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Abstract. In this study, computational fluid dynamics has been applied to analyze the
performance of both structured and unstructured meshes when used in steady-state simulations
of wind in an urban area. This case specifically examines the wind environment around a single
high-rise building with the geometry of 1: 1: 2 (length, width, height) within the atmospheric
boundary layer.The Reynolds-averaged Navier-Stokes simulations were conducted using
OpenFOAM, with grids generated with blockMesh, snappyHexMesh, and Pointwise. A set of
coarse meshes and a set of fine meshes were used for comparison.Minor differences in the flow
pattern were observed depending on the mesh type used, including the reattachment lengths, the
drag coefficients, the velocity profiles, and the positioning of the vortex leeward of the high-rise
building. However, the main flow features were the same, indicating that for simulations where
overall flow features are of importance there is high flexibility in choice of meshing technique.

1. Introduction

In the recent decade, Computational fluid dynamics (CFD) has been increasingly applied to solve
wind engineering problems, such as pedestrian wind discomfort and wind loads on buildings
and bridges. In validation exercises of a single building, a structured mesh is often used.
However, performing simulations on complex geometries, such as urban areas, requires complex
meshes. Due to the indispensably high irregularity of these meshes, they can be time-consuming,
complicated, and sometimes impossible, to create using a structured type of mesh. Alternatively,
an unstructured mesh can be made. Their notable features include flexibility and adaptation
capability|[1].

As the usage of unstructured meshes is necessary for some applications, it is essential to know
their performance in flow simulations and their associated accuracy. For some applications, a
relatively coarse and unstructured mesh is sufficient and the most effective usage of computational
power and time. There are cases where only the main flow structure is of interest, and when
there is high uncertainty associated with other parameters of the simulation. For example, when
simulating wind through an actual urban area to study pedestrian wind comfort.

In this study, CFD has been applied to analyze the performance of both structured and
unstructured meshes when used in steady-state simulations of wind in an urban area. This case
specifically examines the wind environment around a single high-rise building with the geometry

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOIL.
Published under licence by IOP Publishing Ltd 1



COTech IOP Publishing
IOP Conf. Series: Materials Science and Engineering 700 (2019) 012001 doi:10.1088/1757-899X/700/1/012001

of 1:1: 2 (length, width, height) within the atmospheric boundary layer (ABL). For the sake of
detailed examinations, the flow past a simple shape, such as a high-rise building, seems to be
more practical than in an actual urban environment.

Wind tunnel experiments on the high-rise building have been conducted by Meng and Hibi|2],
with numerous other sources examining wind simulation studies of identical geometry. Examples
include: Yoshie et al.|3|, Tominaga et al.[4], Shao et al.|5], Gousseau et al.[6], Dadioti and Rees|7],
and Liu and Niu|8]. The papers listed mostly focus on comparing various turbulence models and
or transient simulations.

While unstructured meshes are necessary for some applications, the majority of existing
research on the high-rise building benchmark case utilizing structured meshes. Therefore, this
study will evaluate the performance of various mesh types, both structured and unstructed, in
urban wind simulations to improve the understanding of the mesh type dependency.

The paper will evaluate mesh performance by first defining the computational domain.
Second, the differences in grids used are illustrated by presenting coarse meshes. Then, the
numerical setup is described in detail. In the last part of the methodology section, all the
simulation cases are listed subsequently. The results are then presented and discussed, starting
with the differences in reattachment lengths and drag coefficient, then moving towards other
general flow features such as the flow structure and velocity profiles.

2. Methodology

This section describes the computational methodology. As the accuracy and reliability of CFD
simulations can easily be compromised, best practice guidelines (BPG) have been developed for
properly conducting CFD analysis of the wind environment in urban areas. These guidelines are
based on cross-comparison between CFD simulations, wind tunnel experiments, as well as fields
measurements on several cases. The BPG provided by Franke et al.|9] and Tominaga et al.[10]
were carefully followed to set up the simulations.

2.1. Computational domain
The computational domain size is identical for all the simulations conducted. The dimensions
are 21.5b x 13.75b x 11.25b in the x (length), y (width) and z (height) directions correspondingly
and an overview is illustrated in Figure 1. b is the width and length of the building which height
is 2b. In the experiments, b was 0.08 m[2], and the same scale was used in the simulations.
Both the width and the height of the domain replicate the geometry of the wind tunnel setup,
as recommended by the BPG. Also, the resulting blockage ratio is approximately 1.3 %, which
is well within the suggested maximum value of 3% recommended by the BPG, as proposed by
Beatke et al.[11].

11.25b

%

Figure 1 Overview of the computational domain.

21.5b
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The length upstream of the building is 5b, which is consistent with previous numerical studies
such as [3, 4, 5, 7, 8]. Except for Tominaga et al.[4], all the other studies listed above were
performed using a length downstream of the building of 21b. Tominaga et al. used 21.5b, which
is used in this study.

2.2. Computational grids
The main parameter reviwed in this study is the mesh type and its performance when used in
wind simulations in urban areas. The grids used in this study were generated with either a
built-in mesh generator in OpenFOAM, blockMesh or snappyHexMesh, or the commercial mesh
generation software Pointwise[12]. The different meshing utilities are described below.
blockMesh is suitable for highly simple geometries, such as the case at hand. It works
by dividing the computational domain into multiple hexahedral blocks. These blocks can be
stretched and bent to ensure proper cell density near walls and in specific areas where high flow
gradients are emerging. All the meshes generated with blockMesh are structured.
snappyHexMesh is a hex-dominant, unstructured mesh generator suitable for more complex
geometries. It required an already existing base mesh, generated in this case by blockMesh, and
an object file holding information of the triangulated surface geometries. snappyHexMesh snaps
the mesh to the surface of the object file and iteratively refines the mesh close to the surfaces of
choice.

Pointwise is an advanced and highly flexible commercial mesh generation tool with the
ability to create a variety of mesh types, both structured and unstructured, as well as hybrid
types. For this study, Pointwise was used to generate both structured meshes entirely consisting
of hexagons, and unstructured meshes constructed of prisms.

Figure 2 and Figure 3 illustrate the main differences in the mesh types used. Only examples
of the coarse grids are illustrated.

(b) snappyHexMesh.

T
7117

(¢c) Pointwise, structured. (d) Pointwise, unstructured.

Figure 2. Top view of the grid types showing the grid on the ground and the roof of the building.
Inset shows a close-up near the building.
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(b) snappyHexMesh.

(¢) Pointwise, structured. (d) Pointwise, unstructured.

Figure 3. Front view of the grid types at z = 0.

The configurations of t he fine grid versions ar e similar, but with more cells and smaller cell
widths for the cells in contact with the building or the ground. For the meshes generated
with blockMesh, an even higher stretching has been applied. For the meshes generated with
snappyHexMesh, proper cell width is obtained by adding more refinement levels near the building
and ground. The computational cases with different meshes are summarized in Table 1. For some
of the mesh types have a few different versions within the type been used in the simulations for
comparison.

2.8. Numerical setup and other parameters

The turbulent wind flow p attern a round t he h igh-rise b uilding w as o btained b y s olving the
incompressible, three-dimensional steady Reynolds-averaged Navier-Stokes (RANS) equations
with the finite volume m ethod. T he R eynolds number based on H ( building h eight) and Uy
(inflow velocity at 2 = H ) was 2.4 x 1 0% T he pressure-velocity c oupling w as h andled by the
SIMPLE algorithm, and second-order discretization schemes were used for the convection terms
of the governing equations. The convergence criteria for the scaled residuals were set to drop by
four orders of magnitude for U, k, and € and three orders of magnitude for p. The simulations
were conducted using the OpenFOAM toolbox, which is an open-source CFD software package.

The vertical distributions of the quantities at the inflow b oundary w ere s et o n t he basis
of the wind tunnel experiment|2| to assure similar conditions. As the vertical profile o f the
streamwise velocity approximately obeyed a power law, the velocity at the inlet was set to be
U = Ug(z/21)%?", where Uy is the wind speed at reference height zz. zpy was set to be the
height of the building, 2b = 0.16m, with an U of 4.5ms™! following the measurements. The
profiles o f b oth t he t urbulent k inetic e nergy, k , and t he d issipation r ate, € , w ere interpolated
from the experimental data.

The outlet of the domain was set to zero static pressure with zero gradient for the remaining
variables. For the lateral and top boundaries, the slip condition was used for all the variables.
No-slip conditions were applied to the building and the ground. The roughness length zg on the
ground was set to 1.8 x 1074, in accordance with Yoshie et al.[3].
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Two near-wall treatment methods were used. For the simulation cases using the fine meshes
("the fine simulations"), no wall functions were applied. Wall functions were implemented for
the cases using a coarse mesh ("the coarse simulations"). A logarithmic law for smooth walls
was used on the building, and a logarithmic law, including a roughness parameter was applied
for the ground.

Turbulent closure was provided by three different turbulence models for incompressible flows.
For the "coarse simulation", both the standard k-e model (SKE)[13] and the realizable k-e model
(RKE)[14] were used. The RKE was chosen as a reference since it is recommended by Blocken et
al.[15] in the application of pedestrian wind environment simulations. In the "fine simulations",
the cells close to the walls are presumably mostly within the viscous sublayer, and a low-Reynolds
number model is more appropriate. The Lien and Leschziner low-Reynolds number k-¢ model
(LLKE)[16] was chosen.

2.4. Simulation cases
The setup for all the simulations was identical except for three changes:

e Grid type — coarse/fine, structured/unstructured, and generated with different meshing
utility.

e Wall functions - the coarse simulations used wall functions as opposed to the fine simulations
that did not.

e Turbulence models - the coarse simulations used either the SKE or the RKE while the fine
simulations used the LLKE.

In Table 1, the “Case name” column the “C” stands for coarse mesh while the “F” indicates
that a finemeshhasb eenu sed. T he first two le tters in th e “M esh” co lumn re presents the
meshing utility used for creating the final m esh, with “ BM” s tanding f or b lockMesh, * SH” for
snappyHexMesh and “PW” for Pointwise.

Table 1. List of simulation cases.

Case Mesh  Cells  Turbulence y* (average)

name model building ground
C1 BMC1 104 k SKE 152 99.3
C2 —"— —"— RKE 152 98.5
C3 BMC2 —" — SKE 29.5 38.0
C4 —"— —"— RKE 29.1 37.5
Ch SHC1 191k SKE 30.0 117
C6 —"— —"— RKE 29.7 117
c7 SHC2 519k SKE 29.9 58.7
C8 —"— —"— RKE 29.6 58.5
C9 PWC1 674k SKE 117 61.5
C10 —"— —"— RKE 114 61.4
C11 PWC2 3.66 M SKE 13.7 50.1
C12 —"— —"— RKE 13.8 56.9
F1 BMF1 206 M LLKE 7.43 2.83
F2 SHF1 167M —"—— 293 4.10
F3 SHF2 272M —"— 214 2.62
F4 PWF1 359M —"— 3.65 0.97

F5 PWF2 868M —"—— 222 1.20
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The mesh BMC1 has no stretching of the cells whatsoever, but BMC2 has, which is the mesh
presented in Figure 2a and Figure 3a. SHC2/SHF2 has one more refinement level to the ground
compared to SHC1/SHF1, which is presented in Figure 2b and Figure 3b. PWC1/PWF1 are
structured meshes, while PWC2/PWF2 are unstructured. PWC2 is here categorized as coarse,
even though the number of cells is high. It was decided to include C11 and C12, although the
average y T values at the building are far lower than recommended for the turbulent models used.

3. Results and Conclusion

3.1. Reattachment lengths and drag coefficients

Table 2 gives the reattachment lengths and the drag coefficients for all the simulated cases, a few
results from the literature, and the experimental data. Xpg is the distance from the roof edge
facing the wind where flow separation occurs to the point where the flow reattaches to the roof.
X is the length leeward of the building where the flow reattaches to the ground.

Flow reattachment on the roof was obtained for four cases: C11, C12, F3, and F5. For the
coarse simulations, it was achieved only when a mesh consisting of far more cells than the other
coarse meshes was used. The two cases that obtained flow reattachment on the roof for the fine
meshes were also the two cases with the lowest average y™ values at the building. In general,
a large number of grid cells are needed to fully resolve the roof vortex, which is not achieved
for the coarse meshes. Xp was 9 to 12 % longer for all the coarse simulations when using the
turbulence model RKE instead of SKE. When using SKE X was in the range 2.74b to 2.87b
when excluding C11. The range for RKE was 2.99b to 3.12b, excluding C12. For LLKE and the
fine simulations, t he range was considerably larger, 2.23b to 3.42b.

The drag coefficients, Cp, for the coarse simulations are somewhat lower than for the fine
simulations, 0.809 to 1.076 compared to 1.071 to 1.347. When excluding the results from F5,
the variance within the fine simulations is much less compared t o t he coarse s imulations. This
is expected since these meshes are closer to mesh-independent results.

Table 2. Reattachmenth lengths and drag coeflicients.

Case Xp/b Xpg/b Cp ‘ Case Xp/b Xg/b Cp
C1 2.84 - 0.994 | F1 3.42 - 1.071
C2 3.12 - 0.855 | F2 2.65 - 1.081
C3 2.74 - 1.030 | F3 2.53 0.16 1.113
C4 2.99 - 0.948 | F4 2.83 - 1.118
C5 2.80 - 0.880 | F5 2.23 0.21 1.347
C6 3.11 - 0.811

C7 280 - 0.881 | C SKE[4] 27 - N/A
c8 314 - 0.809 | C SKE[5| 24 - N/A
co 287 - 1.076 | C SKE[7] 2.68 050 N/A
C10 321 - 1.002 | C RKE[7] 5.37 050 N/A
Cl1 261 0.42 1.061 | F SKE[8] 3.50 0.58 N/A
Cl2 2.85 0.41 0.972 EXp.[Q] 1.42 0.52 N/A
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3.2. Flow pattern and velocity distribution

Figure 4 shows the flow pattern in a vertical slice through the centre of the building, viewed
from the side. All simulations show similar flow features, with a stagnation point in front of the
building at approximately 3/4 of the building height, and a large recirculation zone behind the
building.

051 0 1 2 3 4 051 0 1 2 3 4
x/b x/b
(a) C3, blockMesh. (b) F1, blockMesh.

(c) C5, snappyHexMesh. (d) F2, snappyHexMesh.

3
o 2
~
N
1
0 :
-2 -1 0 1 2 3 4
x/b
(g) C11, Pointwise, unstructured. (h) F5, Pointwise, unstructured.

Figure 4. Flow patterns using line integral convolution, side view at y/b = 0.
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Figure 5 shows the horizontal distributions of the mean wind speed near the ground surface
at z/b = 0.125. Only contour plots of two simulations were included, in addition to numerical
and experimental results from the literature for reference. The other simulations gave similar
results. Notice that the shape and placement of the contour lines are comparable between these
simulations and the references. However, the wind velocity close to the ground is somewhat lower
for all the simulations compared to the experiments and the C SKE case[5].

S = N W

1

-1 0

x/b
(a) C3, blockMesh.
0 II( T T 05 T 0: 0 T T ‘ Ll us I T
1k Ve 2 L ‘2 o 1L ) :;TV‘_:L T - i
2 . T o 4 :
= 4 3 = ' 3 ’
—9oL - - 9L -
_3 1 1 1 A L -3 1 1 1 1 1
-2 -1 0 1 2 3 4 -2 -1 0 1 2 3 4
x/b x/b
(c¢) C SKEI5]. (d) Experimental data[2].

Figure 5. Velocity contour lines in m s~!, top view at z/b = 0.125.

Figure 6 is a collection of vertical profiles of wind velocity in the x-direction placed on top of the
measurement regions (indicated with dotted black lines). The crosses represent the experimental
values, while the colored lines represent data sampled from the simulations. The simulation
cases included are the same as in Figure 4. Lines and crosses on the left side of its sampling line
represent negative values, hence that the wind is moving in the negative x-direction.

By comparing Figure 6a and Figure 6b, it is clear that the velocity profilesint he fine
simulations vary less in the region leeward of the building roof compared to the coarse simulations.
It indicates that the coarse grids have too few cells to have reached a resolution-independent
result. The differences are evident in the region in particular, as high flow gradients are emerging,
which need more cells to resolve the flow behavior.

When comparing the profiles to t he experimental values, one cannot conclude that one mesh
type is superior to the others. However, C5, F2, and F5 appear to produce velocity profiles the
closest to the experimental values. Both C5 and F2 have unstructured meshes generated with
snappyHexMesh, and F5 uses an unstructured mesh made with Pointwise.
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(a) Coarse simulations. (b) Fine simulations.

Figure 6. Vertical velocity profile comparison, side view at y/b = 0.

3.8. Concluding remarks
This study compared the use of different meshing techniques for simulating wind flow around a

rectangular, high-rise building.

All flow simulations gave similar flow patterns, indicating th at for simulations wh ere overall
flow f eatures a re o f i mportance t here i s h igh fl exibility in ch oice of me shing te chnique. The
difference between the use of wall functions and wall-resolved simulations were also minor. Hence,
it appears that a coarse and unstructured type of mesh can be sufficient in the applications where
only the general flow features are ofi nterest. T hisist he m ost fl exible gridding te chnique for
complex urban areas.

The reattachment lengths behind the building were considerably longer than in the
experiments for all the simulations. This is in agreement with other RANS simulations in the
literature. In general, the reattachment length is a highly sensitive parameter due to the transient
nature of the flow. M ore advanced simulations using, for example, large eddy simulations, have
been able to accurately predict the reattachment length, but even for such simulations there is

high variability in the reported results [4, 6, §].
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