  (1) 

∂
∂t

(ρui) +
∂
∂xj

�ρuiuj�

= −
∂P
∂xi

+
1

Reref
∂
∂xj

�(µ + µt) �
∂ui
∂xj

+
∂uj
∂xi

� −
2
3
δij
∂uk
∂xk

� + ρgi 

 (2) 

, where ρ, ui, P are non-dimensional grid-filtered mixture density, velocity and pressure, and µ 

and gi, are the dynamic viscosity and gravity, respectively. The subgrid stress is calculated by 

using the turbulent viscosity, µt, which is obtained from the dynamic Smagorinsky subgrid stress 

(SGS) model [10], [11], using a local procedure to find the value of the Smagorinsky constant at 

each grid point. The reference Reynolds number is defined by: 
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Reref =
ρref∗ Uref

∗ Lref∗

µref∗  (3) 

where the subscript “ref” indicates reference values input by the user. The dimensional variables, 

denoted with * are non-dimensionalized with a set of reference values (µref∗ , ρref∗ , Pref∗ , Lref∗ , and 

Uref
∗ ) as follows 

ui =
ui∗

Uref
∗  µ =

µ∗

µref∗  P =
P∗ − Pref∗

ρref∗ Uref
∗  ρ =

ρ∗

ρref∗  

(4) 

t =
t∗Uref

∗

Lref∗  xi =
xi∗

Lref∗  T =
T∗ − Tref∗

Tref∗
  

The dimensional dynamic viscosity µref∗ , density ρref∗ , and mass diffusion coefficient Dref
∗  

are calculated based on the temperature and species concentration. Isothermal condition is 

assumed in this study, thus the properties are computed at the reference temperature, Tref∗ =

300 K.  

For single species or in the case where pollution is modeled as a dispersed phase, µref∗  is 

calculated using the Sutherland law at Tref∗  [12], while ρref∗  is calculated using the ideal gas law at 

Tref∗  and Pref∗ . For binary mixture where emission is modeled as gas, the reference values are the 

same as those of the carrier phase which is air in this study (i.e. µref∗ = µair∗  and at ρref∗ =

ρair∗ (Pref∗ , Tref∗ ).  

2.1.3 Fully Developed Calculations 

To study the effects of different leaf hair traits on the aerosol deposition, the leaf surface 

is modeled as an infinitely large surface using the periodic assumption to reduce computational 

effort. More detail on the computational model is covered in Chapter 4. With the assumption of 
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one-way coupling between fluid and particles (the flow is unaffected by the presence of 

particles), fully developed calculations can be used to establish the carrier phase independently, 

allowing a significant reduction in computational resources. The fully developed calculations are 

performed by applying periodic boundary conditions in the streamwise direction. Under such 

conditions, the reference velocity is chosen to be an effective friction velocity uτ∗ defined by: 

Uref
∗ = uτ∗ = �

τw,eq
∗

ρref∗  (5) 

, where τw,eq
∗  is an equivalent wall shear stress. Therefore, the reference Reynolds number takes 

the following form: 

Reref = Reτ =
ρref∗ uτ∗Lref∗

µref∗  (6) 

A brief description of the fully developed calculations is included in this paper; a more 

detailed description of the procedure can be found in Zhang et al.[13]. The total pressure, P∗ is 

expressed in terms of a linear component and a modified fluctuating pressure, p∗ as follows: 

P∗(xi, t) = Pref∗ − β∗xi∗ + p∗(xi, t) (7) 

, where  β∗ = ΔPx∗/Lx∗  is the linear component of the mean streamwise pressure gradient. Non-

dimensionalizing Eqn. (7) gives: 

P(x, t) = −βx + p(x, t) (8) 

Fixing β at unity, the linear pressure variation accounts for the mean pressure drop across 

the streamwise periodic boundaries. 

Substituting (8) into the conservation Eqn. (2) gives: 
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∂
∂t

(ρui) +
∂
∂xj

�ρuiuj�

= −
∂p
∂xi

+
1

Reref
∂
∂xj

�(µ + µt) �
∂ui
∂xj

+
∂uj
∂xi

� −
2
3
δij
∂uk
∂xk

� + ρgi

+ βex 

 (9) 

, which results in the following periodic boundary conditions: 

ui�x + Lx, y + Ly, z� = ui(x, y, z) (10) 

p�x + Lx, y + Ly, z� = p(x, y, z) (11) 

On the leaf surface, no-slip and no penetration boundary conditions are applied for the 

velocity, and the Neumann boundary condition is applied for the modified pressure: 

∇p ∙ n�⃗ = 0 (12) 

, where n�⃗  is the unit outward pointing vector normal to the surface.  

Before simulating a case with particles, a steady flow field has to be first established to 

achieve a desirable bulk Reynolds number, Re����. Since the reference Reynolds number is based on 

the friction velocity, uτ∗, and the pressure gradient is imposed in the x-direction, the calculated 

non-dimensional flowrate, Q̇x, and the streamwise area, Afront can be used to estimate the 

dimensionless mean velocity, V� and compute Re���� as follows: 

V�  =
V�∗

uτ∗
≈

Q̇x

Afront
 (13) 

Re���� = Reτ �
Q̇x

Afront
� (14) 
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2.2 Species Transport 

The dispersion of gaseous pollution can be modeled by the species transport model. In 

the flow where N species are present, the governing equation for species n in turbulent flow is 

expressed as 

∂
∂t

(ρyn) +
∂
∂xi

(ρuiyn) =
1

RerefScref
∂
∂xi

��ρDn +
µt
Sct

�
∂yn
∂xi

� + Sn (15) 

, where:  yn = mass fraction of species n 

  Sn = source term for species n 

  Dn = mass diffusion coefficient of species n; Dn = Dn
∗ /Dref

∗  

  Scref = reference Schmidt number; Scref = µref∗ /ρref∗ Dref
∗  

  Sct = turbulent Schmidt number specified as 0.5 in this study 

The dimensionless density ρ and dynamic viscosity µ in the mass, momentum, and 

species transport equations (Eqn. (1), (2), and (15)) are mixture properties. The non-dimensional 

mixture density for N species is defined by 

ρ = ρmix =
1
ρref∗

Pref∗

Ru
∗ T∗  ��

yn
Mn
∗

N

n=1

� (16) 

, where Ru
∗  is the universal gas constant (8314 J/kmol K), and Mn

∗  is the molecular mass of 

species n in kg/kmol.  

The mixture viscosity µ can be computed as suggested by Wilke [14]: 

µ = µmix =
1
µref∗ ��

xnµn∗

∑ xmϕnm
N
m=1

N

n=1

� (17) 
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, where µn∗  is the absolute viscosity of species n in kg/m·s, xn is the mole fraction, and ϕnm is 

defined as 

ϕnm =
�1 + (µn∗/µm∗ )

1
2(Mm

∗ /Mn
∗)
1
4�
2

(8 + 8Mn
∗/Mm

∗ )1/2  (18) 

For dilute gases, the binary-diffusion D12
∗  between species 1 and 2 in Eqn. (15) can be 

computed using the following expression [15]: 

D12
∗ =

0.001858(T∗)3/2

pref∗ σ12∗ ΩD
�

M1
∗ + M2

∗

M1
∗M2

∗   (19) 

, where:  D12
∗  = binary-diffusion coefficient, cm2/s   

 ΩD = diffusion collision integral 

 σ12∗  = effective collision dimeter, Å (10-10 m); σ12∗ = (σ1∗ + σ2∗)/2    

 Pref∗  = reference pressure, atm 

The diffusion collision integral ΩD can be calculated using the following equations:  

ΩD ≈ 1.0(T′)−0.145 + (T′ + 0.5)−2.0 (20)   

T′ = Tref∗ /Tε12
∗  (21) 

Tε12
∗ = �Tε1∗ Tε2∗  (22) 

, where Tε1
∗  and Tε2

∗  are effective temperatures of species 1 and 2 in K. In this paper, the subscript 

of D12
∗  will be dropped out for simplicity since there are only two species: air and Sulfur 

Hexafluoride (SF6), and the coefficient will be referred to as D∗ and is the same as Dref
∗  since the 

flow is assumed to be isothermal.  
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2.3 Dispersed Phase 

In near-leaf-scale air quality assessment, it is reasonable to assume that the pollution 

concentration is very dilute, thus inter-particle collisions and the effects of particles on the fluid 

are negligible. In the multiphase regimes where particle motion is affected by the continuous-

phase and not vice versa, the one-way coupling model can be used to describe such particle-fluid 

interactions with very small particle volume and mass concentration. 

2.3.1 Particle Governing Equations 

In such conditions, the force for a single particle is generally represented as a linear 

combination of different contributing forces. Neglecting thermophoresis force (since the energy 

equation is not taken into account in this study) and collisions between particles, the equations of 

particle motions per unit mass can be written as: 

dx�⃗ p
dt

= u�⃗ p (23) 

du�⃗ p
dt

= f⃗drag + f⃗lift + f⃗brown + f⃗buoy + f⃗add + f⃗hist + f⃗press (24) 

The forces are dimensionalized by f⃗ = f⃗ ∗Lref∗ /(Uref
∗ )2. An order of magnitude analysis 

was conducted to determine which forces are significant for the computation, and it was found 

that drag and Brownian forces are the only forces that significantly affect the particle motions in 

the study (this will be confirmed later in the Results and Analysis section). Thus, Eqn. 2.16 

becomes 

du�⃗ p
dt

= f⃗drag + f⃗brown (25) 

The flow and the particle Reynolds numbers are given as 
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Re =
ρf∗Uref

∗ Lref∗

µ∗
 (26) 

Rep =
ρf∗‖w���⃗ ∗‖Dp

∗

µ∗
 (27) 

, where ‖w���⃗ ∗‖ is the magnitude of the relative velocity defined as w���⃗ ∗ = u�⃗ f∗ − u�⃗ p∗ . The subscripts f 

and p indicate values of fluid and particle, respectively. 

2.3.1.1 Drag Force 

Drag calculation assumes a quasi-steady incompressible uniform flow and can be 

described in terms of the Stokes number and the relative velocity: 

f⃗drag = Cm,1Cm,2
w���⃗

Stk
 (28) 

The Stokes number is the ratio of the particle time scale to the fluid time scale as follows: 

Stk =
ρp∗Dp

∗ 2

18µref∗
Uref
∗

Lref∗  (29) 

The force is modified for high particle Reynolds number with Cm,1 which is defined by: 

Cm,1 = 1.0 + 0.15Rep0.687 (30) 

To allow slip at particle surface, Millikan’s modification to Stokes’ law is made using:  

Cm,2 =
1

1 + Knp �1.2 + 0.41 exp �−0.88
Knp

��
 (31) 

, where the particle Knudsen number is the ratio if the mean free path of the carrier fluid, λ∗ to 

particle radius: 
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Knp =
λ∗

Dp
∗/2

 (32) 

λ∗ =
2µ∗

ρf∗c�∗
 (33) 

c�∗ = �8R∗T∗

π
 (34) 

, where c�∗ is the mean molecular velocity, and R∗ is the molar-weight-specific gas constant of the 

carrier fluid.  

2.3.1.2 Brownian Force 

Brownian force arises from discrete interactions with the surrounding molecules and can 

be expressed as: 

f⃗brown = Z�⃗ �
πS0

τBrown
 (35) 

, where Z�⃗  is the directional Gaussian white noise with zero mean and unit variance, τBrown is the 

Brownian time scale, and S0 is a non-dimensional constant defined as:  

S0 =
216Cm,2

π2Dp
∗ �
ρp∗
ρf∗
�
2

1
Re

κTf∗

ρf∗Lref∗ 3Uref
∗ 2 

(36) 

, where κ is the Boltzmann constant (1.381×10-23 J/K). The Brownian time scale is taken to be 

100 times larger than the non-dimensional molecular time scale. If the Brownian time scale is 

smaller than the computational time step, then it is set to the same value as the computational 

timestep. 
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τBrown = �100 �
λ∗/Lref∗

c�∗/Uref
∗ �  if   τBrown > Δt

Δt  if   τBrown ≤ Δt
� (37) 

2.4 Solution Procedure 

GENIDLEST solves the problem using a pressure-based framework. In this framework, 

the solution algorithm computes the intermediate Cartesian velocity field by neglecting the effect 

of the pressure gradient. After obtaining the intermediate velocity field, the continuity equation is 

used to derive the pressure question, and the calculated pressure field is used to correct the 

intermediate velocity field to satisfy discrete continuity. The governing conservation equations 

are solved in a finite-volume framework. The Cartesian quantities are calculated and stored at the 

cell center, while the fluxes are calculated and stored at the cell faces. The convection and 

viscous terms in the Navier-Stokes equations and the species transport equation are treated 

implicitly by the Crank-Nicolson method. Nominally the convection and diffusion terms are 

discretized using the second-order central difference scheme (SOC). For simulating the street 

canyon, the SOC approximation of the convection terms is limited by a first-order upwind (FOU) 

scheme. Each fluid time step is iterated until the residuals converge to 10-6 for the momentum 

equations and the species transport and 10-9 for the pressure solver. A preconditioned 

BiCGSTAB method is used to solve the linear systems [16]. 

All simulations were run on the Advanced Research Computing (ARC) Cascades 

clusters. More information on this computing system can be found at https://www.arc.vt.edu. 
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CHAPTER 3: POLLUTION DISPERSION IN STREET CANYON 

This chapter introduces the review of existing literature which validate their simulations 

with the data available on the online database CODASC (COncentration DAta of Street 

Canyons)2 [17], methodology, followed by results, and discussion. Flows over street canyons 

with the width-to-height (W/H) ratio of 1 and 2 have been investigated. However, only the W/H 

= 1 results are included in this chapter, and the W/H = 2 results can be found in Appendix A. 

3.1 Introduction and Literature Review  

In spite of advances in computational hardware and numerical methods, complicated 

geometries and turbulence resolved simulations often result in an expensive computational cost. 

A generic urban configuration such as a street canyon with near-ground emission poses such 

challenges to researchers. There are many turbulence models derived from different 

approximations such as Reynolds Averaged Navier-Stokes (RANS), Unsteady RANS (URANS), 

Large-Eddy Simulation (LES) and hybrid URANS/LES. Among these different models, RANS 

is the most widely used approach in the field of urban physics mostly due to its lower 

computational cost relative to other turbulence models [18], [19].  

Despite RANS’ ability to produce satisfactory results, RANS is widely known and 

observed by different studies [18]–[28] to be inferior to LES simulations because of its lower 

accuracy when compared to experimental measurements and its inability to produce time-

varying fluctuations. For microscale climate modeling at pedestrian-level, instantaneous 

                                                 

2 The measurements available on the database are from the experiments conducted in a wind tunnel at Karlsruhe 

Institute of Technology (KIT), Germany 
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information is critical since pedestrians are more likely to be exposed to pollution on a short-time 

basis. Moreover, vortices predicted by steady RANS are generally weaker than wind tunnel 

observation and LES [29]–[31]. This under-prediction could be caused by smaller turbulent 

kinetic energy along the canyon roof thus inducing smaller shear [32].    

Although RANS comes with limitations in modeling important characteristics of 

turbulent flow around bluff bodies in urban physics, the approach remains popular in the field of 

urban physics. Over 96% of the studies between 1998-2015 documented by Toparlar, et al. [5] 

are reported to use RANS to model pollutant dispersion in the urban environment.  

On the other hand, LES’ ability to produce time-dependent unsteady flow and capture 

transient mixing, which is common in a street canyon setting, makes it beneficial in the field of 

micro-climate research. However, only 2% of the street canyon studies published in the period of 

1998-2015 were reported to have utilized LES [5]. This is likely due to the higher computational 

complexity of LES, as well as the lack of best practice guidelines for urban physics studies, 

whereas RANS constitutes an acceptable compromise [19], [32], [33]. 

Regardless, LES seems to be gaining more popularity in the field. Among the 11 micro-

climate studies for the street canyon of width to height ratio, W/H = 1 from the period of 2008 to 

2019, which validate simulations using an online database [17], there is an equal share of studies 

using RANS and using LES, indicating a larger acceptance in this field, especially in the recent 

years [29], [31]–[40]. A summary of these studies along with those which investigate the W/H = 

2 canyon can be found in Table 1. The generic street canyon studies which do not reference 

CODASC data are also tabulated in Table 2. 
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Table 1 Studies with validation using the CODASC data; Line source refers to a continuous source, and “point source” refers to a series of discrete 
points 

Year Title W/H CFD Solver CFD 
model 

Turb 
Model 

Sct 
 Re 

Inlet 
V, 
m/s 

Scale 
H [m] 

Mesh 
type 

Δx 
[m] 

Δz 
[m] Δy [m] dt min [s] Number of cells in 

millions (Domain size) 
Sim. 

time [s] 
Source 
model 

2008 C. Gromke, R. Buccolieri, S. Di 
Sabatino, B. Ruck [29] 1 Fluent RANS k−ε, 

RSM 

0.3, 
0.6, 
0.7 

  1:1 hexa H/20 H/20 H/2  0.3 
(41H×8H×??H) 

  

2009 M. Balczó, C. Gromke, B. Ruck 
[35] 1 MISKAM RANS k−ε    1:1 hexa H/180 H/180 H/90  5.8  source 

cell 

2015 S. Vranckx, P. Vos, B. Maiheu, S.
 Janssen [31] 1,2 Simple 

FOAM RANS k−ε    1:1 hexa + 
unst H/20 H/35 H/20  5 

(24/25H×20H×6H) 
 mass 

flux 

2015 
Jeanjean A Hinchliffe G 

McMullan W Monks P Leigh R 
[36] 

1 OpenFOAM RANS k−ε  3.6E+4 4.7 1:150 hexa H/16 H/20 H/16  0.64 
(63H×8H×70H)  line 

source 

2017 G. Kang, J.J. Kim, D.J. Kim, W. 
Choi, S.-J. Park [41] 1 – URANS RNG k−

ε 
   1:1 hexa H/12 H/12 H/4  6 

(41H×8H×30H) 7.2E+03 source 
cell 

2018 Yuan C Shan R Adelia A Tablada 
A Lau S et al. [38] 1 Fluent 

RANS 
(then 
LES) 

k−ε; 
RSM 

   1:1 hexa H/40 5.00E-02 8 
(44H×8H×30H) 5 FT  

2011 S.M. Salim, S.C. Cheah, A. Chan 
[39] 1 Fluent 

RANS k−ε, 
RSM 

   

1:150 cubic H/13 

 
1.20 

(30H×8H×24H) 

 
source 

cell LES dyn SGS    1.25E-01 
20 s 

averagin
g 

2011 Salim S Buccolieri R Chan A Di 
Sabatino S Cheah S [42] 1 Fluent LES dyn SGS    1:150 cubic H/13 1.25E-01 1.10 

(30H×8H×24H) 

170 s 
averagin

g 

line 
sources 

2013 P. Moonen, C. Gromke, V. Dorer 
[40] 1 Fluent LES dyn SGS    1:150 cubic H/24 1.25E-03 1.20 

(25H×8H×24H) 

10 s 
averagin

g 

point 
source 

2018 Merlier et al.[32] 1 ProLB LES 
Hybrid 
LBM-
LES 

0.7   1:1  H/96 1.44E-05 41 
(25H×7H×8H) 25 line 

source 

2019 J. Gallagher, C. Lago [34] 1 Fluent LES   1.0E+6 0.8 
1:1 tri-

tetra H/100 H/10 H/20 (2H×1.5H×10H) surface 
source 1.0E+7 8.0 

2009 R. Buccolieri, C. Gromke, S. Di 
Sabatino, B. Ruck [43] 

2 Fluent RANS RSM 

 
 
 
 
 
 

1:1  
 H/25 H/25 H/5  0.4 

(40H×8H×??H) 
 line 

source 2011 

R. Buccolieri, S.M. Salim, L.S. Le
o, S.Di Sabatino, A. Chan, 
P. Ielpo, G. de Gennaro, 

C. Gromke [42] 

2015 K. Abhijith, S. Gokhale [44] 2 Fluent RANS k−ε    1:150 hexa H/24  (30H×8H×24H)  line 
source 

2017 F. Xue, X. Li [45] 2 PHEONICS RANS k-ε 
MMK 1   1:1 hexa H/22 H/30 H/36  4.70 

(29H×8H×28H) 
 line 

source 

 This study 1, 2 GenIDLEST LES dyn SGS 0.5 3.5E+4 4.62 1:150 hexa H/588 H/763 H/500 5E-4 H/U 1.59 
(41/42H×8H×H/190) 

 point 
source 
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Table 2 Generic street canyon studies with no reference to CODASC measurements. 

Year Authors W/H CFD Solver CFD 
model 

Turb 
Model Re Inlet 

V, m/s 
H 

[m] 
Scale 
H [m] 

Mesh 
type Δx [m]  Δz [m] Δy [m] dt min 

[s] 
Number of cells 

in millions  

Sim. 
time 
[s] 

Source 
model 

2007 Xie X, Liu C, Leung D, 
2007 [46] 

0.1, 0.5, 
1, 2 Fluent RANS k−ε RNG 3.8E+03       uns       3.2 – 4.4  

 Single 
line 

source 

2010 

X. Li, R. Britter, T Koh, 
L. Norford, C. Liu, D. 
Entekhabi, D. Leung 

[47] 
1 

  LES 
 one-

equation 
SGS 

4.0E+03         H/188 H/32 0.005 
H/U     

Single 
line 

source 

2010 

Kyung-Hwan Kwak · 
Jong-Jin Baik · Sang-

Hyun Lee · 
Young-Hee Ryu, 2010 

[48] 

  RANS k−ε RNG 

2.5E+06 
– 

7.6E+06 
 

2.00 
- 6.00 20 1:5  

  
  
  

H/40 H/20 1.0E-01 
  
  
  

24 h 
  
  

No 
source 

2014 

de Lieto Vollaro A De 
Simone G Romagnoli R 
Vallati A Botillo S et al., 

2014 [49] 

0.5, 1, 2 Fluent RANS   2.5E+06 2.00 20   hexa H/20 H/40 H/20    No 
source 

2014 
S. Bottillo, A. Vollaro, 

L. de, G. Galli, A. 
Vallati, 2014 [50], [51] 

1 Fluent RANS k−ε 
2.5E+06 2.00 

20   hexa H/20 H/40 H/20       No 
source 5.1E+06 4.00 

 This study 1, 2 GenIDLEST LES dynamic 
SGS 3.5E+04 4.62 0.12 1:150 hexa H/588 H/763 H/500 0.0005 

H/U 1.59   Point 
source  
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Comparing the performance of LES and RANS simulations for this particular geometry 

in reproducing the results as observed in the wind tunnel, Salim et al. [39] observed LES to 

predict the dispersion and resolve unsteady fluctuations more accurately than RANS and 

suggested that the model is more suitable where more detailed predictions are desired.  

Due to LES’s increasing popularity, the present study aims to replicate CODASC’s 

experimental and numerical investigations on pollution dispersion in a street canyon with W/H = 

1 and 2 using a geometrically simpler model with LES while maintaining as much detail as 

possible. Again, only the W/H = 1 results will be discussed in this chapter, and the W/H = results 

can be found in Appendix A. The model’s performance assessment in reproducing the 

experimental data is conducted and compared to other LES studies where the full domain is used 

[32], [40], [41]. For W/H = 1, the study compares the predictions to the LES simulation results 

from Moonen et al. [40] as well. The study focuses on the wind flowing perpendicularly to the 

street canyon since this wind direction, which is the most critical for street canyon pollution 

accumulation [33].  

The primary attention is given to the central region of the street canyon where the 

pollutant concentration is the highest as shown in Figure 2 [52]. Based on RANS and LES 

simulations, discrepancies between experimental and simulation results are also observed to be 

the largest in this region of the 1H×1H×10H canyon by Balczó et al. [53] and Moonen et al. 

[40], respectively. Moreover, since the middle region is dominated by the primary canyon 

vortex, and the flow field is no longer penetrated by the corner eddies from either ends of the 

canyon [52], the flow can be assumed to be statistically two-dimensional in the mean.  To allow 

the three-dimensional geometry of the discrete jets to be included in this framework, a periodic 

domain of one discrete jet pitch is simulated along the length of the canyon (y-direction in Figure 
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2 below). This serves the purpose of simulating a repeating array of discrete jets ad infinitum 

replicating the conditions in the middle region of the canyon, and at the same time keeping the 

computational costs minimal by limiting the length of the canyon to one jet pitch. One 

consequence of this approach is that because of the small extent of the domain along the length 

of the canyon, three-dimensional instabilities will not be admitted in the solution and the flow 

will essentially exhibit two-dimensional characteristics. 

 
Figure 2 Normalized pollution concentration from the experiment conducted at Karlsruhe 
Institute of Technology (KIT) showing higher concentration in the middle region (y/H = 0) of 
both walls. There is also higher concentration on the leeward wall (Wall A) than the 
windward wall (Wall B) [17]. 

3.2 Geometry 

To replicate the 1:150 scaled street canyon measurement conducted in an atmospheric 

boundary layer wind tunnel at Karlsruhe Institute of Technology (KIT) [17], a geometry depicted 

in Figure 3 was generated for W/H = 1, where the buildings are H in height. The computational 

domain is 41H×8H×H/190. The upstream and downstream distances are 8H and 30H (Note: the 

experiment assigns z-axis to the vertical direction and y-axis to the spanwise direction). The best 

practice guidelines, COST 732 [40], [54], require the vertical extension to be at least 5H above 

the building roofs and the upstream and downstream distances to be at least 5H and 15H, 

respectively. These criteria are satisfied in this study. 
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(a) 

 
(b) 

 
Figure 3 Street canyon with the dimensions of 41H x 8H x H/190 and W/H = 1. Figure (a) 
shows x-y view, and Figure (b) shows the three-dimensional view (the depth is not to scale 
since it is very small relative to other dimensions). Lines delineate computational blocks. 

The building height of H = 0.12 m is used as a reference length in the simulation, Lref∗ . 

Cell size distribution along the x- and y-axes are plotted in Figure 4. The height of the cells 

inside the street canyons is made finer than the outside to capture emission dispersion inside the 

canyon. Δx is uniformly H/588 across the canyon width, and Δy is finest at the floor with the 

value of H/500. In order to resolve each discrete emission source, the cells along the z-direction 

are also uniformly H/763 across the entire domain (more information can be found in Section 

3.3.3).  
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Figure 4 Street canyon grid cell size distribution along the x- and y- directions ranging from 
H/588 to H/16 for 𝚫𝚫𝚫𝚫, and H/500 to H/12.5 for 𝚫𝚫𝚫𝚫. The cell size along the z-direction is 
equally H/763 = 1.57 x 10-4, thus not plotted. 

Outside the canyon, the cells are finest near the building walls and become coarser as 

they are further away from the building walls. The grid consists of 1,592,000 computational 

cells.  

Using RANS, Balczo et al. performed grid sensitivity study and found that a grid with 

resolution finer than Δx = H/180 (the smallest element size used) showed no further 

improvement. Comparing the LES results using the grid resolutions of Δ = H/48 and Δ = H/96, 

Merlier et al. [32] found that the finer grid yielded better agreement with the measurements but 

also showed higher concentration than the coarser grid, especially on the leeward side.  

In the wind tunnel experiment [40], two series of flush-mounted and equidistantly-spaced 

hypodermic 0.4 mm diameter tubes, illustrated in Figure 5, are used as line sources to represent 

traffic exhaust.  
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Figure 5 Top view (x-z) of the street canyon in the experiment. Note that in the 
computational simulation conducted in this study, the canyon is infinitely long, and the 
domain contains only one row of four hypodermic tubes. 

For simplicity of grid generation, the grid is orthogonal and structured, and the 0.4 mm 

diameter tubes in the model are approximated by rectangular jets. Each jet consists of four 

equally sized grid cells (i.e. each jet is H/300 x H/382, see Figure 6a). The area of these jets is 

within 1% of the actual jets used in the experiment. As illustrated in Figure 6b, the grid contains 

four jets which represent the four-line sources across the cavity width. There is one jet in the z-

direction for each series to reduce grid generation time and computational cost of the simulation. 

A series of discrete sources, termed “point sources”, are used instead of a continuous line source 

to preserve the mixing process, if any, induced by the jets. It is noteworthy that the studies which 

used more simplified methods for modeling the emissions, such as a continuous line, area, or 

volume-averaged source, also reported a qualitatively good agreement with the experimental 

results [31]–[34], [36], [53].  
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(a) 
 

 
 

(b) 
 

Figure 6 (a) x-z view (top view) of a single jet used in the computational domain. The grey 
shaded area is to demonstrate the periodic condition of the z-walls and equidistant jets; (b) 
x-y-z view of the domain showing all four point-sources with v-velocity. The blocks before 
and behind the domain are for demonstrating the periodic condition. 

A summary of ranges of cell sizes, number of grid elements, time step used in different 

studies including the ones referencing CODASC data ([29], [31]–[34], [36]–[40], [42]–[45], 

[53]) and the ones which examine generic street canyons ([46]–[51]) is shown in Table 3. While 

the grid density used in this study is much finer than other studies, the total amount of cells is in 

the lower range because of the much smaller domain size in the z-direction.  
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Table 3 Summary of grids used for different studies on W/H = 1 and W/H = 2 canyons. The 
asterisk represents studies which didn’t validate their results with CODASC data 

Model W/H Method 𝚫𝚫𝚫𝚫 𝚫𝚫𝚫𝚫  𝚫𝚫𝚫𝚫  
Domain Size Cell 

numbers 
(×106) 

Time 
step, 

s x y z 

RANS 
1 k-ε, RSM, 

k-ε MMK 
H/16 - 
H/180 

H/13 - 
H/180 

H/2 - 
H/90 

24H – 
63H 

8H – 
20H 

6H – 
70H 0.3 - 8 N/A 

2 k-ε, RSM, 
k-ε MMK 

H/25 - 
H/20 

H/30 - 
H/24 

H/36 - 
H/5 

24H – 
40H 

8H – 
20H 

6H – 
28H  0.4 - 4.7  

URANS 1 RNG k-ε H/12 H/12 H/4 41H 8H 30H 6  

LES 1 

Dynamic 
SGS; 

Hybrid 
LBM-LES 

H/100 
- H/13 

H/96 - 
H/13 

H/96 - 
H/13 

2H - 
30H 

1.5H – 
8H 

8H – 
24H 1.1 - 41 

10-5 - 
10-1 

 

RANS* 0.5-2 RANS: k-ε, 
RNG k-ε 

H/40 - 
H/20 H/40 H/32 -

H/20    0.3  - 6 N/A 

LES* 1 
One-

equation 
SGS 

H/188 H/188 H/32    N/A 10-4 

This 
study: 
LES 

1-2 Dynamic 
SGS H/588 H/763 H/500 41H – 

42H 8H H/190 1.6 -2.4 10-5 

 

The reference properties and species properties used for the computation are tabulated in 

Table 4 and Table 5. The binary mass diffusivity coefficient shown in Table 4 is found using 

Equation  (19) and the effective temperatures of 78.6 K and 222.1 K for air and SF6, 

respectively. This results in the mass diffusion coefficient of 0.099 cm2/s at 300 K and 1 atm. 

This value is within 2% difference from the binary mass diffusion coefficients of SF6 in N2 and 

O2 at 298 K given by Worth et al. [55]. 
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Table 4 Reference values 

Velocity, Uref
∗  (m/s) 4.65 

Length, Lref∗  (m/s) 0.12 

Pressure, pref∗  (Pa) 101,000 

Temperature, Tref∗  (K) 300 

Density, ρref∗  (kg/m3) 1.1731 

Absolute viscosity, µref∗  (kg/ms) 1.8459×10-5 

Molecular weight, Mref
∗  (kg/kmol) 28.97 

 

Table 5 Summary of species properties 

 SF6 Air 

Density, ρn∗  (kg/m3) 5.9143 1.1731 

Absolute viscosity, µn∗  (kg/ms) 1.42×10-4 1.8459×10-5 

Effective temperature, Tε (K)  222.1 78.6 

Mass diffusivity, Dn
∗  (m2/s) 9.9×10-6 

Turbulent Schmidt number for species, Sct (-) 0.5 

Molecular weight, Mn
∗  (kg/kmol) 146.055 28.97 

 

3.3 Boundary Conditions 

To create an infinitely long street canyon, the periodic boundary condition is used on the 

lateral boundaries of the domain (i.e. along the z-direction). The boundary conditions are 

summarized in Figure 7 and described in detail in the following sections. 
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Figure 7 Computational domain and boundary conditions for W/H = 1 (x-y directions). The 
street canyon figure on the top left is taken from Moonen [40].  

3.3.1 Inlet and Outlet 

To simulate a typical urban environment, the wind profile power law with mean velocity, 

uH∗  = 4.39 m/s at the building height, yH∗  = 0.1 m and the exponent α of 0.30 is specified for the 

inflow condition when the mean streamwise flow velocity at height y, u(y) is lower than 1.5 

[17]. The wind profile is as follows  

u(y) =
uH∗

Uref
∗ �

y
yH/Lref∗ �

α

if u(y) < 1.5 (38) 

The generated profile plotted against the experimental data is shown in Figure 8. The 

mass fraction of SF6 is set to zero at the inlet. The outflow plane is placed far downstream (30H) 

of the second building. The gradients of velocity and species are set to zero. Unlike some 

previous studies, time-dependent inlet turbulence is not used in this study – this decision is 

justified by the observation that large turbulent fluctuations are produced in the separated shear 
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layer from the first building which will dominate momentum and species transport in the canyon 

and the effect of any freestream turbulence in the canyon will be minimal. 

 
Figure 8 Inlet velocity profile measured in the experiment (blue stars) and generated by 
GENIDLEST (black solid line). 

3.3.2 Top and Bottom Boundaries 

With the domain height of 8H, the flow along the top boundary is assumed to be no 

longer affected by the boundary layers on the ground. The cross-stream v-velocity normal to the 

boundary is set to zero with zero gradient conditions imposed on the boundary parallel 

components (u, w) and the species mass fraction. The street canyon surfaces are considered as 

no-slip impermeable surfaces to both air and SF6.  The boundary condition used for the SF6 jets 

is described in the next section. 
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3.3.3 Emission 

The emission is modeled with an infinite series (in the z-direction) of four jets or point 

sources by assuming periodicity. Physically this represents conditions deep inside the canyon 

where end-effects of the finite sized canyon in the z-direction are not felt. The flowrate is 

approximated using a 0.40 x 0.31 mm2 area with the v-velocity component of 0.130780 m/s, 

resulting in the jet Reynolds number of about 3. The air and SF6 mass fraction of 0.9953 kg air 

and 0.0047 kg SF6 per kg mixture are assigned respectively to replicate the pollution emission 

from vehicles (calculation procedure will be discussed later in this section). Each pair of point 

sources is 0.23H and 0.35H away from the walls of the building. The experimental and 

computational set-ups are shown earlier in Figure 5 and Figure 6, respectively.  

In determining the jet velocity, the mixture mass flowrates, ṁmix
∗  and mass fractions for 

each species n, yn∗  are calculated from the given volumetric flowrates Qexp,n
∗  of 6.5 cm3/min and 

7000 cm3/min for SF6 and air, respectively, and using the following relationships [40]: 

ṁ∗ = ρ∗Q∗ (39) 

ṁmix
∗ = ṁSF6

∗ + ṁair
∗  (40) 

yair =
ṁair
∗

ṁmix
∗  (41) 

ySF6 = 1 − yair  (42) 

To obtain the mixture flowrate, the mixture density is first calculated using Eqn. (16). For 

a 1.42 m long series of 0.4 mm diameter jets used in the experiment, it is assumed that there are 

1,775 jets on each line source. The mixture flowrate and the total area of the jets were used to 
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estimate the jet velocity, resulting in the dimensionless jet velocity of 2.8125 × 10-2. Computed 

properties and values used in the calculations are summarized in Table 6.  

Table 6 Summary of species properties 

 SF6 Air Mixture 

Density, ρn∗  (kg/m3) 5.9143 1.1731 1.177 

Experiment flowrate, Qexp
∗  (cm3/min) 6.5 7000 N/A 

Molecular weight, Mn
∗  (kg/kmol) 146.055 28.97 N/A 

Mass fraction, yn∗  (kg/kg of mixture) 0.0047 0.9953 1 

3.4 Initialization and Simulation criterion  

The simulation is run until the time-dependent flow field exhibits stationary conditions 

and becomes independent of the initial conditions. To achieve this state, the simulation is run for 

10 flow-through times (t = 10.6 s, 1 flow-through is the time taken for the flow to traverse the 

domain at the mean flow velocity). Then, the Cartesian velocity vector, pressure, and species 

mass concentration are statistically averaged, and the turbulence quantities are calculated starting 

from the 11th flow-through (t = 11.6 s). The simulation ends after the mean and turbulence 

quantities have been computed for 4 and 5 flow-throughs (4.23 s and 5.29 s), respectively. One 

flow-through in the canyon takes 41 non-dimensional time units (which is about 1.06 s and costs 

up to 3,000 CPU hours). Table 7 summarizes this information. Figure 9 shows time-dependent 

concentration information from 6 locations inside the street canyon (three from each wall). As 

shown in Figure 9, a period of two flow-throughs (82 non-dimensional time) would have been 

sufficient to obtain statistically averaged data. 
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Table 7 Summary of simulation time for W/H = 1 canyon. 

Canyon CPU hours for 
one flow-through Time 

Flow 
establishment 

period 

Mean flow 
averaging period 

Mean turbulence 
averaging period 

W/H = 1 3,000 
Flow-throughs 10.0 5.0 4.0 

Simulated time, s 10.6 5.29 4.23 

 

                    
 

 
 

Figure 9 Normalized concentration, u- and v-velocities as a function of non-dimensional time 
for W/H = 1 canyon. The probe is located near the leeward wall in the lower region (0.04H, 
0.34H) 
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3.5 Method for Data Analysis 

The mean quantities are used to calculate normalized concentration profiles of SF6 on 

each side of the street canyon walls and compared with two sets of 7 measurement points taken 

at the vertical plane of symmetry and along a plane 5 mm away from the walls [40]. The 

measured mole fraction, xSF6 is normalized as follows:  

c+ =
xSF6Lref∗ Uref

∗

QSF6
∗ /ℓ∗

 (43) 

, where c+ is normalized concentration, and QSF6
∗ /ℓ∗ is the emission flowrate per unit length; ℓ∗ 

is equivalent to the domain depth in this study. The measured mole fraction, xSF6 is obtained 

from the SF6 mass fraction, ySF6 obtained from the simulation, using the following expression: 

xSF6 = ySF6
M� ∗

MSF6
∗  (44) 

, where M� ∗ is the average molar mass of the air-SF6 mixture; M� ∗ = (∑ yn/Mn
∗N

n=1 )−1. Solving the 

simultaneous equation, the conversion equation is obtained:  

xSF6 =
Mair
∗ ySF6

Mair
∗ ySF6 + MSF6

∗ (1 − ySF6)
=

0.24743ySF6
1.24743 − ySF6

 (45) 

One important advantage LES simulations have over Reynolds Averaged Navier Stokes 

(RANS) simulations is the record of instantaneous information. This information is vital in the 

analysis of the impacts of pollution on pedestrians since most pedestrians are more likely to be 

exposed to instantaneous concentration. After normalizing the concentrations, the turbulence 
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quantities are taken into account to estimate the fluctuations. The root-mean-square fluctuation 

of SF6 mass concentration �ySF6
′ �

rms
 from t0 to t0 + T is given as an output: 

�ySF6
′ �

rms
= � ySF6

′ 2��������
1/2

= �
1
T
� ySF6

′ 2

t0+T

t0

dt�

1/2

 (46) 

This value could be crucial where the mean field is weak and fluctuations are more 

dominant, allowing for the prediction of instantaneous maximum and minimum concentration in 

the street canyon. 

3.6 Results and Analysis 

For street canyons of identical building heights, flow regimes and vortex characteristic 

can be characterized as illustrated in Figure 10 according to different W/H ratios. The flow field 

inside a street canyon is similar to a classic moving lid-cavity problem but with the presence of 

externally induced fluctuations. According to Sini et al. [56], the flow inside the canyon of W/H 

= 1 is classified to be in the skimming flow regime. Therefore, one primary circulation is 

expected in this study. Results and discussion for the W/H = 2 can be found in Appendix A. 

 
Figure 10 Flow regimes in symmetric street canyons as a function of W/H ratios. (Adapted 
from Xie et al. 2007 [46]; Source: Sini et al. [56]) 
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3.6.1 Mean flow 

To understand the emission dispersion process, the flow fields need to be first examined. 

Figure 11 shows the contour of the mean streamwise velocity with stream tracers at the Z/H = 0 

plane. The velocities are non-dimensionalized by Uref
∗ . The typical features of the flow over a 

canyon in a skimming flow regime are observed: corner junction vortices in front of the 

upstream building and a large circulation region behind the canyon.  

 
Figure 11 Interpolated values at Z/H = 0 of mean dimensionless streamwise velocity contour 
with stream tracers of the W/H = 1 canyons (entire domain not shown)   

Shown in Figure 12 are the streamlines from the experimental data [35] and from the 

simulations. The size of the vortices in front of the upstream building is comparable to that of the 

experiment. The predicted separation bubble at the roof extends longer towards the canyon. This 

separation bubble at the roof of the windward building allows the canyon vortex to extend higher 

above the canyon height, thus enabling transporting fluid from inside the canyon. Inside the 

canyon (Figure 11 and Figure 12), there is one primary clockwise circulation with two counter-

clockwise eddies in the bottom corners, as predicted.  

 



 

 
 

35 

(a) 

 

(b) 

 

(c) 

 

 
 

Figure 12 Comparison of mean streamlines (a)  from wind tunnel data near midplane [35] 
and  (b) current simulation. (c) Mean concentration of SF6 in canyon . 
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These primary and corner vortices play significant roles in dispersing the pollution inside 

the canyon. As illustrated in Figure 12, the primary circulation carries the pollution clockwise 

towards the leeward wall. The counter-rotating corner eddy near the leeward side can act as a 

pollutant trap if the pollutant gets entrained in the weak recirculation of the corner eddy, or on 

the other hand, a sufficiently strong primary eddy can facilitate the transport of pollutant upward 

and out of the canyon.  

Figure 13 plots the u- and v-velocity at different y- and x-locations, respectively, together 

with the concentration (c+) of SF6 at different y-locations near the bottom leeward side of the 

canyon. The u-velocity in the bottom quarter of the canyon is indicative of the transport of the 

pollutant (SF6) from the injection location on either side of the center of the canyon to the 

leeward side, whereas the magnitude and direction of v-velocity are indicative of the vertical 

transport of the pollutant of the canyon. Thus, the higher the v-velocity near the bottom wall is, 

the larger the capacity to disperse the pollutant out of the canyon. Figure 13 shows that the v-

velocity at y = 0.1H is close to zero across the full extent of the canyon floor particularly in 

regions in which the low momentum pollution in injected. Therefore, the pollutant does not have 

a direct path out of the canyon but is convected towards the leeward side of the canyon by the u-

velocity induced by the primary vortex. As can be observed in Figure 13, u-velocity is highest at 

x = 0.5H and decreases gradually as the flow approaches the leeward side of the canyon and 

decays to very small values at x = 0.1H over the full height of the canyon. As the pollutant is 

transported to the leeward side, the induced v-velocity of the primary vortex (increases with 

distance from the floor of the canyon) transports the pollutant upward. However, as can be 

surmised from Figure 12c, some of the pollution gets entrained into the corner eddy increasing 
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the residence time and mean concentration in that region. To a much lesser extent, some of the 

SF6 also gets trapped in the windward eddy near the canyon floor (Figure 13c) 

  
(a) (b) 

 
(c) 

Figure 13 Velocity and concentration profiles inside the W/H = 1 canyon. (a) u(y) plotted at 
different x-locations in canyon; (b) v(x) plotted at different y-locations; (c) c+ (x) plotted at 
different y-locations. 

3.6.2 Turbulent Stresses 

Turbulence also plays a significant role in diffusing the pollutant. What makes a street 

canyon problem different from the traditional lid-driven cavity flow is the presence of the 

externally induced turbulent fluctuations. These fluctuations are caused by the shear layer on the 

top of the upstream building. This phenomenon is shown as the high intensity region in the 
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contour plot of the turbulence strength or the root-mean-square u-velocity, Urms in Figure 14. 

The maximum Reynolds shear stress and turbulent kinetic energy are observed in the separated 

shear layer near its reattachment location on the top face of the building and at the location 

where the flow impinges on the windward side of the canyon.  Inside the canyon, Urms exhibits 

values between 0.25 to 0.4 in the center of the canyon and turbulent kinetic energy between 0.09 

and 0.14, whereas turbulent shear stress magnitudes range from -0.05 to +0.04 inside the canyon.  

 

 

 
Figure 14 Contour of mean 𝐔𝐔𝐫𝐫𝐫𝐫𝐫𝐫, 𝐕𝐕𝐫𝐫𝐫𝐫𝐫𝐫, mean 𝐔𝐔′𝐕𝐕, and turbulent kinetic energy 𝐤𝐤 inside the 
W/H = 1 canyon. 
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3.6.3 Pollution Concentration 

After analyzing the mean quantities, SF6 concentration profiles at Z/H = 0 are then 

normalized according to the procedure discussed in Section 3.5. The contour taken at the mid-

span plane (Z/H = 0) is shown previously in Figure 12c. 

Figure 15 shows mean concentration profiles near the windward and leeward sides of the 

canyon. The horizontal bars show the root-mean-squared fluctuations of concentration (c+ ±

crms+ ). Overall, there is a relatively satisfactory agreement between the simulations and 

measurements in terms of mean values for both canyon ratios, especially in the upper region of 

the canyon. The same trends are obtained in the LES results of Moonen et al. [40], which over 

predict the mean concentration in the canyon for both walls (the insets in Figure 15) and show 

higher concentration near the ground for the leeward wall. A similar observation was made by 

Balczó et al. (2009) [35] based on a RANS simulation of the same configuration. They attributed 

that to the larger residence time of the pollutant in the canyon in the simulation. One major 

difference between the current LES and that of Moonen et al. [40] is the predicted magnitude of 

crms+ . In the current study, crms+  is much larger indicating large positive intermittent fluctuations 

in  SF6 concentration. The intermittency is representative of the large-scale unsteadiness in the 

canyon. The much larger magnitude in the present simulation could be a result of the two-

dimensional nature of the unsteady flow structures which in the absence of three-dimensional 

instabilities tend to be more coherent and stronger. 
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Figure 15 Profiles of computed normalized mass concentration of SF6, 𝐜𝐜+ at Z/H = 0 and X/H 
= 0.042 away from (right) the windward wall and (left) the leeward wall in comparison to the 
experimental data from CODASC [17]. The inset plot for W/H = 1 contains LES results of 
Moonen [40] (open circles) compared to experimental results obtained from CODASC 
(closed circles) [17].  Horizontal lines indicate root-mean-squared concentration fluctuations 
in the plot and the inset. 

Since the impact of air quality to the public health is of interest, it is important to look at 

concentration relative to the pedestrians’ heights. The average height of an American adult 

population is under 176 cm for males and 162 cm for females [57]. In this 1:150 model, the 

corresponding dimensionless pedestrian height would be under y = 0.1. This is a highly polluted 

region. The concentration peaks at y = 0.04 and 0.03 on the windward and leeward sides. 

In terms of pollution fluctuation, the concentration in the near ground region could rise as 

high as 20 times the mean values on the windward side and 8 times on the leeward side. This 

high degree of fluctuation in the pollution concentration shows the importance of reproducing 

intermittent turbulent fluctuations, giving more insight into short term pollution exposure 

mitigation. 

3.6.4 Overall Model Performance Evaluation and Validation 

In assessing the dispersion model performance, the study utilizes the model performance 

evaluation method suggested by Chang and Hanna [58] and the acceptance criteria proposed for 
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urban applications through the evaluations of the US Department’s Joint Effects Model (JEM) 

[59]. The generic equations for performance evaluation are listed below, where C represents 

concentration, an overbar represents an average, and the subscripts o and p represent observed 

results from the experiment data and predicted results from the simulations, respectively.  

FAC2, a fraction of data points that satisfy: 

0.5 <
Cp
Co

< 2 (47) 

Fractional bias: 

FB =
2�Co − Cp�����������

Co��� + Cp���
 (48) 

Normalized root-mean-square error: 

RNMSE = ��Co − Cp�
2��������������

Co��� Cp���
 (49) 

Geometric mean bias: 

MG = exp�ln�
Co
Cp
�

����������
 �  (50) 

Geometric variance: 

VG = exp��ln�
Co
Cp
��

2���������������
� (51) 
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Pearson correlation coefficient: 

R =
(Co − Co���)�Cp − Cp�����������������������������

σoσp
 (52) 

The proposed acceptance criteria for urban applications are as follows [59]:  

• |FB| ≲ 0.67, requiring the relative mean bias to be less than a factor of 2 

• RNMSE ≲ 2.4, requiring the random scatter to be ≲ 2.4 times the mean 

• FAC2 ≳ 0.30, requiring the fraction of Cp within a factor of two of Co to be higher than 

0.30  

Since no recommended ranges for MG, VG, and R are specifically given for urban 

applications, the more stringent rural criteria are used: 

• 0.7 ≲ MG ≲ 1.30 

• VG ≲ 4 

• R > 0.8 

These ranges are not meant to be exhaustive but to serve as a guideline for quality 

assessment [59]. In this study, the predicted data is interpolated to be comparable with the 

experimental data which is coarser in spatial resolution. The statistical measures of the model for 

both street canyon ratios are within the acceptable ranges for satisfactory model performance, as 

shown in Table 8. For the W/H = 1 canyon, the FAC2 value for windward concentration data is 

marginally within the range, suggesting high deviation on the windward side. Using unsteady 

RANS, Kang et al. [41] also overestimated concentrations near the windward wall.  
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Table 8 Statistic measures for model performance evaluation 

W/H Wall FAC2 FB RNMSE MG VG R 
1 Windward 0.29 -0.56 1.41 0.85 2.34 0.81 
1 Leeward 0.86 -0.42 0.64 0.72 1.24 0.81 

Recommended by Hanna & 
Chang [59] ≳ 0.30 [-0.67, 0.67] ≲ 2.4 [0.7,1.3] ≲ 4 ≲ 0.8 

Aim 1 0 0 1 1 1 
  

According to Chang and Hanna [58], MG and VG may provide a more balanced measure 

of data with extreme values than FB and RNMSE. Nevertheless, both FB and MG values for 

W/H = 1 shows underpredictions outside of accepted range for both walls, although performing 

better at the leeward wall. The Pearson correlation factors, R = 0.81 also implies a strong linear 

relationship between the experimental and simulation results near both walls. 

Similar to this study, Salim et al. [33], Moonen et al. [40], Kang et al. [41], and Merlier et 

al. [32] also found more deviations on the windward wall than the leeward wall. Figure 16 

summarizes the evaluation statistics in comparison to those available from the previous LES 

studies [32], [40], [41]. These common features among predictions from different studies point to 

the possibility that there might be some systemic errors in the experimental measurements.  
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Figure 16 Comparison of performance measures from the present study, Moonen et al. [40], 
Kang et al. [41], and Merlier et al. [32] for W/H = 1 canyon with the leeward profile on the 
left and windward profile on the right.  

3.7 Conclusion and Future Work 

LES method is known for its ability to provide transient flow field information which 

could be very useful in air quality analysis in the urban environment since pedestrians are more 

likely to be exposed to pollution on a transient short-term basis. This method, compared to a 

steady method such as RANS, which has already been widely used among researchers in this 

field, comes at the expense of high computational cost. This study aims to reproduce the 

pollution dispersion measured in the wind tunnel at KIT [17] for street canyon ratios of W/H = 1 

and 2 using the LES approach and reduce computational cost by simplifying the geometry while 

striving to preserve the mixing induced by individual jets used to model vehicle emission in the 

experiment.   
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The results are in satisfactory agreement with the experimental results without having to 

model the entire length of the canyon while providing a time-varying concentration of pollutant. 

A greater deviation in concentration prediction is found closer to the ground level, implying 

insufficient dispersion of the pollutant. The over-prediction has also been observed in other LES 

investigations. The prediction accuracy could possibly be improved by allowing three-

dimensional instabilities to develop to increase turbulent diffusion. This can be accomplished by 

using a larger spanwise domain with a pollutant line source for large wavelength instabilities to 

develop, yet not modeling the full length of the canyon.  

In terms of computational expense, modeling the canyon with a thin 3D model allows 

LES to be used without requiring a large number of cells (1-2 million compared to other studies 

which use up to 6.4 million cells for RANS and 70 million cells for LES [32], [36]) to model the 

full length of the canyon.  

As stated earlier, mixing could be improved by increasing the spanwise extent of the 

domain which at most would increase the resolution to approximately 5 million cells. Since the 

discrete source model did not seem to offer much advantage, the emissions can be modeled as 

continuous line sources, thus grid size and computational cost could be further reduced. Once a 

better model has been established, future work may consider modeling vegetation and investigate 

different canyon ratios and more complex building configurations. 
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CHAPTER 4: EFFECTS OF LEAF HAIR GEOMETRY ON AEROSOL 
DEPOSITION 

4.1 Introduction and Literature Review 

Due to the rising concern regarding urban air pollution as mentioned in Chapter 1, 

different methods of mitigations have been considered. Since urban green space, especially 

parks, is often thought of as “lungs of the city”, a metaphor used by the famous landscape 

architecture, Frederick Law Olmsted, who oversaw the construction of Central Park [60], many 

cities are including street vegetation, such as trees, green facades and urban parks, as part of 

strategies to reduce the impact of urban air pollution. Generally, emissions can be removed from 

the air by plants through chemical reactions and surface deposition. The deposition of particulate 

matter on the leaf surface is of interest in this thesis. 

4.1.1 Deposition 

Aerosols are removed from the atmosphere by two mechanisms: dry deposition and wet 

deposition. Dry deposition occurs at the surface through sedimentation for coarse particles (2.5 

µm < Dp
∗  < 10 µm) and through turbulent transport impaction for fine particles (Dp

∗  < 2.5 µm), 

whereas wet deposition involves incorporation into cloud or rain droplets in the process of 

precipitation. The coarse particles are also referred to as PM10 and fine particles as PM2.5. 

Close to pollution sources, dry particulate deposition is also considered more important 

than wet deposition [61], [62]. Therefore, this study puts an emphasis on the dry deposition on 

the leaf surface. Governing factors of dry deposition include the atmospheric turbulence level, 

properties and physical characteristics of depositing particles, and the nature of the surface where 

the particles interact with [7].  
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Fine aerosol deposition onto vegetation is affected both by environmental factors 

including wind speed and aerosol concentration and by the biophysical characteristics of the 

plant such as plant density and leaf surface area index. Due to the importance of urban vegetation 

as an approach to reduce pollution risk, the effects of leaf characteristics such as shape, porosity, 

leaf hair (or trichome), wax content as well as wind speed and air concentrations have been 

studied either in the field or through wind tunnel measurements [63]–[67]. Over a range of 1 to 

10 m/s, different studies measured higher deposition at greater velocity [67], [68]. Regarding the 

effect of particle sizes, Ottelé et al. [69] found lower deposition for coarse particles than the finer 

ones. Investigating particles of Dp
∗  = 3 –180 μm, Weber et al. [70] also observed a similar trend 

where the 3–10 μm particles deposited more frequently than the larger ones. 

Furthermore, Kardel et al. [71], Saebo et al. [63], and Speak et al. [66] observed a 

positive correlation between particle deposition and hairiness. The correlation is also confirmed 

by Weber et al. [70] and Mitchell et al. [72] for coarse particles (3–180 μm and >10 μm, 

respectively). Contrarily, Perini et al.[73] found less accumulation when stellate-like hairs are 

present.  

Due to the complex dependence of deposition rate on different variables such as particle 

size and vegetation characteristics, parameterization with experiment or field data poses many 

challenges in this field of study [74], [75]. Leaf samples used in the experiments often have 

mixed traits, and studies are often limited to certain species. Therefore, computational methods, 

which allow different factors to be studied independently, would contribute significantly to 

parameterizing the effects and give more clarity to the results. 
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This study focuses specifically on the impacts of leaf hair traits (i.e. diameter, diameter to 

height ratio, and density), particle size, and wind speed on deposition on the leaf surface. 

Emissions from vegetation and chemical reactions between plants and pollutions are excluded 

from this study. A brief overview of aerosol deposition and trichomes is included in the 

following section. Since the density of aerosols typically ranges from 1~2 g/cm3, the density of 

1.5 g/cm3 (1500 kg/m3) is used as a representative value. 

4.1.1.1 Dry Deposition and Deposition Velocity 

The process of dry deposition for particles can be represented by three primary 

phenomena [76]: (1) aerodynamic transport of particles in the surface layer; (2) diffusion across 

the quasi-laminar sublayer to the surface, dominantly through Brownian transport; and (3) 

transfer to the surface. 

Particles could be removed from the quasi-laminar sublayer due to changes in the 

direction of the mean air flow by inception, which occurs when particles collide with obstacle 

while passing sufficiently close to it; and by impaction which occurs when particles leave the 

streamline and the inertia derived from the mean flow carries them to the surface [7]. 

Deposition can be quantified and normalized using the deposition velocity, Udep
∗  which is 

a proportionality constant between the vertical dry deposition flux (or the amount of particle 

removal per unit area per unit time), F∗ and the pollutant concentration per unit volume, C∗ at a 

certain height, z∗ above the ground. This relationship assumes height dependency and a direct 

correlation between particle concentration and deposition. Since this study investigates 

deposition close to the surface, the deposition flux is assumed constant. Therefore, the deposition 

velocity can be expressed as:   
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Udep
∗ =

F∗

C∗
 (53) 

Even though deposition velocity has been widely studied and measured, the values vary 

significantly across species even for the same particle diameter [74]. Saebo et al. [63] found the 

variation in the deposition velocity across 40 species to be up to 15 fold.  

4.1.2 Plant Surface Characteristics 

A leaf surface may be generally smooth, hairy, waxy or any combinations of these 

features. A smooth leaf has neither leaf hair nor wax on the surface and will be used as the base 

case for this study. Trichomes or leaf hairs are outgrowths protruding from the leaf surface either 

on the upper, lower or both.  

Since there is no universally accepted terminology in leaf factor classification, the author 

follows the categories defined in Figure 17 by Voigt et al. [77]. Trichomes can be classified into 

glandular and non-glandular, and a leaf often contains a mixture of both types. For simplicity of 

the study, the trichomes modeled are non-glandular, non-branched, smooth, circular in shape, 

perpendicular to the leaf surface, and regularly dispersed. The hair is also uniform in diameter.  
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Figure 17 (A and B) Diagrams showing plant surfaces and trichome types found on the 
tested leaves based on the trichome arrangement, cellular arrangement in the single 
trichome and its shape. (C) Diagram of the trichome characteristics found on the tested leaf 
surfaces based on the trichome alignment, surface texture, base structure and cellular 
arrangement. [77]  

To study the effects of leaf hair characteristics: trichome diameter (5 and 20 µm), height-

to-diameter ratio (H/D = 20 and 30), and density (5 and 15 trichomes per mm2) are chosen as 

physical parameters at a mean velocity of 1 m/s. A summary of investigated cases with different 

leaf hair characteristics is shown in Table 9. Measurements of Mediterranean gall oaks’ acicular 
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trichomes by Tschan and Denk [78] are used as guidelines in establishing the range of values for 

the leaf hair traits to ensure realistic geometry representations. Across the seven species 

investigated, an acicular trichome found ranges from 8 – 26 µm in diameter and 55 – 853 µm in 

height (corresponding height-to-diameter ratio between 6 and 47) [78]. The density is obtained 

from another study conducted by Moradi et al., [79] where the trichome density ranges from 7 – 

18 trichomes per mm2 of the upper leaf surface of three Mediterranean oak species. 

Table 9 Summary of cases with different trichome characteristics. Particle diameter is 0.3 
µm for all listed cases. The Reynolds number in respect to the leaf hair is defined as 𝐑𝐑𝐞𝐞𝐡𝐡𝐡𝐡𝐡𝐡𝐡𝐡 =
𝛒𝛒𝐚𝐚𝐚𝐚𝐚𝐚∗ 𝐔𝐔∞∗ 𝐃𝐃𝐡𝐡𝐡𝐡𝐡𝐡𝐡𝐡

∗ /𝛍𝛍𝐚𝐚𝐚𝐚𝐚𝐚∗ .  

Trichome 
diameter, 

Dhair
∗   (µm) 

5 20 

Rehair at 
U∞
∗ = 1 m/s 0.32 1.28 

Trichome 
height, Hhair

∗  
(µm) 

100 150 400 600 

Height to 
diameter ratio 
(Hhair

∗ /Dhair
∗ ) 

20 30 20 30 

Trichome 
density 

(per mm2) 
5 15 15 5 15 5 15 

Spacing to 
diameter ratio 
(Shair∗ /Dhair

∗ ) 
89.44 51.64 51.64 22.36 12.91 22.36 12.91 

Case Name LH_d5_hd
20_den5 

LH_d5_hd
20_den15 

LH_d5_hd30
_den15 

LH_d20
_hd20_

den5 

LH_d20
_hd20_
den15 

LH_d20
_hd30_

den5 

LH_d20
_hd30_
den15 

 

Each case in Table 9 named according to the trichome diameter in µm “d”, H/D ratio 

“hd”, and the trichome density in mm-2 “den”, each followed by the value. For example, the case, 
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where the trichomes are 20 µm in diameter with the H/D ratio of 20 and the density of 5 

trichomes per mm2, is named “LH_d20_hd20_den5”. 

In order to investigate the effects of mean velocity and particle diameter on pollution 

removal, the geometry of the case “LH_d20_hd20_den5” is selected. As summarized in Table 

10, in addition to 1 m/s, the wind speed of 3 m/s is studied. At the mean wind speed of 1 m/s, the 

effects of particle diameters (0.3 and 1 µm) are also examined. Finally, a base case with no leaf 

hairs is calculated using the same geometry (same domain size) to establish a reference state for 

particle deposition as well. 

Table 10 Different flow conditions for LH_d20_hd20_den5 geometry.  

Case Name 
Particle 

diameter, Dp
∗  

(µm) 

Mean 
velocity, V�∗ 

(m/s) 

Coresponding 
Rehair 

LH_d20_hd20_den5_u1_1um 1.0 

1 1.28 LH_d20_hd20_den5_u1_plain 

0.3 LH_d20_hd20_den5_u1 

LH_d20_hd20_den5_u3 3 3.83 

 

The Stokes’ numbers corresponding to different particle diameters and wind speeds are 

given in Table 11. The Stokes’ numbers at the different mean velocities and for the two particle 

diameters of interest are all lower than 5×10-3, indicating that in the absence of any other 

mechanisms, the particle will tend to follow streamlines, or in other words, the particle time scale 

is much smaller than the fluid flow time scale.  Moreover, at the maximum PM2.5 concentration 

of 500 µg/m3, according to the US Environmental Protection Agency’s air quality standard [80], 

the flow is still considered sparse and the effects of particles on the flow field are negligible. 

Therefore, one-way coupling is sufficient in this study. 
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Table 11 Investigated diameters of aerosol and their corresponding Stokes’ numbers (as 
defined by Eqn. (29)) 

Particle diameter, Dp
∗  (µm) 0.3 0.3 1 

Mean velocity, V�∗ (m/s) 1 3 1 

Stk  4.21×10-4 1.26×10-3 4.67×10-3 

 

4.2 Computational Model 

4.2.1 Computational Domain and Grid 

The computations are performed under the fully-developed assumption in a channel with 

an infinite array of trichomes. This is achieved by assuming periodicity in the x- and y-

directions. To conduct a parametric study of leaf hair traits, the leaf hairs or trichomes are 

assumed to be uniformly circular and equally distributed as illustrated in Figure 18. Each 

trichome is Dhair in diameter and Hhair in height. Four trichomes are included in the domain to 

ensure that fluid interactions are captured and not lost due to periodicity. The leaf hairs are Shair 

apart from each other in both the streamwise and spanwise directions. The grid resolution goes 

from Δx = 0.05, Δy = 0.05, Δz = 0.05 near the leaf or trichome surface to Δx = 5, Δy = 5, Δz = 

3.75 in the far field. The grids consist of 747,000 cells and 607,104 cells for the 5 µm and 20 µm 

trichomes, respectively. 
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(a) 

 
(b) 

 
Figure 18 Schematic diagrams of the computational domain: (a) front view with boundary 
conditions (x-z plane), and (b) top view (x-y plane). Drawings are not to-scale. 

A mesh was generated for each geometrical arrangement with hairs of the same diameter 

having the same computational grid distribution. The domain height is three times the height of 

the hairs to ensure that there is a minimal influence of the boundary on the flow field and particle 

transport in the vicinity of the trichomes. Figure 19 and Figure 20 show the computational mesh 

of the 5 µm diameter trichomes. Unstructured block topology with structured non-orthogonal 

grids are used. The grid dimensions are summarized in Appendix C. 



 

 
 

55 

 
Figure 19 Top view (x-y) of the computational mesh for 5 µm diameter trichomes; the red 
square shows the enlarged view of cell distribution along the axis of the trichome. 

 
Figure 20 Front view (y-z) of the computational mesh for 5 µm diameter trichomes. The 
domain height is three times the trichome’s height. 
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4.2.2 Boundary Conditions 

Periodic boundary conditions are applied along the streamwise and spanwise directions 

with the flow going through the y-z planes in the x-direction as illustrated in Figure 21. More 

about the periodic boundary conditions can be found in Section 2.1.3.  With the domain height of 

3Hhair, the boundary condition at the top boundary is given by (w = 0; ∂u
∂z

= ∂v
∂z

= 0).  The leaf 

surface and leaf hairs are considered as walls where no-penetration and no-slip conditions are 

applied. 

  
Figure 21 Schematic diagram of the computation domain with boundary conditions.  

4.2.3 Calculation Procedure 

Once a fully-developed flow is established (as discussed in Section 2.1.3), the flow 

computation is deactivated (since particles do not affect the velocity field), and particles are 

distributed in the domain with initial velocity equal to the fluid velocity at that location. The 

number of particles injected is selected so that the initial particle concentration of about 10,600 

particles per mm3 for all geometries. After the particles are injected, the particle field is allowed 

to develop and randomize the spatial distribution of particles. During this development period, 
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particle-wall collisions are modeled using a fully-elastic hard sphere model by setting the 

coefficient of restitution (COR) to be unity.  

Because of the small size of the particles and very low velocities, it is assumed that a 

particle in collision with a surface will not able to overcome the attractive van Der Waals 

adhesion forces, stick to the surface and will be considered as deposited. This is implemented by 

setting the COR = 0 after the initialization period. Once a particle sticks to the surface it is 

counted as a deposited particle and removed from the computation domain. The deposition 

simulations are run for 1 s which corresponds to between 1×107 to 2.25×108 simulation time 

steps (4,000 to 36,300 CPU hours). The reference properties of air and the aerosols used in these 

simulations are tabulated in Table 12. The hair diameter is used as the reference length, Lref∗  and 

the friction velocity, uτ∗ as the reference velocity. These values are given in Appendix C. 

Table 12 Reference values (carrier phase properties) and aerosol properties 

Pressure, Pref∗  (Pa) 101,000 

Temperature, Tref∗  (K) 300 

Density, ρref∗  (kg/m3) 1.177 

Dynamic viscosity, µref∗  (kg/ms) 1.846 × 10-5 

Molecular weight, Mref
∗  (kg/kmol) 28.97 

Particle density, ρp∗  (kg/m3) 1500 

Numerical time step for Dp
∗ = 0.3 µm (-) 5.0 × 10-5 

Numerical time step for Dp
∗ = 1.0 µm (-) 1.5 × 10-4 
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4.2.3 Method for Data Analysis 

Unlike most experimental studies in the field and in wind tunnels that include a large 

computational domain, the present study focusses on a region very close to the leaf surface of the 

order of less than 2 mm in height. In spite of this difference, Eqn. (53) is adapted to the 

conditions of the current simulations. After the deposition for t∗ = 1 s is complete, the deposition 

velocity for each case is calculated for analysis using Eqn. (53). The flux and concentration used 

in Eqn. (53) can be computed as follows 

F∗ =
Ndepmp

∗

Atot
∗ t∗

 (54) 

C∗ =
Ntotmp

∗

Vtot∗
 (55) 

, where: Ndep = number of particles deposited 

 Atot
∗  = total area 

 Ntot = total number of particles in domain 

 Vtot∗  = total volume 

Because of the periodic boundary conditions in the flow direction, particles that exit the 

domain, reenter the domain again. Thus, the total area and volume traveled by the particles are 

estimated from the total distance traveled with the mean velocity during the simulated time t∗ = 1 

s. 
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4.3 Results and Analysis 

The steady state flows and particle deposition under different trichome, flow, and particle 

properties will be presented and discussed in the following sections. The leaf pollution removal 

capacity will be given in terms of deposition velocity and compared to published works. 

4.3.1 Fully-developed Flow 

The fully-developed mean velocities, V�∗ is estimated from the flowrate and frontal area 

where the flow travels through, and the velocities in all cases are within 4.3% of the desired 

values. Since the particle dynamics is simulated using the one-way coupled model, in addition to 

the Brownian motion that primarily influences deposition, particle motions are highly sensitive 

to the flow field which could lead to deposition through impaction and inception [7]. This section 

will go over the fully developed flow fields and how they could influence pollution removal. 

4.3.1.1 Primary flow  

Shown in Figure 22 are contours of streamwise velocity over the leaf with 20 µm and 5 

µm diameter trichomes of different height and density. Because of the low Reynolds number, in 

all cases, the trichomes are embedded in the viscous boundary layer that forms on the leaf 

surface. As the density increases from 5 mm-2 to 15 mm-2, the flow has less access to space 

between trichomes. Thus, the velocity or mass flow defect inside the trichome array increases 

with trichome density. A similar observation can be made as H/D ratio increases from 20 to 30.  

Thus, high density tall and thin trichomes together will exhibit high resistance to flow within the 

trichome array and most of the mass flow will take place on the outside.   
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LH_d20_hd20_den5 LH_d20_hd20_den15 

Higher density 
LH_d20_hd30_den5 

Taller/slimmer 
LH_d20_hd30_den15 

Taller/slimmer 
 

 
LH_d5_hd20_den5 

 

 
LH_d5_hd20_den15 

 

 
LH_d5_hd30_den15 

 

 
Figure 22 Velocity contour of the streamwise velocity  
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The velocity profiles in the wake of each trichome midway between two rows are shown 

in Figure 23, where the height of each trichome is at Z/H = 1. Both actual and normalized (by 

umax) velocity profiles are shown in (a) and (b), respectively. As the trichome density and H/D 

increase the velocity defect in the trichome array increases and consequently the outer flow 

accelerates more to maintain a constant mean velocity of 1 m/s over the different cases. Between 

density and H/D, trichome density has a noticeably larger effect on the flow field. As the 

trichomes become smaller and sparser (represented by dashed lines), the u-velocity profile 

approaches that of the plain surface. Comparing the normalized velocity profiles at wind speeds 

of 1 and 3 m/s in Figure 24 confirm that the normalized profiles are almost identical for the same 

trichome geometry. 
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(a) 

 

(b) 

 
 

Figure 23 U-velocity profile in-line with and midway between trichomes for different 
geometries. (a) shows dimensional comparison and (b) shows normalized profiles. 
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Figure 24 Normalized u-velocity profile between and in-line with trichomes for the mean 
velocity of 1 and 3 m/s and the smooth leaf cases. 

Figure 25 shows the contours of v-velocity at different heights (z) and the associated 

planar streamline patterns. As the flow approaches the trichome it generates both y-directional 

and z-directional velocity components which are strongest at the tip of the hair. As the flow 

navigates around the trichome it is deflected to either side generating y- directional cross-stream 

velocities.  Because of the highly viscous flow, the presence of the trichome is felt over the full 

pitch of the trichome. A vertical z-directional component of velocity is also generated by the 

presence of the trichome. The perturbation is strongest at the tip as the viscous fluid flows over 

it. While the perturbation in v-velocity is felt over the full length of the trichome, the z-

component is mostly localized at the tip. Figure 26 offers further insight into the z-directional 

velocity for different trichome geometries. It is noted that the smaller the H/D ratio, the w-

velocity generated at the tip is stronger. A similar observation is made for the trichome density – 
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a less dense trichome arrangement leads to larger w-velocity magnitudes. It is also observed that 

counter-velocities are set up in the array on the windward and leeward sides of the trichome in 

response to the perturbation at the tip. 
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z/Hhair = 0.25 

  

z/Hhair = 0.5 

  

z/Hhair = 1 

  

z/Hhair = 1.5 

  
   

Figure 25 Contours of (left) v- and (right) w-velocities at different 𝐳𝐳/𝐇𝐇𝐡𝐡𝐡𝐡𝐡𝐡𝐡𝐡 (LH_d20_hd20_den5 at 1 m/s). 
These plots show only a quarter of the entire computational domain or a single pitch in the stream and span 
surrounding a trichome. 
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Figure 26 Contour of w-velocity 

4.3.2 Particle Transport 

The potentially important fluid forces acting on a particle that influence its trajectory are 

given in Appendix B. Typically, the relative importance of these forces depends on the flow 

conditions and the relative properties of particle and fluid. Instead of including all forces in the 

calculations, an initial study was conducted on the magnitudes of these forces for the relevant 

particle diameter of Dp
∗  = 0.3 µm at V�∗ = 1 and 3 m/s and for the particle diameter of Dp

∗  = 1 µm 

at V�∗ = 1 m/s. For the purpose of this analysis, all forces are shown in Equation (24) were 

calculated and included in the particle simulations for 10 non-dimensional time. The magnitudes 

of forces for all three cases are plotted as a function of non-dimensional time in Figure 27. For 

all particle diameters, Brownian and drag forces dominate, up to two orders of magnitude higher 

than other forces. Moreover, it is evident also that the Brownian force is the most dominant. 

From the above analysis it can be concluded that once particles are transported deep into the 

trichome layer, their deposition is mostly governed by near-surface Brownian diffusion [81]. 

   

 

 

D20_hd20_den5_u1 D20_hd20_den15_u1 D20_hd30_den15_u1  
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Therefore, Equation (24) can be reduced to Equation (25), allowing a reduction in computational 

cost.  

  
 

 

 
(a) 1 um; 1 m/s (b) 0.3 um; 1 m/s 

 
(c) 0.3 um; 3 m/s 

Figure 27 The magnitude of different forces acting a (a) 1 µm and (b) 0.3 µm particle at the 
wind speed of 1 m/s (c) and of 3 m/s. 

4.3.3 Deposition 

Some representative deposition patterns for 20 µm diameter trichomes, H/D=20, packed 

at a density of 5 mm-2  are shown in Figure 28. There is no noticeable pattern in deposition 

formation on the leaf surface. On the other hand, most deposition occurring on the trichome is on 

the windward side.  Along the height of the hairs, a significant number of particles deposit on the 

between z = 12-14 (Figure 28a), which corresponds to Z/H = 0.6-0.7. The deposition pattern is 
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further elaborated on in Figure 29 by plotting the distribution histogram which shows maximum 

deposition between z/Hhair = 0.6 to 0.7 for the LH_d20_hd20_den5 case. However, as the 

trichome H/D increases from 20 to 30 and the density increases from 5 mm-2 to 15 mm-2 

(LH_d20_hd30_den15) in Figure 29b, the deposition is more uniform over the full length of the 

trichome. This higher accumulation region between z/Hhair = 0.6 to 0.7 for the 

LH_d20_hd20_den5 case could be directly correlated to the w-velocity field. Figure 29c shows 

that the w-velocity reaches a maximum negative value followed by a rapid change in sign in this 

region. Whereas the w-velocity is more uniform and of much smaller magnitude for the 

LH_d20_hd30_den15 case, resulting in more the uniform deposition.   

 

 
(a) 

 

 
 

(b) 
 

Figure 28 Location of deposition for LH_d20_hd20_den5. (a) shows the xyz view and (b) 
shows top view.  
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LH_d20_hd20_den5 

 
LH_d20_hd30_den15 

 

 

(a) (b) (c) 

Figure 29 Deposition distribution along the height of trichomes for (a) LH_d20_hd20_den5 
and (b) LH_d20_hd30_den15. (c) shows the in-line w-velocity profile at a distance of 5Dhair 
from the front of the trichome. 

All calculated deposition velocities based on Eqn. (53) are tabulated in Table 13 along 

with percentage removal by trichomes. Deposition velocity is lowest for 5 µm diameter 

trichomes, H/D=20, packed at 5 mm-2, whereas maximum deposition happens for 20 µm 

diameter trichomes, H/D = 20, packed at a density of 15 mm-2.  The trends are discussed in more 

detail in the following sections. 
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Table 13 Summary of deposition velocity for each case 

Case Name Dp
∗  

(µm) 
V�∗ 

(m/s) 
Vdep∗  

(cm/h) 
% deposition on 

Trichomes 

LH_d5_hd20_den5 

0.3 
 

1 

6.12 23% 

LH_d5_hd20_den15 9.14 46% 

LH_d5_hd30_den15 15.44 57% 

LH_d20_hd20_den5 16.43 66.4% 

LH_d20_hd20_den15 42.87 77.4% 

LH_d20_hd30_den5 17.79 80.8% 

LH_d20_hd30_den15 32.76 81.0% 

Plain 10.83 N/A 

LH_d20_hd20_den5_u3 3 19.53 63.9% 

LH_d20_hd20_den5_dp1um_u1 1 1 12.23 86.1% 

 

4.3.3.1 Effects of trichome morphology on PM0.3 deposition 

The different trichome characteristics on the deposition of 0.3 µm particles at the V�∗ = 1 

m/s are studied. Figure 30 plots the effect of H/D for thin sparse trichomes (d5 den = 5) and on 

thicker sparse and dense configurations (d20 den = 5 & d20 den = 15). For both H/D = 20 and 

30, the thin 5 µm diameter trichomes are the least effective whereas the thick 20 µm diameter 

trichomes are the most effective. There is about a 70% increase in deposition velocity when the 

height increases from H/D = 20 to 30 for the 5 µm dense trichomes (15 mm-2) which is 

approximately proportional to the increase in the frontal area. At the lower trichome density of 5 

mm-2, there is a slight increase for the sparse 20 µm trichomes probably because the flow field is 

not influenced by a change in height due to the already sparse distribution. However, for the 

dense 20 mm trichomes, increasing H/D lowers deposition rate. 
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Figure 30 The effect of H/D ratio on PM0.3 deposition 

Figure 31 plots the deposition velocity as a function of trichome density for different 

combinations of trichome diameter (5 and 20 µm) and H/D ratios. There is a uniform increase in 

deposition when the density increases from 5 to 15 mm-2 for all cases, similar to the findings of 

Moradi et al. [79]. As illustrated in Figure 31, the greatest improvement in particle removal when 

trichomes become denser is found for the thicker and shorter trichomes (LH_d20_hd20). As 

discussed earlier in Section 4.3.1.1, the near-surface u-velocity fields for the 20 µm trichomes 

decrease significantly at a higher density, whereas the flow fields for the LH_d5_hd20 cases are 

almost identical between densities of 5 mm-2 and 15 mm-2. 

 
Figure 31 The effect of trichome density on PM0.3 deposition 
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The deposition velocity on the leaf with 20 µm diameter trichomes ranges from 16.4 – 

43.9 cm/h, which is about 1.5 - 4 times higher than the smooth leaf (10.8 cm/h). Leonard et al. 

[82], also observed a similar trend where the presence of leaf hair promotes particle 

accumulation by three-fold compared to leaves with no hair. Similar findings were also observed 

by Little [83], Kardel et al.[71], Saebo et al.[63], and Speak et al. [66]. 

For the thinner trichomes, however, the deposition velocity ranges from 6.12 – 15.4 cm/h, 

with the H/D = 20 trichomes yielding lower deposition velocity than the smooth leaf. This could 

be related to the Dhair
∗ /Dp

∗  which will be discussed further in Section 4.3.3.2.  

In addition to the overall deposition velocity, the deposition on leaf surface versus 

trichomes is also analyzed individually. Charts, where the deposition velocity is decomposed, are 

given in Figure 32 for the 5 µm trichomes. At the trichome diameter of 5 µm, increasing 

trichome density by a factor of three from 5 mm-2 to 15 mm-2 increases the deposition on 

trichomes three-fold. A similar trend is also observed for the 20 µm diameter trichomes, where 

the removal by trichomes increases by 2-3 times. 

 
Figure 32 Deposition velocity on trichome and leaf surface for 5 µm trichomes 
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Figure 33 plots the breakdown of deposition between surface and trichome for the 20 µm 

trichomes. For the 20 µm trichomes, taller trichomes (H/D=30) show reduced surface deposition 

by 35-40%. Although the higher density elevates deposition on trichomes for the LH_d20_hd30 

by 30%, it reduces deposition on the leaf surface, resulting in only a slight increase in the overall 

deposition velocity.   

 
Figure 33 Deposition velocity on trichome and leaf surface for 20 µm trichomes 

4.3.3.2 Effects of velocity on PM0.3 deposition 

In general, deposition velocity is observed to increase from 16.43 to 19.53 cm/h as the 

mean velocity increases from 1 to 3 m/s in Figure 34. This positive relationship between wind 

speed was also observed by other researchers [67], [68], [84], [85] for the velocity in the range of 

1-10 m/s. The trend is also uniform for deposition on both trichomes and leaf surface, and this 

relationship is in agreement with the similarity in the velocity profiles shown earlier in Figure 24. 
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Figure 34 Deposition velocity for 0.3 µm particles at the wind speed of 1 and 3 m/s 

4.3.3.3 Effects of particle size on PM1.0 deposition 

At the mean velocity of 1 m/s, the deposition of PM0.3 and PM1.0 were studied. The 

deposition velocity was found to decrease by 20% from 16.43 to 12.23 cm/h in Figure 35 with 

the increase from PM0.3 to PM1.0. This relationship was observed by other researchers in the 3-

180 µm particle diameter range [70]. Ottelé et al. [69] reported particles smaller than 10 µm to 

deposit more frequently than particles of larger size, however, they found no significant change 

in the accumulation between particles diameters < 0.5 µm and those between 0.5-1.0 µm in sizes. 

Belot and Gauthier [86] also observed that the deposition velocity was relatively insensitive for 

particles in the range 0.3 – 1.20 µm, compared to other size ranges.  

To get a more comprehensive effect of particles size on the deposition, it might be 

necessary to consider other particle diameters. Nevertheless, the fact that drag forces increase in 

magnitude compared to Brownian forces and the reduction in Dhair
∗ /Dp

∗  from 66.7 to 20 could 

contribute to the decrease in the deposition. 
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Figure 35 Deposition velocity for (left) 0.3 and (right) 1 µm particles 

4.3.3.4 Correlations between deposition velocity and trichome and particle 

physical parameters 

Mentioned earlier in Section 4.1.1, while the majority of researchers found a favorable 

result when leaf hairs are present, some cases in this study yield a lower deposition velocity than 

the plain leaf. Moreover, a negative correlation was also observed by Perini et al. [73] for stellate 

trichomes at a high density of about 20-44 mm-2 for moderately hairy leaves and for dense hairs 

at approximately 400 mm-2 (sizes were estimated by the author). Although the trichome 

geometry is very different from the ideal conditions in this study, the reduction in deposition 

velocity is possible if the presence of the trichomes while blocking access to the leaf surface, do 

not themselves capture enough particles to make up for the decrease. This will depend on many 

geometrical parameters defining the system. 

In an attempt to consolidate the effect of different geometrical parameters, a  multivariate 

linear correlation analysis is performed using a statistical software JMP Pro to provide a more 

comprehensive relationship between leaf morphology, particle diameters, and deposition 
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velocity. The relevant statistics obtained from the software is given in Table 14. Udep
∗  on 

trichomes shows a positive correlation with Dhair
∗  but a negative correlation on the leaf surface. 

A similar, but a weaker correlation is found with the ratio of trichome height to trichome 

diameter �Hhair
∗

Dhair
∗ � on the trichome surface with stronger negative correlation on the leaf surface. 

As expected, the deposition velocity correlates negatively with Shair
∗

Dhair
∗  but shows a strong positive 

correlation with  Hhair
∗

Shair
∗ . Combining Shair

∗

Dhair
∗  and Hhair

∗

Dhair
∗   to form the group �Dhair

∗ �2

Hhair
∗ Shair

∗ , which is a 

representation of the trichome area to cross-sectional flow area yields the highest linear 

correlation of 0.90 for overall deposition velocity. However, since this factor doesn’t take into 

account the particle diameter, another ratio �Rhp = Dhair
∗

Dp∗
�Dhair

∗ �2

Hhair
∗ Shair

∗ = 1
DpHhairShair

� is proposed. 

This ratio is essentially a combination of the trichome surface area to flow cross-sectional area 

and the hair diameter to particle diameter ratio. This factor also yields a satisfactory linear 

correlation of 0.89. It should be noted, however, that this factor doesn’t take into account the 

wind speed. 

Table 14 Correlations analysis of different factors on Deposition velocity  

 Dhair
∗  

(µm) 
Hhair
∗

Dhair
∗  

Shair∗

Dhair
∗  

Hhair
∗

Shair∗  
(Dhair

∗ )2

Hhair
∗ Shair∗  

Dhair
∗ Hhair

∗

�Shair∗ �2
 (Hhair

∗ )2

Dhair
∗ Shair∗  

Dhair
∗

Dp
∗ �

(Dhair
∗ )2

Hhair
∗ Shair∗ � 

Udep (cm/h) 0.68 0.29 -0.54 0.82 0.90 0.87 0.68 0.89 

Udep on 
Trichomes 

(cm/h) 
0.78 0.45 -0.46 0.87 0.90 0.90 0.74 0.90 

Udep on Leaf 
(cm/h) -0.28 -0.66 -0.52 0.34 0.66 0.46 0.17 0.59 
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Deposition velocity for all the cases except the case at the wind speed of 3 m/s is plotted 

as a function of Rhp in Figure 36. This relationship predicts the deposition velocity well for Rhp 

up to 0.30, with some scatter from the linear trend. It should be noted also that more data points 

may yield a better description of the effects of trichome and particle characteristics beyond this 

range. For example, for short, thick trichomes that are tightly packed, Rhp will increase beyond 

the current range, but it is not clear if the removal of pollutants will also increase linearly.  

 
 

Figure 36 Deposition velocity as a function of the combination of leaf hair traits and particle 
sizes 

4.3.3.5 Comparison to deposition velocity reported by other researchers  

Although the relationships between the deposition velocity and different leaf traits as well 

as wind speed and particle size are in agreement with other studies as discussed earlier, the 

deposition velocities predicted in this study range from 0.002 to 0.012 cm/s, which are 
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significantly lower than most values reported by other researchers (see Table 15). Nevertheless, 

the values in this range are not unprecedented. Studying deposition on oak leaves at different 

flow velocities, Reinap and Wiman [87] obtained the deposition velocity of 0.02 – 0.05 cm/s for 

a wind speed of 2 m/s which is also at the low end when compared to other published data. 

Another reported deposition velocity that is relatively close to this study is 0.004 cm/s which was 

observed by Klepper and Craig [88] and Vaughan [89] in the investigation of the deposition of 

0.8 µm particles on bean leaves under low-speed flows (0.2 – 20 cm/s). Belot and Gautheir [86] 

also measured the deposition velocity ranging from 0.007 – 0.01 cm/s for Norway spruce 

canopies at the wind speed of 1 m/s. 

Additionally, it is widely known that the deposition of fine particles is highly influenced 

by atmospheric instability [90]–[93] and finer scale turbulent instabilities that could be caused by 

the size and shape of the leaves. According to Weerakkody et al. [94], small leaves (1.7 cm2) 

have almost 5 times greater deposition than large leaves (59.6 cm2) of the same shape. With 

larger perimeter to surface area ratio (small: large = 27:7), the edge effect could be more 

significant, resulting in increased turbulence intensity in the boundary layer and increased 

deposition via impaction. Moreover, palmately-lobed leaves were also observed in the same 

study [94] to be more efficient in removing PM1.0 due to their more complex morphology, which 

again produces high turbulence in the boundary layer. Elevated deposition on leaf edges and tips 

was also observed in the same study. Leaves with broader bases were also reported to flutter less 

and produce less drag than narrow leaves, thus increasing deposition probability [95]. Leonard et 

al. [82] have also found morphological factors such as leaf area, shape, and petiole length which 

affect leaf movement to significantly impact PM deposition on the leaf surface, and the observed 

mean accumulation across different species varies from < 1 mg/cm2 to 12 mg/cm2.  
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Table 15 Summary of published deposition velocities for different particle diameters, wind speeds on 
different leaf surfaces/species. * represents lab measurements, and ** represents field measurements. 

Authors (Year) Species or surface  
types 𝐃𝐃𝐩𝐩

∗  (μm) 𝐔𝐔∞
∗  

(m/s) 
𝐮𝐮𝛕𝛕∗  

(cm/s) 
𝐔𝐔𝐝𝐝𝐝𝐝𝐝𝐝∗  (cm/s) 

Bunzl et al. (1989)** [105] Picea abies (spruce) 
Various 

(134, 137 Cs and 
106 Ru) 

Various  0.55 

White and Turner (1970)** [106] 

Fraxinus excelsior 

0.1–20 2  

6.8 
Quercus petraea 3.2 

Betula pubescens 6.4 
Corylus avellana 20 

Peters and Eiden (1992) [107] Picea abies (spruce) 1 0.5  0.02 (Modeled) 

Beckett et al. (2000c)* [68] 

Populus nigra × Cupressocyparis 
leylandii 

0.8 0.7  0.02–0.12 Acer campestre 
Populus deltoides × trichocarpa 

As above and Sorbus intermedia 1.28 1, 3, 8 and 
10  0.03–28.05 

Freer-Smith et al. (2005)* [85] 

Quercus petraea 

0.8 3–9  

0.8–3.1 
Alnus glutinosa 0.1–0.8 

Fraxinus excelsior 0.2–0.7 
Acer pseudo platanus 0.04–0.3 

QUARG (1996)** [108] Grassland 0.01–12 –  0.02–10 

Gallagher et al. (1997)** [109] Pseudotsuga menchizii (Douglas 
fir) 0.01–10 Various  0.1–10 

Chamberlain (1967)* [110] Grass 

0.1 
  

0.03 1 
2 0.1 
5 0.8 

Klepper and Craig (1975)* [88] Bean leaves AMAD 0.8 0.0042  0.0035 

Vaughan (1976)* [89] 
Bean leaves 0.8 (Au colloid) 0.002 – 0.2  0.004 

Field 0.05 - 0.1  5.5 - 20 0.1 - 1.1 

Little (1977)* [83] 
Nettle 

2.75 2.5  
0.5 

Beech 0.04 
White Poplar 0.3 

Chamberlain (1953)** [111] Grass 16 
1.1 

 
0.5 

3.2 1.1 
9.2 2.1 

Clough (1975)** [84] Grass 

3-4  37 0.74 - 1.1 

0.5 
1 18 0.0125 
3 30 0.025 

4.5 80 0.04 
Belot and Gauthier (1975)* [86] Norway spruce 0.6 (Uranine) 1  0.007-0.01 

Little and Wiffen (1977)* [112] (Pb 
auto exhaust) 

 

Whole leaves Aggregated 
(recirculation  
0.1-0.25 µm) 2.5 

 
 
 

0.008-0.039 

Leaf discs 0.007 - 0.025 
Oak leaves < 1 0.003 – 0.006 

Reinap and Wiman (2009)* [87] Oak leaves AMAD 1.2 2  0.01 ± 0.002 

Present Modeled leaf surface 0.3 1 2.6 – 5.6 0.0017 – 0.0119 
3 6.2 0.0054 

1 1 3.5 0.0034 
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It is noted that in the present study no edge effects are included and only the region very 

close to the leaf surface (~1 mm) is investigated. Therefore, transport by atmospheric turbulence, 

and turbulence generated by flow separation at leading edges produced by the leaf macro-

morphology in the wind tunnel and field measurements, and other non-canonical hydrodynamic 

effects are not included. As a result, the deposition velocities presented in this study will be 

much lower than the measurements.  

Moreover, comparing to the field or wind tunnel measurements, the friction velocity in 

this study ranges between 2.6 to 6 cm/s which is lower than the friction velocities reported by 

other studies (see Table 15). It is observed by different researchers that there is a positive 

correlation between the friction velocity and deposition velocity [89], [92], [96]. Figure 37 and 

Figure 38 show comparisons between different experiments and models for predicting deposition 

velocities as a function of particle aerodynamic diameter for plant and smooth surfaces, 

respectively. The “plant” here refers to a synthetic tree in a wind tunnel. As shown in Figure 37, 

there is a wide range of deposition velocities on the plant surface even at the same particle 

diameter. However, due to less variety in surface characteristics of the smooth surface, there is 

less variation between measurements and predictions. The deposition velocity of 0.003 cm/s 

obtained for the smooth leaf in the present study for 0.3 µm aerosols at the friction velocity of 

0.0350 m/s, showing agreement with the models and measurements shown in Figure 38.  
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Figure 37 A comparison between deposition velocity measurements by Zhang et al. [97], 
Pryor et al. [98], Grönholm et al. [99], and Hofken and Gravenhorst [100] and predictions by 
Zhang et al. [75] and Giardina and Buffa [101] for plant covered surface (Source: Giardina 
and Buffa [101]). 

 
Figure 38 A comparison between deposition velocity measurements by Sehmel [102], Zhang 
and Li [103] and Clough [104] and predictions by Giardina and Buffa [101] for smooth 
surface (Source: Giardina and Buffa [101]).  

Additionally, since this is the first study that aims to parameterize leaf micro-

morphology, the leaf surface as well as trichomes are idealized and do not replicate the full 



 

 
 

82 

complexity of natural vegetation. As briefly discussed in Section 4.1.2, trichomes come in 

different arrangements and shapes. For example, the trichomes found on the upper surface of oak 

leaves (sp. Quercus canariensis) studied by Tschan and Denk [78] were identified as acicular, 

stellate, and capitate. Different types and density of trichomes were also observed on the lower 

surface for different species. Stellate and fasciculate trichomes were found to retain more dust 

[79]. Therefore, these factors could result in higher deposition velocity than the idealized 

trichomes modeled in this study. 

Regardless, the results produced by this study offer a better understanding of the 

contributions of trichome general traits in isolation from other leaf characteristics. Future work 

on this topic could introduce more realistic modeling where the leaf is modeled as a finite surface 

with other traits. More work on different traits as well as the macro-characteristics of leaf surface 

could also yield a more comprehensive description of different factors affecting particle 

deposition and aid planners in selecting vegetation to combat pollution.  

4.4 Conclusion and Future Work 

Street vegetation has received much attention from urban planners as a tool to mitigate 

urban pollution crisis due to its ability to remove pollution through the chemical and physical 

process through wet and dry deposition. While a dry deposition is the main focus of this study, 

aerosol accumulation on vegetation surface is affected by many factors such as atmospheric 

turbulence level, aerosol properties as well as the biophysical characteristics of plants [7]. 

Although the impact of aerosol size and leaf morphology has been studied by other researchers 

[63]–[67], the complexity of these factors results in a wide range of deposition velocity across 

different plant species and poses challenges in parameterization. Therefore, this study aims to 
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identify the effects of trichome traits (i.e. diameter, diameter to height ratio, and density), particle 

size, and wind speed on the deposition of fine PM on the leaf surface. 

To develop a fundamental understanding of this process, the leaf surface is modeled as an 

infinitely large plane with cylindrical trichomes of uniform diameter and equal spacing. One-way 

coupling was used to model fluid-particle interactions which are dominated by Brownian and 

drag forces, with the additional assumption that all particles that impinge on a surface will 

deposit. 

Trichomes that are 20 µm in diameter are observed to be more effective in capturing 0.3 

µm aerosols than the 5 µm diameter trichomes. Moreover, the deposition velocity on leaf hairs 

increases by 2-3 times as the trichome density rises from 5 to 15 mm-2 for both trichome 

diameters. Although taller trichomes do not show a clear impact on the overall deposition, more 

deposition on the leaf surface is observed for the 20 µm diameter trichomes. As the mean wind 

speed rises from 1 to 3 m/s, a positive relationship is also observed. At larger particle diameter 

(Dp
∗  = 1 µm), the deposition velocity was found to decrease by 20% from 16.43 to 12.23 cm/h. 

To obtain a more comprehensive relationship between these factors, statistical software 

was used to evaluate the linear correlation between different combinations of trichome 

characteristics. The ratio Rhp = Dhair
∗

Dp∗
�Dhair

∗ �2

Hhair
∗ Shair

∗  was found to best correlate with deposition 

velocity, yielding a satisfactory Pearson linear correlation strength of 0.89 for Rhp < 0.3 at the 

mean speed of 1 m/s. 

Although deposition velocity exhibits a wide range across different plant species, the 

deposition velocities predicted in this study are between 0.002 and 0.012 cm/s, which are at the 
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lower end of most values reported by other researchers in large scale field and wind tunnel 

experiments. This discrepancy could be a result of the idealized nature of the leaf modeled in this 

investigation which does not take into an account the leaf shape, size ,and edge effects, all of 

which are observed to increase particle deposition by other researchers. Nevertheless, the results 

produced here provide a clearer understanding of general trichome characteristics in isolation 

from other traits. 

Future work in parameterizing leaf characteristics should consider a larger range of Rhp 

at different wind speeds. Investigating a more complex trichome morphology, wax and groves on 

the leaf surface, as well as leaf shape and size, may also give a more quantitative understanding 

of how these factors affect particle deposition. Moreover, complementary experimental studies 

should also be considered to provide a more realistic understanding of aerosol removal by 

vegetation and better aid planners in selecting vegetation to combat the rising pollution crisis in 

urban areas.   
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APPENDIX A: W/H = 2 CANYON 

For the street canyon of W/H = 2, fewer studies were performed regardless of readily 

available data (see Table 1 and Table 2). Out of the five studies conducted between 2009-2017, 

RANS was employed in four studies [42]–[45]. 

A.1 Geometry and Boundary Conditions 

The computational domain used is similar that used in the W/H = 1 study, with the 

domain length extends longer (x × y × z  = 42H×8H×H/190). The cell distribution inside the 

canyon is the same as W/H = 1 except there are twice as many cells in the W/H = 2 canyon as 

the W/H = 1 canyon. The W/H = 2 grid consists 2,432,000 computational cells.  

Boundary conditions for W/H = 2 are almost identical to those used in the W/H = 1 

configuration, exception the location of the jets where each pair of point sources 0.73H and 

0.85H away from the walls of the building. 

A.2 Initialization and Simulation Criterion 

For the W/H = 2 canyon, the mean flow quantities are averaged after about three flow-

throughs, and the turbulence calculation was started in the next half flow-through and run for 

approximately one flow-through, since it is more expensive to run simulations for this 

configuration, i.e. one flow-through could take up to 9,000 CPU hours). Figure 39 plots transient 

concentration profiles compiled at 3 different locations close to each canyon wall, showing that 

the period of two flow-throughs is not yet sufficient for time-averaging and turbulent quantity 

calculations. Information on the number of flow-throughs and simulated time for both canyon 

ratios is tabulated in Table 16. 
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Figure 39 Normalized concentration as a function of non-dimensional time for W/H = 2 
canyon (42 non-dimensional time corresponds to one flow-through). 

 

Table 16 Summary of simulation time for W/H = 1 and W/H = 2 canyons. 

Canyon 
CPU hours 

for one flow-
through 

Time 
Flow 

establishment 
period 

Mean 
flow 

averaging 
period 

Mean 
turbulence 
averaging 

period 

W/H = 1 3,000 
Flow-throughs 10.0 5.0 4.0 

Simulated time, s 10.6 5.29 4.23 

W/H = 2 11,000 
Flow-through 0.5 1 2 

Simulated time, s 0.54 2.17 1.08 
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A.3 Results and Analysis 

The street canyon of W/H = 2 is in the wake interference flow regime. In this regime, the 

primary vortex extends longer and will eventually break into two co-rotative vortices as the W/H 

ratio becomes larger than 5, as outlined in Figure 10. Therefore, one primary circulation is 

expected in this study for the W/H = 2 street canyon also. 

A.3.1 Mean flow 

Figure 40 shows the contour of the mean streamwise velocity with stream tracers at the 

Z/H = 0 plane for W/H = 2. The velocities are non-dimensionalized by Uref
∗ . The typical features 

of the flow over a canyon in a skimming flow regime is also observed in this geometry. Inside 

the W/H = 2 canyon, there is one primary clockwise circulation with some counter-clockwise 

eddies in the bottom corners, as predicted. The corner vortex near the windward wall is larger in 

the W/H = 2 than in the W/H = 1. The primary vortex of the W/H = 2 canyon also extends wider, 

with its center located closer to the downstream building. These features are also expected of the 

flow in the wake interference flow regime at lower W/H ratios. 

 

 
Figure 40 Interpolated values at Z/H = 0 of mean dimensionless streamwise velocity contour 
with stream tracers of the W/H = 2 canyons (entire domain not shown)   



 

 
 

102 

As shown in Figure 41 where u- and v-velocity profiles are plotted at selected y and x 

locations, the maximum u-velocity inside the W/H = 2 canyon at x/H = 1 is larger, and its peak is 

closer to the ground than the W/H = 1 canyon. Thus, the W/H = 2 canyon potentially convects 

the pollution more efficiently. While the v-velocity profiles are similar in shape, the larger 

downward v-velocity near the leeward wall at y/H = 0.1 also shows that the left corner eddy 

extends taller and stronger than the one in the W/H = 1 canyon. 

 
Figure 41 u- and v-velocity profile inside the W/H = 2 canyons. u(y) is plotted at different x-
locations, and v(x) is plotted at different y-locations. 

These primary and corner vortices play significant roles in dispersing the pollution inside 

the canyon. As illustrated in Figure 42, the primary circulation carries the pollution clockwise 

towards the leeward wall. The counter-rotating corner eddy near the leeward side can either act 

as a pollutant trap if the pollutant gets entrained in the weak recirculation of the corner eddy, or 

on the other hand, a sufficiently strong corner eddy together with the primary eddy can facilitate 

the transport of pollutant upward and out of the canyon. Comparing the u-velocity distribution at 

x/H = 0.1 in Figure 13 and Figure 42,  between W/H = 1 and W/H = 2,  it is clear that the 

footprint of the corner eddy is much more favorable for pollutant dispersion when W/H = 2. This 
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effect can be seen in Figure 42, where the concentration of pollutant is much smaller in the W/H 

= 2 canyon.  

 
Figure 42 Contour at Z/H = 0 of (left) mean non-dimensional streamwise velocity with 3D 
velocity stream tracers; and (right) mean c+ for the street canyon ratios of W/H = 2. 

Similar to the W/H = 1 canyon, maximum Reynolds shear stress is observed near the 

tailing edge and the leading edge of the upstream and downstream buildings, respectively (see 

Figure 43). Inside the canyon, the turbulence Reynolds shear stress is highest in the lower right 

corner, where the main circulation region.  
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Figure 43 Contour of mean 𝐔𝐔𝐫𝐫𝐫𝐫𝐫𝐫, 𝐕𝐕𝐫𝐫𝐫𝐫𝐫𝐫, mean 𝐔𝐔′𝐕𝐕′ and turbulent kinetic energy 𝐤𝐤 inside the 
W/H = 2 canyon. 

A.3.2 Pollution Concentration 

The SF6 concentration profiles at Z/H = 0 are normalized according to the procedure 

discussed in Section 3.5. The contour taken at the mid-span plane (Z/H = 0) is shown previously 

in Figure 43. 

Figure 44 shows mean concentration profiles near the windward and leeward sides of the 

canyon, and the horizontal bars show the root-mean-squared fluctuations in concentration. 
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Overall, there is a relatively good agreement between the simulations and measurements on the 

leeward side. There is an overall underprediction near the windward wall. 

 

 
Figure 44 Profiles of computed normalized mass concentration of SF6, 𝐜𝐜+ at Z/H = 0 and X/H 
= 0.042 away from (right) the windward wall and (left) the leeward wall in comparison to the 
experimental data from CODASC in W/H = 2 canyon [17]. Horizontal lines indicate root-
mean-squared concentration fluctuations in the plot and the inset. 

In terms of pollution fluctuation, the concentration in the near ground region could rise as 

high as 4 times the mean values on the windward side and 2 times as high on the leeward side. 

This fluctuation is less than that observed in the W/H = 1 canyon.  

Nevertheless, the height at which the fluctuation reaches the maximum is at y = 0.06 and 

0.26 on the leeward and the windward sides, respectively. Note that the peak on the windward 

wall is above the average height of an American adult population (y < 0.1) [57]. This implies that 

the wider canyon could be better for pedestrian’s health than the W/H = 1 canyon. The shift in 

fluctuation peak could be a result of the larger u-velocity and larger primary circulation which 

allows pollution to be carried out of the canyon more effectively. 
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A.3.3 Model Performance 

Overall, there is a closer agreement between the predictions and measurements in the 

W/H = 2 canyon on the leeward wall, with all of the simulated concentration within a factor of 2 

of the measurement (Table 17). The geometric mean bias and variance indicated by MG and VG 

are also off the recommended range on the windward wall, and the pairwise coefficients also 

show a low linear correlation between the predicted and observed concentration profiles (R = -

0.68). Similar to the W/H = 1 canyon, the statistical measures show that the windward prediction 

performs worse than the leeward side.  

Table 17 Statistic measures for model performance evaluation 

W/H Wall FAC2 FB RNMSE MG VG R 
2 Windward 0.00 1.16 1.43 3.78 6.07 -0.68 
2 Leeward 1.00 -0.41 0.50 0.69 1.20 0.79 
Recommended by 

Hanna & Chang [59] ≳ 0.30 [-0.67, 0.67] ≲ 2.4 [0.7,1.3] ≲ 4 ≳ 0.8 

Aim 1 0 0 1 1 1 

  

A.3.3 Conclusion 

Similar to the W/H = 1 canyon, the solver performs better in prediction the pollution 

concentration near the leeward wall. The model may yield better predictions if the period for 

flow stabilization and averaging was longer. 
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APPENDIX B: PARTICLE FORCES 

The forces acting on a particle (per unit mass) included in Eqn. (24) are defined in this 

Appendix. The relative magnitude of these forces was evaluated, and only drag and Brownian 

forces were found to be important in Section 4.3.2. 

B.1 Lift Force 

Lift force arises from the gradient in the velocity field and is calculated using:  

�f⃗lift�i = CLw���⃗ jSij (56) 

, where w���⃗ = u�⃗ f − u�⃗ p, CL is the lift coefficient and Sij are the strain rates. The lift coefficient is 

defined as: 

CL =  
5.2
√Re

 
ρf∗

ρp∗
1

Dp

1
(SklSkl)1/4   (57) 

, where (SklSkl)1/2 is the magnitude of the strain rates. The strain rate is defined as 

Sij =
1
2
�
∂ufi
∂xj

+
∂ufj
∂xi

� (58) 

Since calculating strain rates at all particle location is very computational expensive, the 

cell centered values are used instead.   

B.2 Buoyancy Force 

In the case of steady flow (negligible continuous-phase acceleration), fluid stress is 

reduced to the buoyancy force, f⃗buoy, which is essentially the hydro-static pressure gradient 
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integrated over the particle volume acting in the direction opposite to gravity. The term includes 

the weight of the particle acting in the direction of gravity: 

f⃗buoy =
1
Fr
�1 −

ρf∗

ρp∗
� = g�⃗ �1 −

ρf∗

ρp∗
� (59) 

, where Fr is the Froude number (or the inverse of non-dimensionalized gravity) defined by: 

Fr =
1
g�⃗

=
(Uref

∗ )2 
g�⃗ ∗Lref∗  (60) 

For a heavy particle (ρf∗/ρp∗ → 0 ), the buoyancy force is typically weak comparing to the 

gravity. 

B.3 Added-mass Force 

This force arises when the particle acceleration is different from that of the continuous-

phase field (dw���⃗ /dt ≠ 0) and related to the displaced fluid mass as follows 

f⃗add =
1
2
ρf∗

ρp∗
dw���⃗
dt

 (61) 

B.4 History Force (Basset Force) 

The history force is the temporally unsteady portion of the drag force. For creeping flows, 

the history force can be calculated as done by Basset as follows: 

f⃗hist = −
18πνfρf

Dp
2ρp

�� K(t − τ)
dw���⃗
dτ

t

0
dτ� (62) 

, where K is the flow integration kernel which is formulated by Basset as 
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KBasset(t − τ) = �
4π(t − τ)

τd
 �
1/2

 (63) 

, where τd is the diffusive time scale [113] of the particle defined by 

τd =
Dp
2

νf
 (64) 

GENIDLEST approximates History force as proposed by Elghannay and Tafti [114] 

which is valid for dilute mixture: 

f⃗hist ≈ g(n)CB
w���⃗
√τD

 (65) 

, where CB is defined as 

CB =
−18ρf
ρp�4πτd

 (66) 

, and g(n) is the decay function for 10,000 < n < ∞ time steps which can be represented by  

g(n) ≈ g1(n) = 2n−0.5 (67) 

B.5 Pressure Force  

Pressure force is the force acting on a particle due to spatial gradients in pressure and 

viscous stresses. 

f⃗press =
ρf∗

ρp∗
du�⃗ f
dt

 (68) 
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APPENDIX C: LEAF HAIR CONFIGURATIONS 

Table 18 Summary of computational domain used for different cases 

       Name 

 Units 

LH_d5_hd2
0_den5 

LH_d5_hd2
0_den15 

LH_d5_hd3
0_den15 

LH_d20_hd
20_den5 

LH_d20_hd
20_den15 

LH_d20_hd
30_den5 

LH_d20_hd
30_den15 

Trichome diameter, Dhair
∗   µm 5 20 

Trichome height, Hhair
∗  µm 100 150 400 600 

Height to diameter ratio; 
Dimensionless height  
(Hhair = Hhair

∗ /Dhair
∗ ) 

- 20 30 20 30 

Trichome density #/mm2 5 15 15 5 15 5 15 
Spacing (Shair∗ ) µm 447 258 258 447 258 447 258 

Spacing to height ratio 
(Shair∗ /Dhair

∗ ) - 89.44 51.64 51.64 22.36 12.91 22.36 12.91 

Domain height (3Hhair) - 60 60 90 60 60 90 90 

Domain width (2Shair∗ /
Dhair
∗ ) - 178.89 103.28 103.28 44.72 25.82 44.72 25.82 

Frontal Area (y-z plane) - 10733.13 6196.77 9295.16 2683.28 1549.19 4024.92 2323.79 

Domain Volume - 1,920,000 640,000 960,000 120,000 40,000 180,000 60,000 
Particle density #/mm3 10,667 10,925 10,667 10,600 10,613 10,675 10,633 
Cell numbers - 747,000 607,104 

Minimum resolution Δx,Δy,Δz 0.05, 0.05, 0.1 0.05, 0.05, 0.15 
Maximum resolution Δx,Δy,Δz 5, 5, 3.75 2, 1.25, 3.75 
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