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1 Introduction

1.1 Motivation

With more and more people living in urban areas, urbanisation is expanding. The rise of
human activities is linked to problems such as the rising temperatures (Urban Heat Islands
(UHI), specially at night) and air pollution in cities, which eventually can lead to various
human diseases and premature deaths (Fouillet et al., 2006; Salmond et al., 2016). Since a
good urban wind environment can ameliorate air quality, mitigate heat island effects, improve
pedestrian wind comfort and reduce buildings energy consumption, this field of research is
currently receiving more and more attention (Hsieh and Huang, 2016; Blocken et al., 2012).

A widely considered econonomical and effective way to create a good urban wind environ-
ment is planting of trees (Salmond et al., 2016; Aflaki et al., 2017; Szkordilisz and Zöld, 2016),
as trees can affect the wind flow by reducing its speed and changing its direction (Szkordilisz
and Zöld, 2016). It is worth noting that the dynamic effects of trees on urban wind environ-
ment depends not only on environmental factors such as the surrounding built environment,
local climate and wind speed, but also on tree properties such as tree shape, height and foliage
density (Hefny Salim et al., 2015; Manickathan et al., 2018). In order to assess tree effect and
find suitable tree setups in urban areas, numerical simulations can be used.

However, for practical purposes and lack of information, the geometric features of trees are
usually ignored in numerical simulations of the wind flow in urban areas. To handle trees,
the porosity parametrization approach is widely used where finite volume cells that roughly
account for trees are marked as porous zones (Hefny Salim et al., 2015; Kang et al., 2020). In
these porous zones, the effect of trees is defined as a source and/or sink term in the momentum
equation and turbulence equations. It can be seen that this approach models trees implicitly,
which oversights resolving tree structures. However, the influence of tree canopy, trunk and
branches on flow structure cannot be ignored. Hong et al. (2018b) demonstrated that wind
slows down significantly at branches, and that the wind velocity distribution in tree canopy is
not uniform and depends heavily on the location of branches. Therefore, an explicit approach,
i.e., geometric modeling of the tree topology in numerical simulations, is worth studying. In
this context, the questions arise: to what extent can we represent the tree effect implicitly, and
can we live with that compromise? what is the percentage error comparing the implicit and
the explicit approaches?

1.2 Objectives

The goals of this thesis is to explicitly model diverse tree topology, and analyze the impact
of different tree shapes on the flow structure. The insights gathered will be used to evaluate
the performance of traditional drag approaches and explore the potential improvements in
implicit tree modelling using the explicit tree models as a reference.

2 Related work

In this section, the theory and literature related to flow simulations and tree modeling is dis-
cussed. First, a general background of urban wind flows is given. After that, the numerical
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Figure 1.1: Abstract representation of the research objectives

models and implicit tree modeling approach currently used to conduct flow simulations are
discussed. The development of 3D tree modeling is also presented, which is useful for this
thesis to find an explicit tree modeling approach suitable for urban wind flow simulations.

2.1 Urban wind flows

As an atmospheric phenomenon, winds occur in a range of spatial and temporal dimensions,
from a few tens of meters to thousands of kilometers, and from seconds to weeks (figure 2.1).
In general, they can be grouped into three different scale categories (Blocken, 2015):

1. Macroscale or synoptic scale: includes phenomena such as migrating cyclones that con-
trol daily weather changes, ranging from a few hundred to a few thousand kilometres.

2. Mesoscale: includes phenomena such as mountain waves, sea and land breezes, thun-
derstorms, which range from a dozen to several hundred kilometres and have a lifetime
of one day or less.

3. Microscale: includes phenomena such as building wakes and turbulence, which have
spatial scales of 2 km or less.

In the field of built environment, research is mainly focused on the meteorological microscale
and building scale. At these scales, in order to understand the transport and distribution of
fluids, such as wind or pollutants, three methods can be used: 1) field measurements 2) wind
tunnel measurements, and 3) numerical simulation methods, mainly Computational Fluid
Dynamics (CFD) (Blocken, 2015).

The fundamental consideration of CFD is how to deal with continuous fluids in a discrete
manner on a computer. One approach is to discretize the computational domain into finite
volumes (figure 2.2), and then apply suitable algorithms to solve the transport equations such
as mass, momentum, and energy equations for each finite volume. The general formulation
of the transport equations for compressible flow in differential form (Moukalled et al., 2016) is

∂

∂t
(rf) +r · (rvf) = r · (Gfrf) + Q

f (1)

where the four components, from left to right, are unsteady term, convection term, diffusion
term and source/sink term; r is the fluid density, f is the quantity of interest, v is velocity, G is
the diffusion coefficient and Q

f is the generation/destruction of f within the control volume
per unit volume.
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Figure 2.1: Spatial and temporal scales of atmospheric phenomena (Source: Blocken, 2015)

The computational mesh is one of the key aspects to accurate CFD predictions. A high qual-
ity computational mesh not only reduces discretization errors, but also promotes convergence
(Blocken, 2015; Tominaga et al., 2008). It is worth noting that complex meshes may lead to a
decrease in mesh quality and a significant increase in the number of mesh cells, resulting in
errors and long processing times. However, computational meshes are often complex due to
the presence of complicated 3D geometries, such as buildings and trees with detailed features.
Therefore, an acceptable degree of simplification of geometries in CFD simulations is recom-
mended (Tominaga et al., 2008). Such simplifications include using parameters in place of
geometry, for example, using porosity or roughness length, or adding additional terms in the
transport equations. In addition, reducing the Level of Detail (LoD) of geometric objects and
removing small geometric features are also common simplifications. Indeed, simplifications
may affect simulation results and introduce some uncertainty, so finding an acceptable level
of simplification and investigating the effect of LoDs on urban wind flow simulations will also
be goals of this work.

2.2 Current numerical simulations of tree e↵ects on wind

There has been a lot of interest in using CFD models to study tree effects. Current studies
have focused on the effects on air quality (Vos et al., 2013; Santiago et al., 2019; Balczó et al.,
2009; Moradpour et al., 2017), pedestrian wind comfort (Kang et al., 2020; Hong and Lin, 2015)
and thermal urban environment (Manickathan et al., 2018; Hong and Lin, 2015; Gromke et al.,
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Figure 2.2: Finite volume mesh for a 3D city model

2015). Although the above numerical simulation studies have demonstrated the importance
of trees, in these studies trees were usually reduced to circular or rectangular porous zones
(figure 2.3) rather than geometrically modeled as objects. That is, these studies have chosen
to implicitly model trees. This is mainly due to the fact that such implicit approach reduces
computational complexity and the generalized lack of data that can be used to explicitly model
trees.

Figure 2.3: A single conifer modeled as a blue rectangular block, which was set as a porous
zone (Source: Mohamed and Wood, 2015)

In this implicit tree modeling approach, tree drag is represented by adding a sink term (Sui) in
the momentum equation and source terms (Sk and S#) in the turbulence equations. Note that
these sink/sources are only considered in porous zones that represent trees.

Sui = � r Cd LAD Ui U
⇥ N

m3

⇤
(2)

Sk = r Cd LAD (bpU3 � bdUk)
⇥ W

m3

⇤
(3)

S# = r Cd LAD
#

k
(C#4bpU3 � C#5bdUk)

⇥ W
m3

⇤
(4)

where (2) is the sink term for the momentum equation, (3) is the source term for the turbulence
kinetic energy equation, and (4) is the source term for the turbulent dissipation rate equation;
r is the air density, Cd is the leaf drag coefficient, LAD is the leaf area density, Ui is the ve-
locity component in direction i, U is the wind speed magnitude, bp is the fraction of mean
kinetic energy converted into turbulent kinetic energy, bd is the dimensionless coefficient for
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the short-circuiting of turbulent cascade, C#4 and C#5 are model constants. Depending on the
studied cases, several values for bp, bd, C#4 and C#5 could be found in the literature (Hong
et al., 2018a; Hefny Salim et al., 2015; Santiago et al., 2019; Buccolieri et al., 2018; Liang et al.,
2006). Usually, bp is assumed equal to 1 and the values for bd, C#4 and C#5 range between
4–6.5, 0.9–2 and 0.9–1.8, respectively (Buccolieri et al., 2018).

Cd is known to depend on tree species. In the literature, the values for Cd vary between 0.1 and
0.3, with 0.2 being the most commonly used (Gromke et al., 2015). LAD, defined as the one-
side leaf surface area per unit volume (m2m�3) (5), also depends on tree species and varies
with height over the tree crown. The values used in CFD simulations range from 0.1 to 4,
with an average value in the literature about 1 (Buccolieri et al., 2018). For deciduous trees,
the effect of seasons can also lead to variation in LAD values. Lalic and Mihailovic (2004)
reported LAD values for deciduous trees ranging from 0.2 to 2.2, where 1.6, 2.0 and 2.2 are the
respective maximum values of LAD for the canopy of full grown oak, silver birch and maple
trees.

LAD =
Alea f

V
(5)

The Leaf Area Index (LAI), the ratio of the leaf area to the ground area (m2m�2), describes the
tree density and its relationship with LAD is defined as:

LAI =
Z h

z
LAD(z) dz (6)

where h is the height of the tree. LAI values of several types of trees are discussed in Parker
(2020). The mean values for LAI of broadleaf and conifer trees are 4.02(±2.44) and 5.18(±3.22),
respectively (Parker, 2020). For trees with known LAI, the LAD values can be obtained from
the generalised canopy density curves defined in the literature (Shaw and Schumann, 1992;
Von Der Grün et al., 2020). Figure 2.4 shows the LAD � LAI model defined by Von Der Grün
et al. (2020), where LAI = 2 represents a sparsely covered tree canopy in winter and LAI = 5
a very dense tree canopy in summer.

In addition, there have been studies that provide methods to acquire LAD and LAI values
from airborne LiDAR data (Oshio et al., 2015; Kamoske et al., 2019). These methods usually
voxelize LiDAR point clouds, and then estimate LAD and LAI values based on the inform-
ation of each voxel, e.g., number of returns. Yet the applicability of these methods in CFD
simulations remains to be investigated.

2.3 Automatic Reconstruction of Trees

With the development of 3D tree reconstruction methods, some studies have also attempted
to use real tree models instead of porous zones in CFD simulations. For example, Wang et al.
(2021) used a deciduous tree model with tree trunks and branches to simulate the dispersion
of pollutants in an street canyon. However, even though the model contained only one tree,
the mesh cells have reached more than two million. This means that a detailed tree model
like this is too demanding for a street or city scale application covering multiple buildings and
trees. For such larger scale applications, it is necessary to reduce LoDs of tree models.
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Figure 2.4: Profiles of LAD over the dimensionless tree height Ht for different LAI. (Source:
Von Der Grün et al., 2020)

There are existing standards or proposed standards for LoDs of 3D tree models. Liang et al.
(2016) introduced 5 LoDs for single tree reconstruction, as shown in figure 2.5. Based on
this, Ortega-Córdova (2018) further proposed 14 LoDs (figure 2.6) to meet the requirements of
different research cases and scales.

Figure 2.5: Levels of details of a single 3D tree model. (Source: Liang et al., 2016)

Making use of the proposed LoD specifications by Ortega-Córdova (2018), de Groot (2020)
offered an automatic reconstruction of trees in different LoDs, as shown in figure 2.7 and 2.8.
The LoD1 models obtained by this method are cylindrical or prismatic, which are similar in
shape to the tree models used to obtain porous zones in many current studies (figure 2.3). Tree
models in LoD2 or higher are mainly composed of a crown and a trunk, and they differ mainly
in the fineness of the crown. It is worth mentioning that de Groot (2020) also classified trees
into two groups, Coniferae and Angiospermae, and this information is stored as an attribute
in each tree model.

Other works have focused on providing highly detailed tree reconstruction methods (Du et al.,
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Figure 2.6: Levels of details of a single 3D tree model. (Source: Ortega-Córdova, 2018)

2019; Livny et al., 2011), which results in tree models that include not only trunks and crowns,
but also fine branches and leaves. However, such models are usually too complex to be ap-
plicable to CFD simulations. Moreover, as presented by Du et al. (2019), highly detailed tree
reconstruction models often require LiDAR point cloud data from mobile scanning or static
scanning, which are difficult to obtain, so they are therefore not applicable to most urban wind
environment studies. Hence, it can be safely concluded that these highly detailed tree models
are beyond the scope of this thesis.

Garcı́a-Sánchez et al. (2021) have demonstrated that different LoDs lead to diverse local nu-
merical wind predictions by comparing CFD simulations results with building models in dif-
ferent LoDs. However, to my knowledge, few studies have given extensive consideration to
the tree LoD impact on urban wind flow simulations, which will be one of the research focuses
of this thesis.
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Figure 2.7: Tree models with different LoDs by de Groot (2020).

Figure 2.8: LoD2 tree models by de Groot (2020).
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3 Research questions

The main research question for this thesis is:
what is the impact of tree topology modelling for urban flow simulations?

To answer this, the following sub-questions will be relevant:

• How to obtain implicit tree models and explicit tree models from point cloud?

• How to extract related parameters from point cloud?

• How to design ideal numerical test cases to better compare simulation results?

• What is the difference between simulation results using current implicit tree models and
explicit tree models?

• What is the tree LoD impact on urban wind flow simulations?

• Based on the comparison of implicit and explicit tree models, can we provide improve-
ments in traditional drag approaches?

3.1 Scope of research

This thesis focuses on design numerical test cases and comparisons between simulation res-
ults, and will not work on building completely new tree reconstruction algorithms. In order
to obtain tree models of different shapes and LoD from open point cloud data, this thesis will
find suitable tree reconstruction algorithms among the already existing ones to be used dir-
ectly or with minor changes to fit CFD applications. The algorithm introduced by de Groot
(2020) will be mainly applied and adapted, and if necessary, the algorithm provided by Zhu
et al. (2008) will also be considered.

4 Methodology

Methodology of this thesis can be divided into three main parts:

1. Numerical test case designs

2. 3D models preparation

3. CFD simulations and results analysis

Figure 4.1 displays a general workflow of this thesis. First, a series of ideal numerical test cases
with trees of different shapes and LoDs and with different surrounding building arrangements
will be designed. These designs will be applied in both implicit and explicit approach. Based
on these designs, 3D building models need to be prepared and tree models in different LoDs
will be reconstructed using open 3D point cloud data. Also, parameters useful for the implicit
approach, such as tree height and LAD, will be extracted from the point cloud data. Then, the
reconstructed tree models will be used to obtain implicit and explicit CFD models that have
as similar mesh design as possible. Finally, the simulation results of the two approaches un-
der different case designs will be compared in terms of velocity magnitude, turbulent kinetic
energy, and pedestrian wind comfort. The insights gathered will be used to evaluate the per-
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formance of traditional drag approaches and explore the potential improvements in implicit
tree modelling using the explicit tree models as a reference.

Figure 4.1: Methodology

4.1 Numerical test case designs

The purpose of this step is to design suitable test cases in order to cover the different geomet-
rical complexity of urban areas and better analyze impact of tree topology modelling for urban
flow simulations. Illuminating cases settings can be found in some literature (Hefny Salim
et al., 2015; Vos et al., 2013). Hefny Salim et al. (2015) considered three morphologies: an ideal-
ized street canyon, a simplified urban geometry (array of buildings), and a realistic urban
geometry. In this way, tree effects in CFD applications at different scales can be more fully
understood. Whereas Vos et al. (2013) only considered the street canyon scale, and 19 different
green streets designed by urban planners were considered in the case studies (figure 4.2). All
19 designs were believed by the designers to improve air quality and were actually implemen-
ted in real projects. Yet, only in one design (case 4) was a significant air quality improvement
observed.

Considering the research objectives of this thesis, I tentatively believe that two scales of test
cases are necessary: the street canyon and a realistic urban geometry. The main components
of each test case are building and tree models, where tree models are reconstructed in LoD1,
2 and 3. For tree types, at least Coniferous and Broadleaf trees will be considered. Since
most of the deciduous trees are broadleaf and only very few coniferous trees are deciduous
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Figure 4.2: Green street designs for the case studies in Vos et al. (2013)

(Wikipedia, 2021), the effect of seasons will only be considered in broadleaf trees.

The street canyon scale test cases were used primarily to analyze the local changes in wind
flow due to the effects of tree topography modeling, such as changes in the rotating vortex
within the canyon and the airflow above the tops of buildings. The insights obtained can be
used to analyze the further effects of tree topography on pollutant dispersion and heat ex-
change. On the other hand, the test cases using a realistic urban geometry are mainly used to
simulate more complex tree effects on the airflow. Complicated street and tree configurations
and variations in building shapes result in more complicated flow fields, which allow the ef-
fects of tree topology modeling to potentially no longer be confined to local areas. The insights
obtained may be important for larger-scale studies of urban wind environments.

4.1.1 Street canyon

For the street canyon scale, at least two street configurations will be considered: 1) street
length L = 180m, building height H = 18m, with an aspect ratio (street width W to H) of
1; 2) the same values for L and H but with an aspect ratio of 2. Based on these two street
configurations, the variables of the tree configurations will include the types and LoDs of trees
(i.e., with different shapes and parameters) and the number of trees (one or two rows). Also,
both treatments of trees effects, i.e. the implicit approach and explicit approach, are taken into
account. The settings of simulation cases that have been designed so far are summarized in
table 1. Note that only test cases using the implicit approach are listed in this table. Test cases
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Table 1: Test cases using the implicit approach for the street canyon
ID Treatment of trees effect Street configuration Tree configurations Season
1

Implicit approach

Aspect ratio W/H = 1

One row trees, LoD1, Coniferous trees

Summer

2 One row trees, LoD2, Coniferous trees
3 One row trees, LoD3, Coniferous trees
4 One row trees, LoD1, Broadleaf trees
5 One row trees, LoD2, Broadleaf trees
6 One row trees, LoD3, Broadleaf trees
7 One row trees, LoD1, Broadleaf trees

Winter8 One row trees, LoD2, Broadleaf trees
9 One row trees, LoD3, Broadleaf trees
10

Aspect ratio W/H = 2

Two row trees, LoD1, Coniferous trees

Summer

11 Two row trees, LoD2, Coniferous trees
12 Two row trees, LoD3, Coniferous trees
13 Two row trees, LoD1, Broadleaf trees
14 Two row trees, LoD2, Broadleaf trees
15 Two row trees, LoD3, Broadleaf trees
16 Two row trees, LoD1, Broadleaf trees

Winter17 Two row trees, LoD2, Broadleaf trees
18 Two row trees, LoD3, Broadleaf trees

using the implicit approach will use the same street, tree, and season configuration, so there
are 36 test case designs in total. I will continue to analyze the need for these current designs,
and if possible, will reduce the total case number to less than 20.

4.1.2 Realistic urban geometry

For the realistic urban geometry, I plan to use a LOD1.3 city model of a part of the Delft Uni-
versity of Technology campus (figure 4.3) that can be obtained through the 3D BAG database
(Dukai et al., 2021). Trees in the domain will be classified as either coniferous or broadleaf.
The differences between the test cases are mainly in the seasons, the LoDs of tree models and
the treatments of tree effects, as shown in table 2.

Figure 4.3: LoD1.3 model shown in the 3D BAG database; The red line represents the expected
research area

4.2 3D models preparation

This step focuses on the preparation of building and tree models for each numerical test case.
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Table 2: Test cases for the realistic urban geometry
ID Treatment of trees effect Tree configurations Season
1

Implicit approach

LoD1
Summer2 LoD2

3 LoD3
4 LoD1

Winter5 LoD2
6 LoD3
7

Explicit approach

LoD1
Summer8 LoD2

9 LoD3
10 LoD1

Winter11 LoD2
12 LoD3

4.2.1 Street canyon

In each street canyon considered in these test cases, two building models of 180m in length,
20m in width and 18m in height, and perpendicular to the approaching wind direction, were
required. The building models can be created with Blender, a free and open source 3D creation
suite. Figure 4.4 shows an example of a street canyon with an aspect ratio of 2 that I have
created with Blender.

Figure 4.4: Examples of a street canyon with an aspect ratio of 2

Tree models, as mentioned earlier, will include at least two types: Coniferous and Broadleaf
trees. In this group of test cases, a coniferous tree scale model and a broadleaf tree scale
model, both with relatively standard shapes, will be used. These two tree models can be
obtained by point cloud segmentation, classification, reconstruction. Figure 4.5 shows the two
LoD2 tree models that I have obtained using the AHN3 point cloud dataset and the automatic
reconstruction algorithm adapted from de Groot (2020), which are classified as a broadleaf
and a coniferous tree, respectively.

Values of the drag coefficient Cd for these two tree models will be defined as a constant, which
is consistent with most of the literature. For LAD, two values are needed for the broadleaf
tree model, for the dense foliage in summer and the sparse foliage in winter. The conifer tree
model, on the other hand, requires only one LAD value. I will refer to the work of (Buccolieri
et al., 2018; Lalic and Mihailovic, 2004; Parker, 2020; Von Der Grün et al., 2020) mentioned in
section 2.2 to find the appropriate LAD values for these two tree models.
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Moreover, I will continue to search for available open tree point cloud data in order to get
more tree models for coniferous and broadleaf trees respectively. For example, for broadleaf
trees, i.e. deciduous trees, I expect to obtain one tree model each for oak, maple, and birch,
ideally with significant differences in shape and height. This allows me to study the effect of
tree topology on wind in a more detailed way.

Figure 4.5: Examples of a LoD2 broadleaf tree (left) and a LoD2 coniferous tree (right)

Figure 4.6: TUDelft campus model with LoD2 tree models

4.2.2 Realistic urban geometry

The building models for this group of test cases are consistent, i.e. the LoD1.3 building models
from the 3D BAG database (Dukai et al., 2021).

The LoD1, 2 and 3 tree models will be obtained using the AHN3 point cloud dataset and
the reconstruction algorithm adapted from (de Groot, 2020). Each tree is classified as either a
conifer or a broadleaf tree. Figure 4.6 shows an example of the TUDdelft campus model with
LoD2 tree models that I have created.

Similar to the street canyon test cases, values of the drag coefficient Cd for these tree models
will be defined as a constant. For estimating each tree’s LAD value, I will first try to use the
open-source LAD acquisition methods from point clouds, mentioned in section 2.2. Ideally,
the LAD values would be used as a tabular data for CFD simulations. A simpler approach
is to pre-define constant LAD values based on the literature, similar to what was done in the
street canyon test cases.
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4.3 CFD simulations and results analysis

To perform the CFD simulations, OpenFOAM, an open-source computational fluid dynamics
software, is used. The flow is considered incompressible, steady and temperature stratification
is neutral.

4.3.1 Governing equations

The Reynolds-averaged Navier-Stokes (RANS) approach is used for CFD simulations. The
mass (7) and momentum conservation equations that govern the flow are the following:

∂uj

∂xj
= 0 (7)

uj
∂ui
∂xj

= � 1
r

∂p
∂xi

+ v
∂2uj

∂xj∂xj
�

∂u0
iu

0
j

∂xj
+ Fi (8)

where ui denotes time-averaged velocity components, r is the density, p is the pressure, v
is the kinematic viscosity and Fi is the source or sink term. Fi is only considered in porous
zones that represents trees and is equal to Equation 2. In other cases, it is zero. The term
u0

iu
0
j represents the Reynolds stress tensor, which is unknown and needs to be closed with a

turbulence model. For our case, we used the two equations k � e turbulence model since it is
widely used in outdoor wind simulations, and it is rather simple (Garcı́a-Sánchez et al., 2021;
Blocken, 2015). In this model, u0

iu
0
j is computed based on the linear eddy viscosity hypothesis:

u0
iu

0
j =

2
3

kdij � 2µtSij (9)

where k is the turbulence kinetic energy, Sij the time-averaged shear stress tensor, and µt is the
coefficient termed turbulence viscosity. µt is computed using following equation:

µt = Cµ
k2

e
(10)

where Cµ is a model constant equal to 0.09. The equations for the two turbulence variables,
namely the turbulence kinetic energy k and the turbulence dissipation rate e are as follows:

uj
∂k
∂xj

=
∂

∂xj
[(µ +

µt

sk
)

∂k
∂xj

] + Pk � e (11)

uj
∂e

∂xj
=

∂

∂xj
[(µ +

µt

se
)

∂e

∂xj
] + Ce1

e

k
Pk � Ce2

e2

k
(12)

where Pk is the turbulent production term and sk, se, Ce1 and Ce2 are model constants, with
values of 1.0, 1.3, 1.44, and 1.92, respectively.
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4.3.2 Computational domain and mesh

For all numerical test cases, the computational domain should be chosen large enough to avoid
too strong artificial acceleration of the flow due to too strong contraction of the flow by the
side and top boundaries of the computational domain (Blocken, 2015). Conform to the best
practice guidelines prescribed by Franke et al. (2011); Blocken (2015), the inlet, lateral and top
boundary are set at least 5Hmax away from the group of building and tree models, where 5Hmax
is the height of the tallest geometry. A distance of at least 15Hmax should be kept downstream
of the group of building and tree models to allow for adequate wake development.

For generating the computational mesh, i.e., to discretize the space where the airflow is mod-
elled, the automatic parallel mesh generator snappyHexMesh is used. An example of the com-
putational mesh design for a single tree model is shown in figure 4.7. It can be seen that the
cell density increases closer to the ground and to the tree. Note that in order to ensure the com-
parability of CFD predictions, the test cases to be compared should use computational mesh
designs that are as similar as possible. Figure 4.8 shows the computational meshes I designed
for a test case using the implicit approach for tree modelling and a test case using the explicit
approach, respectively. It can be found that the two meshes are overall consistent, except that
the explicit approach test case has no cells within the tree model, while in the test case using
the implicit approach, these cells are still present, marked as porous zones.

Figure 4.7: Planning overview

4.3.3 Boundary conditions

For each test case, the same meteorological conditions will be used: the inlet wind speed is
4.97 m/s at 10 m above the ground. The inflow boundary condition will be modelled as
a fully-developed neutral boundary condition with the following equations for the velocity,
turbulence kinetic energy, and dissipation:

U =
u⇤
k

ln
z + z0

z0
(13)
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Figure 4.8: the computational mesh designs (Horizontal cross-section) for a test case using the
explicit approach for tree modelling (left) and a test case using the implicit approach (right).

k =
u2
⇤p
Cµ

(14)

e =
u3
⇤

k(z + z0)
(15)

where u⇤ denotes the friction velocity, z0 is the aerodynamic roughness length and k is the von
Karman constant with a value of 0.41.

To run the simulation, the simpleFoam solver will be used, with blended second order dis-
cretization schemes. Figure 4.9 shows the preliminary simulation results for the two cases
mentioned in section 4.3.2.

5 Time planning

Figure 5.1 gives an overview of the schedule set up for activities that are needed to achieve the
research objectives. The exact dates for P3, P4 and P5 will be determined during the year.
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Figure 4.9: The CFD predictions (Horizontal cross-section) for a test case using the explicit
approach (up) and a test case using the implicit approach (down).

Figure 5.1: Planning overview
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6 Tools and datasets used

Open point cloud datasets such as the Actueel Hoogtebestand Nederland (AHN3) dataset avail-
able at PDOK will be used to obtain tree models. To obtain the LoD1.3 city model of a part
of the TUDelft campus, the 3D BAG database (Dukai et al., 2021) will be used. Also, the tree
reconstruction algorithms introduced by de Groot (2020) is mainly applied and adapted in this
thsis, and if necessary, the algorithm provided by (Zhu et al., 2008) will also be considered.

Table 3 lists the software, programming languages and other tools used or planned for use in
this thesis.

Table 3: Tools used or planned for use
Software Purpose

OpenFoam Perform CFD simulations
Paraview Post-processing & visualization
Meshlab Visualisation
Blender Create and Edit STL files
FME Spatial data processing
Programming Languages Purpose

C++ OpenFOAM implementations
Python 3D models preparation
Others Purpose

PyVista Automatic CFD post-processing with Python
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