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Abstract

Computational fluid dynamics (CFD) simulations for structural wind engineering applications
require a fully developed boundary layer approach flow with horizontal homogeneity and zero
pressure gradient for accurate characterization of wind loading on a structure. Previous studies
have focused on achievement of such requirements primarily in computational domains whose
heights are equal to or less than the atmospheric boundary layer (ABL) height, despite the need
of a computational domain taller than the ABL height for certain applications such as buildings
in an urban environment/or topographic surroundings to ensure an acceptably low blockage ratio.
Thus, the current study proposes a novel procedure incorporating a body force for the generation
of fully developed, horizontally homogeneous flow with a zero pressure gradient in a vertically
extended computational domain above the ABL height using Reynolds-averaged Navier-Stokes
(RANS) simulations. The proposed procedure is applied to simulations with an isolated building
and topographic models, respectively, to investigate the blockage effects on the flow field in the
vicinity of the models and associated wind loading on their surfaces. The results demonstrate
successful creation of the approach flow that satisfies those three requirements for CFD
simulations in structural wind engineering and applicability to scale-resolving CFD simulations
including large-eddy simulations (LES).

Keywords

Approach flow simulation; atmospheric boundary layer (ABL); blockage ratio; computational
fluid dynamics (CFD); horizontal homogeneity; horizontal pressure gradient; Reynolds-averaged
Navier-Stokes (RANS); structural engineering; wind engineering.
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1. Introduction

Computational fluid dynamics (CFD) approach has gained attention in studying wind
engineering applications due to its advantages over experimental techniques. In contrast to
experiments, CFD simulations can provide field quantities at any location in the computational
domain without disturbing the flow by measurement equipment, and the simulations have fewer
limitations in testing conditions, e.g., scaling of a model, domain size, and boundary conditions.
Among many challenges, however, it remains difficult to reproduce the characteristics of
atmospheric boundary layer (ABL) wind in a computational domain, particularly for a turbulent
wind profile over a rough terrain. To accurately estimate the wind fields around structures and
associated aerodynamic effects on their surfaces in structural wind engineering applications, the
ABL flow in an empty computation domain should be fully developed and horizontally
statistically homogeneous with a zero pressure gradient in the along-wind direction. Therefore,
many efforts have been made to generate approach flows that satisfy such requirements.
Richards and Hoxey (1993) first obtained a shear-stress driven ABL flow in a computational
domain by applying a constant shear stress on the top boundary together with specifying the
inflow profiles of a fully developed flow (i.e., velocity, turbulence kinetic energy [K] and
turbulence dissipation [¢]) at the inlet. However, the suggested method produces a constant shear
stress profile over the height, which could be a reasonable approximation for only the lower part
of the ABL but not for the full ABL height. Subsequent studies have focused on development of
approach flow up to its full ABL height featuring not only horizontal homogeneity but also a
shear stress profile that is more realistic than a constant shear stress. One approach is to modify a
set of governing equations or relevant turbulence model parameters. Yang et al. (2009) modified
the profiles of k and ¢ to achieve the horizontal homogeneity. Parente et al. (2011a; 2011b)
proposed a simulation with modified governing equations of the standard k-¢ model, in addition
to inlet boundary condition representing a fully developed flow. However, when either model
parameters or governing equations are modified, it is crucial to evaluate the potential effects on
the simulation results (e.g., flow characteristics in a region of interest and pressure distribution
on a building) (Richards & Norris, 2019). Moreover, those simulations generate a negative
pressure gradient in the along-wind direction in the computational domain for the horizontally
homogeneous flow. Such a pressure gradient is not desired in simulations for structural
applications requiring accurate estimation of wind loading on a structure, as a homogeneous
pressure field is pursued in wind tunnel tests (ASCE, 2021). To address these challenges, another
approach incorporating an additional body-force in the momentum equation was proposed (Cai,
et al., 2014; Cindori, et al., 2018; Cindori, et al., 2020; Shi & Yeo, 2017). The extra term acts as
a driving force for ABL flow instead of the pressure gradient, which is the driving mechanism of
the approach flow in the methods mentioned above, this allowing a zero pressure gradient to be
achieved along the fetch. More importantly, this alternative approach is not limited to a specific
turbulence model or set of simulation parameters, unlike previous techniques.

Another challenge in wind engineering simulations is ensuring that the blockage ratio in the
computational domain remains at an acceptably low level, commonly suggested as 3% (Franke,
et al., 2007; Tominaga, et al., 2008), to prevent acceleration of the flow field due to a high
blockage ratio. Because most previous CFD simulations have focused on relatively small
structures in a computational domain whose height is equal to or less than the ABL height
(Richards & Hoxey, 1993), and because the blockage ratio can be reduced by laterally extending
the computational domain, blockage effects on flow fields and aerodynamics of structures have
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not received much attention in structural wind engineering communities. However, a simulation
of a large group of buildings in an urban environment or a simulation of flow over mountainous
terrain cannot achieve blockage ratios as low as the recommended value of 3 % by expanding the
width of the computation domain, because other buildings may be present, or the elevation of the
topography could still be significant in that extended domain. In such cases, the only option to
lower the blockage ratio is to increase the height of the computational domain to include the free
atmosphere beyond the ABL as part of the simulation. However, according to the authors’ best
knowledge, limited research has been performed for structural wind engineering applications to
achieve horizontally homogeneous flow with a zero pressure gradient in the along-wind direction
using a computational domain with vertical dimensions significantly greater than the ABL height
(e.g., the domain height is a few times higher than the ABL height). A handful of studies with a
constant pressure gradient were conducted in the field of meteorology, e.g., (van der Laan, et al.,
2020; van der Laan, et al., 2021). Previous approaches for horizontally homogenous ABL flow
generation, such as application of shear-driven flow to the top boundary (Richards & Hoxey,
1993; Richards & Norris, 2019), adoption of a body force in the whole domain (Cai, et al., 2014;
Yeo & Shi, 2018; Kozmar, 2011; Cindori, et al., 2018; Cindori, et al., 2020), and employment of
a flow rate at the inlet which induces a pressure gradient between the inlet and outlet boundaries
(Richards & Norris, 2015; van der Laan, et al., 2020; van der Laan, et al., 2021), are not able to
develop flow in a computational domain that includes boundary layer flow within the ABL
height and free atmospheric flow above that height.

This research aims to develop a practical procedure to obtain approach flow conditions that
satisfy the three major requirements for CFD simulations in structural wind engineering
applications: (i) fully developed, horizontally homogeneous flow, (ii) zero pressure gradient in
the streamwise direction, and (iii) acceptably low blockage ratio. The proposed approach in this
study incorporates the body force determined from a target wind shear stress profile within the
ABL height. The body force is in equilibrium with the friction force on the ground and is able to
develop a fully developed, horizontally homogeneous flow. Two-stage simulations (i.e.,
precursor and main simulations) are used to investigate the effects of the simulation
configuration for the approach flow on the flow and pressure fields of interest in structural wind
engineering applications. The proposed CFD procedure successfully demonstrates the
achievement of approach flow that complies with the major requirements for structural wind
engineering applications.

The remainder of this report is organized as follows. Section 2 discusses the driving forces of
ABL flow and their implementation in CFD simulations. Section 3 introduces governing
equations and describes the computational configuration of simulations for structural engineering
applications and then proposes a practical approach to obtain the target flow characteristics in a
computational domain. Section 4 demonstrates four simulation cases to verify the proposed
procedure. Section 5 summarizes the proposed procedure for its application to wind engineering
problems. The last section summarizes the findings of the research and concludes with possible
applications of the proposed method and future work.
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2. Driving mechanism of the atmospheric boundary layer

The mean motion of wind in a neutrally stratified atmospheric boundary layer (ABL) can be
described with balance of three dominant forces: horizontal pressure gradient, the Coriolis force
and the divergence of shear stress (e.g., see Section 2.2 of (Simiu & Yeo, 2019)). Note that the
current manuscript employs the cartesian coordinate system with x, y and z axes referring to the
streamwise, lateral and vertical directions, respectively. U, V and W correspond to the mean wind
speed of each direction and |U] is the velocity magnitude. If the curvature of the isobars is
neglected, the balance between the three forces for the horizontal components of mean velocity
can be written as,

i@_fv_lar_ﬂzo, 1)

P OX p 0z

0
1% g )

——+fU
p oy p 0z
where p is the density of air, p is the pressure, 7xz and zy; are shear stress in the xz and yz planes,
f = 2Qsing is the Coriolis parameter with the angular velocity of Earth’s rotation Q and the
latitude ¢, respectively. On the left-hand side of Egs. (1) and (2), the first term indicates the
horizontal pressure gradient, as the primary driving forces of wind, which blows in the opposite
directions to the pressure gradient. The second term represents the Coriolis force associated with
the Earth’s rotation. The last term represents the vertical change of shear stress, which acts as a
retarding force that plays a significant role near the ground and reduces to zero at the top of the
ABL. This means that the three components are balanced over the ABL height and the friction
force has no influence above the ABL. Without friction, the horizontal velocity components of
geostrophic wind in this free atmosphere Ug and Vg, in the x and y directions, respectively, can be
expressed as

1 op
u =-——2= 3
P pfoy )
_1lop
g_,ofGX' (4)

For structural wind engineering applications, researchers generally have assumed that the veering
of wind direction with height is negligible because the direction does not significantly alter in
low elevations of the ABL, and the impact of the veering is not considerable in most practical
applications (Deaves & Harris, 1978). Thus, unidirectional flow has been used in their
computational domain. Such a simulation requires a driving force that balances with the loss of
momentum due to the friction at the ground to sustain statistically steady and homogeneous ABL
profiles in equilibrium. In this case, the representative form of the governing equation for the
horizontal momentum can be expressed with,

0
LB 107 1 o0, (5)
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where pef is the effective pressure (which neglects hydrostatic pressure effects), . is the shear
stress in the xz plane, and fy is the additional momentum source.

Equation (5) can be used to explain all approaches for horizontally homogeneous ABL flow
simulations. These approaches can be classified into three groups depending on the driving
mechanism used (i.e., horizontal pressure gradient (Richards & Norris, 2015), shear stress on the
top boundary (Richards & Hoxey, 1993; Richards & Norris, 2019), and extra momentum source
(Cai, et al., 2014; Cindori, et al., 2018; Cindori, et al., 2020)). Since Eq. (5) is a representative
form, all of the individual terms do not need to be active and each component may be zero by
itself depending on the driving mechanism of the ABL flow. The first possible scenario is that
only the first two terms are of interest and the extra source does not exist, i.e., the change of
shear stress in height z balances with the pressure gradient along the wind direction in x. Such
balance is obtained either by directly applying the pressure difference between the inlet and
outlet or by specifying volume flow rate at the inlet (e.g., (Richards & Norris, 2015)), which
builds up non-zero pressure gradient field in an empty domain. However, it is not ideal that the
pressure within the empty domain varies in the streamwise direction, particularly for structural
wind engineering applications. Such a pressure gradient could lead to inaccurate predictions of
pressure fields on the envelope of a structure and, consequently, the associated wind loads on the
structure.

To achieve the horizontally zero pressure gradient (the first term in Eqg. (5)) without any
additional momentum source (fo), the second component in that equation by itself should be zero
as well. This is the case when shear force is applied to the top boundary to drive the boundary
layer flow. This yields constant shear along the domain height and the horizontally homogeneous
pressure condition is achieved. However, this method has two primary limitations. Firstly, a
constant shear stress profile could be assumed in the lower part of ABL (also known as
atmospheric surface layer) only. Thus, this approach is not suitable for simulations where the
computational domain height is as tall as the ABL height. Secondly, such a low top boundary
could cause significant blockage effects in certain wind engineering applications, such as
simulations of urban environments and large-scale topography. Therefore, it is concluded that the
zero pressure-gradient condition and realistic shear stress profile cannot be achieved at the same
time without incorporating the additional momentum source term fo. For this reason, an
alternative approach adopts the extra source of momentum fy as the driver of the ABL flow to
achieve horizontal zero pressure gradient.

In this approach, the body force is usually assumed to be either linear or quadratic in height,
depending on a target shear stress profile (Deaves & Harris, 1978; Richards & Norris, 2019;
Cindori, et al., 2020). In this case, the change of the shear in height balances with the applied
body force f» and the change in pressure in the streamwise direction always remains zero. The
driving force in a computational domain generated by the body force will be in equilibrium with
the drag force on the ground boundary of the domain (Anderson & Meneveau, 2011). Since the
body force used in this method can be derived from Eq. (5) with dpet/0x = 0, the added body
force in the governing equation takes the form of pressure gradient and is able to nullify the
effective pressure gradient term (the first term in Eq. (5)) (Cindori, et al., 2020). This is
analytically proven that the change of shear stress should be balanced with the added body force
when there is no horizontal pressure gradient (operi/Ox = 0). In other words, the shear stress is
estimated by the integration of body force over the domain height, and this relationship is
expressed as
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1 dz,, (2)

T (6)

fy(2)=

It is important to note that this relationship holds for any profiles of shear stress. For example, a
linearly decreasing shear stress profile with height leads to a constant body force. A quadratically
decreasing shear stress profile results in a linearly diminishing body force. This method is
significantly more versatile than the other approaches because any specific target vertical shear
stress profile can be achieved by defining the body force profile using Eq. (6).

Although the shape of shear stress profile z(z) in the ABL is not defined in a unified form (IHS
ESDU, 2001), it is recognized that the minimum and the maximum shear stresses occur at the top
of the ABL and at the ground, respectively. The latter can be expressed as

7(z=0) =, /rfz (0)+74(0) = pu?, @)

where u- is the friction velocity. Deaves and Harris (1978) modeled the shear as a parabolic
profile,

(2) = pu? (1— HZ j , (8)

ABL

where HasL=u./(6f) is the approximate height of the ABL that has zero shear stress. On the other
hand, Richards and Norris (2019) expressed the shear with a linear profile,

7(2) = pu? (l+(}/—l) HZ j

ABL

(9)

where y is the ratio of shear stresses at the top and bottom of the domain. Thus, the shear stress

profile will be constant for y=1, but linear otherwise.

In the current study, we propose a practical approach based on a body force for developing a
neutrally stratified ABL flow condition that is horizontally homogeneous with a zero pressure
gradient in order to achieve the target shear stress profile. The body force profiles corresponding
to linear and quadratic shear stress profiles are used for precursor simulations of approach flow.
In the following main simulations, we investigate the effects of the body forces and simulation
setup on flow and pressure fields of interest.
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3. Configuration of approach flow simulation for structural wind engineering
applications

This section introduces the computational fluid dynamics (CFD) simulation configuration for the
body-force-driven ABL flow. As described in the previous section, this approach can generate
horizontally homogeneous approach flow with a zero streamwise pressure gradient in an empty
computation domain using a precursor simulation. The simulations in the current study are
performed in a 2-D setting using Reynolds-averaged Navier-Stokes (RANS) with the standard k-
¢ turbulence model, but the approach is also applicable to 3-D Large Eddy Simulations (e.g.,
(Nandi & Yeo, 2021)).

The standard k-¢ turbulence model solves the conservation of momentum equation (Eg. (5)), and
the transport equations of turbulence kinetic energy (TKE, k) and the rate of TKE dissipation (&)
are expressed as:

k conservation: - @j —pe+ E(i %] ~0, (10a)

oz\ o, 0z

. (%j_pﬁilﬂﬁjﬂ, (10b)

z oz\ o, oz
¢ conservation: C.r oy f—C2p+2 M Og -0, (11a)
“*\eoz )k 7 az\o, oz
oW \¢ 0| u O¢
C.r,| — |2-C_p+—| F-=2|=0, (11b)
glfxz( oz jk e2P az(ag 8zj

where U and W represent the flow velocity along the x and z axes, respectively; ut is the turbulent
viscosity; and ok, C:1, C:2 and o are the modeling coefficients of the standard k-¢ turbulence
model. The U, k and ¢ profiles of the governing equations will be in equilibrium in the empty
domain of the precursor simulation.

The precursor simulation employs periodic boundary conditions at the inlet and outlet. This
creates a flow field that is equivalent to flow in an infinitely long domain in the horizontal
direction for steady flow simulations. The periodic condition leads to a zero pressure gradient in
the streamwise direction. In Eq. (5), thus, the first term is zero and the other remaining terms,
which represent the vertical change of the shear stress and the momentum source, are active and
balance each other. For a given shear stress profile (e.g., linear or quadratic), the profile of the
body force fo(z) is determined from the force balance in Eq. (5). The total amount of extra
momentum source within the ABL height, Fb, should be equivalent to the net retarding force due
to the friction on the ground, F+r,

F+F :J.HABL f (2)dz+pu’ =0 (12)
b r=J, b PU: .

Since the friction velocity u. can be estimated from the log-law velocity profile, U(z) = (u+/k)
log(z/z0), the net body force per unit width required to drive the ABL flow is
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Foop|l e | (13)
Iog(zref /ZO)

where Uy is the reference velocity at the reference height z.s. Once the reference velocity and the
reference height are set, both the friction velocity and the total amount of required body force can be
estimated accordingly.

In the current study, we first performed a precursor simulation with an empty domain whose height is the
ABL height. The reference velocity Uyt is 20 m/s at the reference height of the ABL height Hag.. The
target terrain exposure is the aerodynamic roughness length of zo = 0.03 m in full scale corresponding to
Exposure C of ASCE 7-22 (2017). These quantities result in the net amount of body force Fu/p=0.62
m?/s®. This net body force was distributed in the domain using constant and linear profile shapes,
respectively, based on target shear stress profiles with linear and quadratic shapes.

In the following simulations, we employ various simulation configurations for the approach flow
to investigate their satisfaction of the requirements for structural wind engineering applications,
not only in an empty domain simulation but also in a main simulation with a building or
topographic features. In the subsequent section, the results are explained with four test cases used
in wind engineering simulations.
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4, Test cases of approach flow simulations

The CFD approach used in this study employed two steps. The first step is a precursor simulation
to obtain the target approach flow characteristics in an empty computational domain (Sec. 4.1).
The second step is a main simulation for wind engineering applications using the approach flow
profiles from the precursor in a domain extended in the streamwise direction. Three application
scenarios were considered using various simulation configurations to investigate the performance
of the approach flow for structural wind engineering applications in the main simulations. The
three test cases are as follows: (1) approach flow in an extended empty domain (Sec. 4.2), (2)
flow around an isolated building (Sec. 4.3), and (3) flow over topographic features (Sec. 4.4). All
simulations in the current study are conducted with OpenFOAM v7, open-source CFD package
(OpenFOAM, 2019), in 2-D settings with a length scale ratio of 1:1000.

4.1. Test case 1: precursor simulation for approach flow

4.1.1. Computational domain and boundary conditions

To achieve the characteristics of a fully developed boundary layer flow, a precursor simulation
was performed until the flow reached an equilibrium between the driving force (i.e., additional
momentum source in the governing equation) and the retarding force (wall friction). We
considered two different values of the computational domain height (H). The first case is H being
equal to the ABL height (H = HasL), and the second one is H being two times the ABL height (H
= 2HasL) where HasL = 1000 m in full scale, as shown in Fig. 1. The length of the domain in the
flow direction (L) is HasL in both cases. As indicated in Table 1, both inlet and outlet boundaries
are set to periodic conditions for all variables, in which the flow field can fully develop as in an
infinitely long domain along the streamwise direction. Although the current steady RANS study
is not capable of predicting the integral length scales of the turbulent flow, it is important to note
that the limited domain length and periodic boundary conditions influence the turbulence length
scales in precursor simulations, particularly in the case of 3-D unsteady flow (Nandi & Yeo,
2021). A slip condition is specified on the top boundary, while a no-slip condition and wall
functions are applied on the bottom boundary.

The computational grids consist of 146 and 158 cells in the vertical direction of the HasL and
2HasL cases, respectively. The cells in the ABL height are identical for both cases, and the only
difference is that the taller domain (2HasL) has additional cells in the upper layer beyond the
ABL. The computational grid size is the smallest near the ground and gradually increases toward
the top boundary, varying from 0.0015HasL to 0.042HagL in the HasL case and from 0.0015HasL
to 0.141HasL in the 2HaBL case. A constant grid size of 0.05HasL was used in the horizontal
direction. Only one cell was used in the lateral direction as a 2-D setting. Figure 1 illustrates the
computational domains of the simulations whose domain heights are HasL and 2HasL. The
driving forces in both cases were applied up to the height of the ABL (i.e., HasL) which is
indicated as the shaded area in the figure, where the net body force (Fv) from Eq. (13) within the
ABL height was distributed on the basis of the target shear stress profile. Considering that the
retarding force from the ground friction has negligible effect in the free atmosphere (i.e., in the
region above ABL), the body force is also not required in that layer. As a result, the flow
characteristics in the free atmosphere are nearly identical to those at the ABL height. Owing to
the periodic conditions between the inlet and outlet boundaries, pressure remains constant
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throughout the computational domain. The value is identical to the specified reference pressure
(pref = 0) at a reference point (e.g., the center of the domain).

A 4

L 4

. 4

H:HABL' =
gy —
L=H,,,
(@) (b)

Fig. 1. Computational domains for precursor simulations: (a) H = HasL and (b) H = 2HasL.

Table 1. Boundary conditions of precursor simulations (OpenFOAM, 2019)

Inlet Outlet Top Bottom
] periodic periodic slip U =0
p periodic periodic slip zeroGradient
k periodic periodic slip kgRWallFunction
e periodic periodic slip epsilonWallFunction
Vi periodic periodic slip nutkAtmRoughWallFunction,
(= 1up) 20=0.03minFS

4.1.2. Driving mechanism of ABL wind

As discussed in Section 2, the body force term in Eq. (5) can be regarded as a substitute for the
pressure gradient that drives the wind flow and determines the shear stress profile in the
unidirectional ABL flow. Under the assumption that the pressure field within the ABL is
barotropic, pressure varies only by density and its horizontal gradient would be constant
throughout the boundary layer region in a computational domain (Cai, et al., 2014). In this case,
the body force is constant along the height up to ABL as shown in Fig. 2(a). This constant fo(z)
yields the shear stress profile linearly decreasing from the maximum value at the ground to zero
at the ABL height (Richards & Norris, 2019). Since a non-linear shear stress profile has been
suggested from observations (e.g., a quadratic form (IHS ESDU, 2001)), this study also included
a linearly decreasing body force shown in Fig. 2(b). This produces the shear stress quadratically
decreasing over the ABL height. Note that the total amount of body force (i.e., the integration of
the force over height), denoted by Fu, is identical for both constant and linear body force cases.
This implies that the driving force throughout the ABL height is in equilibrium with the retarding
force on the ground. The net driving force (i.e., the body force minus the retarding force) at
height generates the flow within the domain and determines the velocity at that height, as
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determined by Eq. (13). The profile of the body force in z would influence the profiles of
resultant quantities in the ABL height, while the resulting freestream velocity outside the ABL
remains unchanged, regardless of the shape. Any appropriate form of shear stress within the
ABL can be considered in the wind generation approach. Note that the profiles of a body force
and the associated shear stress play an important role on development of the flow field within the
ABL height. Since this study does not take into account the Coriolis force in the domain, the
body force beyond the ABL height is not applied.

- z
2H 2H
H H oy,
0 F, 0 F,
(@) (b)

Fig. 2. Shape of momentum source profiles to drive ABL flow in CFD simulations:
(a) constant and (b) linear

4.1.3. Results

We present the results of four precursor simulations to investigate the effect of both the height of the
computational domain and the shape of the momentum source on ABL flow profiles of streamwise
velocity U, turbulent Kinetic energy Kk, the rate of turbulence dissipation ¢ and the shear stress z. Figure 3
first presents the U, k, and ¢ profiles in equilibrium when considering the domain height of Hag. and
2HagL as well as two different body force profiles: constant (solid line) and linear (dashed line). It is
observed that, given that the same body force is incorporated, the resultant ABL flow profile compares
well between the cases having two different domain heights. All four cases produce very similar profiles
for U, k, and &. However, differences begin to emerge at a height approximately 80% of Hag., towards the
top boundary, due to the boundary effect. In the comparison between the two body force profiles, U does
not exhibit differences, except near HagL. In contrast, the values of k and ¢ show differences throughout
the ABL height.

For guantitative comparison between the two different domain height simulations, we used a relative
deviation with respect to the quantities from the simulations with H = Hag.. For example, the relative
deviation for the streamwise velocity U is determined by

Uz, (2)=Uyy,, (2)]

x100[%].
U, (2)

€ (Z) =
(14)

Figure 4 presents the relative differences of U, k and ¢ for the cases with constant (solid lines)
and linear (dashed lines) momentum source. The maximum discrepancy of all quantities always
occurs at the top boundary for all cases regardless of the shape of fuo(z). The maximum relative
deviations are 0.98 % for U, 40.2 % for k, and 44.5 % for ¢ when fs(2) is constant, while the
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deviations are 0.30 % for U, 43.64 % for k, and 48.45 % for ¢ when a linear body force is
applied. Note that such large relative differences at high elevations for k and ¢ are not necessarily
meaningful in structural wind engineering simulations. This is not only due to their occurrence
near the ABL height, but also because their values are inherently low.

The next task is to assess whether the body force can successfully generate the desired target
shear stress profile. From Eqg. (6), the shear stress is the integration of the body force, thus the
constant and linear body force profiles fo(z) theoretically yield linearly and quadratically
decreasing shear stress z(z) along z, respectively. Figure 5 displays the shear stress profiles of the
four precursor simulations, where the black dashed and gray solid lines are the shear stress along
the HagL and 2Hag. and domain height, respectively. The dotted lines are the model profile of Eq.
(9) with y= 0 for the linearly varying shear stress and Eq. (8) for the quadratic one. These results
confirm the two key aspects of the proposed approach. Firstly, the shear stress is distributed as
we expected. Secondly, shear stress does not present at elevations above the ABL height, where
the free atmosphere flow is free from any driving forces and the associated shear stress. In
addition, the simulated flow is horizontally homogeneous.

2

= = H = 2Hp, Constant fi
——-1I =2H g, Lincar [}
—— H = H.pi, Constant f;
—— 1 — Hupy, Linear [,

z/Hapr |-

05 05

s k| el |
() (b) (c)

Fig. 3. (a) Velocity U, (b) turbulent kinetic energy k and (c) the rate of turbulent dissipation ¢ profiles
obtained from simulations with constant (black) and linearly decreasing (blue) body forces in two
computational domain heights of 1m (solid line) and 2 m (dashed line)

1 1

0.8 0.8

206 0.6}

—— Constant fj

z/Hapr [-]
z/Happ |-

;:' - - -Linear f;
w04} 0.4
0.2 0.2
0 0
0 0.2 0.4 0.6 0.8 1 0 10 20 30 40 50 0 10 20 30 40 50
Relative deviation U [%)] Relative deviation & [%)] Relative deviation & [%]
@) (b) ()

Fig. 4. Profiles of relative deviation between two different domain heights with incorporating constant
body force (solid) and linearly decreasing (dashed) body force: (a)velocity, (b)TKE and (c)dissipation rate
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Constant f,(z) Linear fy(z)

CFD,H=2HABL CFD'H:ZHAEL
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Fig. 5. Resulting shear stress profiles of precursor simulations using (a) constant and (b) linear body force
4.2. Test case 2: approach flow simulation in an extended empty domain

4.2.1. Computational domain and boundary conditions

Once a target approach flow is obtained from a precursor simulation (Sec. 4.1), this approach
flow is then applied in a main simulation that includes, e.g., a building of interest for structural
engineering applications. This two-stage simulation approach is valid if the approach flow in the
main simulation remains consistent with the flow generated in the precursor. To address this
question, we conducted an investigation of the flow in a main simulation with a horizontally
extended empty domain (the streamwise domain size = 10Hag.). For a successful two-stage
simulation, it is essential that the flow in the main simulation exhibits characteristics of
horizontal homogeneity and a zero-pressure gradient along the wind direction, consistent with
the flow from the precursor simulation. Also, it is important that the U, k and ¢ profiles obtained
from the precursor simulations remain unchanged or vary only negligibly in the subsequent main
simulation. To achieve the goal, we carried out an analysis of the main simulation setups, using
the different body force profiles and domain heights described in the previous section. The
computational domains in the main simulation were constructed by replicating the precursor
domains 10 times in the x (along-wind) direction as shown in Fig. 6. In the figure, the shaded
area of the domain indicates the area to which the body force was applied. One important aspect
to consider in the main simulation is the inclusion of the body force within the domain. Many
numerical studies using a body-force-driven approach flow have only mapped the precursor
results at the inlet boundary of the main simulation, without incorporating the driving body force
throughout the domain.

In contrast to the precursor simulations using periodic boundary condition at the inlet and outlet
boundary, the main simulations with the horizontally extended domain map the U, k and ¢
profiles obtained from the precursor to the inlet and set zero-gradient condition at the outlet. As a
result, the main simulations are able to maintain the fully developed flow from the precursor in
the area prior to any disturbance by obstacles, such as buildings, within the domain. The
boundary conditions for the top and the bottom boundaries remain unchanged from the precursor
simulations as outlined in Table 2. For accurate estimation of pressure field, a reference pressure
was set to 0 at z=HagL of the inlet boundary.

12
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Table 2. Boundary conditions of simulations for elongated domain
Inlet Outlet Top Bottom
U fixedValue zeroGradient | slip |[U|=0
(from precursor)
p zeroGradient zeroGradient | slip zeroGradient
k fixedValue zeroGradient | slip kgRWallFunction
(from precursor)
& zeroGradient zeroGradient | slip epsilonWallFunction
Vi zeroGradient zeroGradient | slip nutkAtmRoughWallFunction,

20=0.03minFS

H=2H,

L=10H

@)

L=10H

(b)

'[S
&

Fig. 6. Computational domains for the main simulation: horizontally-extended empty domain

4.2.2. Results

We examined whether the flow profiles obtained from a precursor simulation would maintain
horizontal homogeneity and zero streamwise pressure gradient in a main simulation that utilized

the longer computational domain of L = 10 Hag. (Fig. 6).

Figure 7 displays the changes in the U, k, and ¢ profiles as they progress along the computational
domain of H = HasL. The plots of (a) and (b) in the figure represent the cases with and without
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the inclusion of the constant body force, respectively. Each plot consists of 6 graphs, with the top
row showing the profiles at three different locations (i.e., at the inlet, in the middle of the domain
length and at the outlet), and the bottom row displaying relative deviations of the profiles at the
three locations with respect to those specified at the inlet. It is observed that the flow in the main
simulations successfully maintain the U, k, and ¢ profiles generated from the precursor
simulation throughout the entire empty domain, regardless of the presence of the body force fo(z).
The maximum discrepancy of U, k, and ¢ between the inlet and the outlet is 0.04 %, 0.94 % and
1.27 % when the body force is applied, and 0.04 %, 0.90 % and 1.14 % without the force,
respectively. Although the relative change is greater for k and & than that of U, it is noteworthy
that the actual change could be negligible due to their relatively small absolute values.

Figure 8 shows the changes in U, k, and & profiles along the streamwise direction in the
H=2HagL simulations. Compared with the H = HasL simulations (Fig. 7), all of the quantities
generally exhibit a reduced degree of horizontal homogeneity in the case without the constant
body force. The main simulation without inclusion of the body force experiences greater
variation of flow conditions as it goes downstream. The maximum relative variations of U, k, and
¢ from the inlet to the outlet are 1.05%, 4.53% and 7.06%, respectively. However, the main
simulation with the body force exhibits reduced variation along the streamwise direction, with
values of 0.12 %, 0.40 % and 1.33 % for the maximum relative variation of U, k, and ¢,
respectively, from the inlet to the outlet.

Figures 9 and 10 display the main simulation results with and without inclusion of the linearly
varying body force, respectively. The results display a trend that is similar to those obtained
when using the constant force (Fig. 7 and Fig. 8). Inclusion of the body force successfully
maintains the U, k, and ¢ profiles obtained from the precursor simulation throughout the extended
computational domain, regardless of domain height relative to HasL.

In summary, the approach flow in the main simulation remains horizontally homogeneous for the
case where H = HagL, regardless of whether the body force is present or not. This horizontal
homogeneity with or without the body force is particularly evident when the body force profile is
constant, while for the linear body force profile, some deterioration of the horizontal
homogeneity is noticeable when the body force is omitted. However, when the main simulation
does not incorporate the body force in the domain with H = 2HaeL, the horizontal homogeneity
gradually deteriorates along the streamwise direction. This deterioration is more pronounced in
the k and ¢ profiles than in the U profile. The maximum relative change for k and ¢ along the
streamwise distance of 10Hag. is approximately 15 %, which cannot be ignored in simulations for
structural engineering applications. In contrast, when the body force is present, the main
simulation is able to maintain the horizontally homogeneous characteristics of the approach flow
in the along-wind direction with a maximum relative change of approximately 2 % for k and «.
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(b) Without constant body force

Fig. 7. U, k, and ¢ profiles at three locations (inlet, center and outlet) and relative errors with and without
incorporating constant momentum source in simulations with domain height of HasL
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Fig. 8. U, k, and ¢ profiles at three different locations (inlet, center and outlet) and relative errors with and
without incorporating constant body force in main simulations with domain height of 2HasL
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Fig. 9. U, k, and ¢ profiles at three different locations (inlet, center and outlet) and relative errors with and
without incorporating linearly varying body force in main simulations with domain height of HasL
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Fig. 10. U, k, and ¢ profiles at three different locations (inlet, center and outlet) and relative errors with
and without incorporating linearly varying body force in main simulations with domain height of 2HasL
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Next, the pressure distribution throughout the computational domain was analyzed to confirm
whether the zero streamwise pressure gradient condition is ensured with our proposed approach.
Although a previous study noted a change in horizontal pressure when the body force was not
included in the main simulation (Cindori, et al., 2020), the cause and impact of this change have
not been fully investigated. In this study, we conducted a thorough examination of how the
presence or absence of the body force in the main simulations affects the pressure field within
the domain. Figure 11 displays the pressure contours of all eight main simulations of the empty
domain. Note that the pressure is constant along the z direction in all cases. Regardless of the
shape of the body force, either constant or linear, zero pressure gradient is achieved if the body
force is present in the simulation. However, when the body force is absent in the main
simulation, a streamwise pressure gradient is developed in the along-wind direction. This result
indicates that the ideal zero pressure gradient condition can be guaranteed in the domain only if
the body force is included in the main simulation. This observation can be explained with Eq.
(5). If the body force, which is the original driving mechanism of the ABL flow in the precursor
simulation, is not included in the main simulation, the streamwise pressure gradient field is
automatically generated within the domain to substitute the missing driving force and to keep the
U, k, and & profiles homogeneous along the streamwise direction. This explanation can be
verified by examining the pressure along a horizontal line at the ABL height in Fig. 12. The
figure presents the pressure profile normalized by the total amount of body force, where the two
subfigures correspond to the use of different domain heights of HasL and 2HasL. For both domain
heights, the pressure gradient is zero if the body force is incorporated within the ABL height in
the main simulation (blue dotted lines), but the pressure decreases when the body force is absent
(black lines). The normalized pressure shows the slope of 1 with the domain height (H) being
exactly the ABL height, and the slope decreases to approximately 0.5 if the domain height is
doubled while the body force is applied up to the ABL height. This indicates that the
automatically generated pressure gradient is equivalent to the body force per unit length, i.e.,
(Ap/ AX)H ~ F, . It is important to note that the driving force of Fu is applied up to the ABL

height (HasL) in the precursor simulation, while in the main simulation without the applied body
force, it generates a constant pressure gradient (Ap/Ax) being distributed from the ground to the
domain height of H=2HagsL. Thus, in comparison with the case where H = HagL, the pressure
gradient is reduced by half when H = 2HasL, as shown in Fig. 12. This implies that the body
force in the precursor simulation is consistent with the pressure gradient generated in the main
simulation only when a constant body force is used and H = HasL. In a case of the linearly
varying body force, the equivalent pressure gradient vertical profile should also vary linearly
along the height. However, as previously mentioned, the pressure at any given streamwise
location does not change along the vertical direction. As a result, the main simulation without the
linearly varying body force cannot be consistent with one that includes the body force.
Therefore, to achieve an approach flow in the main simulation that is both horizontally
homogeneous and has a zero streamwise pressure gradient, it would be ideal to apply a constant
body force up to the ABL height in both precursor and main simulations, regardless of the
domain height. It is also worth noting that for wind engineering applications that focus solely on
flow field, either a constant or a linearly varying body force could be used in both the precursor
and main simulations.
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Fig. 11. Pressure contours of the main simulations with an empty computational domain
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Fig. 12. Pressure profile along the horizontal line crossing the computational domain at z = HasL
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4.3. Test case 3: Simulation of ABL flow over an isolated building

The previous section investigated the effects of simulation settings for flow generation on
horizontal homogeneity of flow, particularly for horizontal pressure gradient, in an empty
domain simulation. This section examines their effects on the flow field around and pressure on
an isolated structure located in the computational domain. Firstly, we investigated the effect of
the constant body force on flow fields in the main simulation, with the domain height being
either equal to or taller than the ABL height (H = HasL or H = 2HasL). Secondly, we further
increased the domain height to 4HaeL and 8HasL to understand effects of blockage ratio on
aerodynamic pressure on the structure in the main simulation with the presence of the body
force.

4.3.1. Simulation setup: model description, domain and boundary conditions

Figure 13 provides an overview of computational domains with examples of (a) HasL and (b)
2HasL, as well as (c) the computational grid around the building. As illustrated in the figure, an
isolated building is located at 4HasL downstream from the inlet, where the building has both
height and length of Hb = 0.025HAasL. This leads to the blockage ratio of 2.5 % and 1.25 % for the
domain sizes (H) of HasL and 2HasL, respectively, in the 2-D simulation. Each edge of the
building has 20 cells to ensure that the simulations can accurately capture important flow
phenomena around the bluff-body geometry, including separation of flow from the sharp leading
edge and re-circulation behind the leeward wall. Computational grids with the domain height of
4HpsL and 8HagL are created for the investigation of blockage effect on flow quantities in the
vicinity of the target building. Boundary conditions are summarized in Table 3.

Table 3. Boundary conditions for the main simulation with an isolated building

Inlet Outlet Top | Bottom Building surface
U fixedValue zeroGradient | slip |[U|=0 |U|=0
(from precursor)
P zeroGradient zeroGradient | slip zeroGradient zeroGradient
K fixedValue zeroGradient | slip kgRWallFunction kgRWallFunction
(from precursor)
& zeroGradient zeroGradient | slip epsilonWallFunction epsilonWallFunction
Vi zeroGradient zeroGradient | slip nu_tkAtch_)ughWaIIFunctlon, nutkWallFunction
20=0.03 min FS
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Fig. 13. Schematics of computational domain of (a) HasL and (b) 2HasL, and (c) the computational grid
around the test case building

4.3.2. Results

This section focuses on the flow fields around, and the pressure on, a building structure, focusing
on the presence of a body force and the effect of a vertically extended domain. Figure 14 shows
the velocity and turbulence kinetic energy fields around the building in the four simulation cases
depending on existence of constant body force and vertical extension of the domain: (a,e)
constant body force and H = Hast, (b,f) no body force and H = HasL, (c,g) constant body force
and H = 2HasL, and (d,h) no body force and H = 2HasL. The velocity and TKE fields appear
visually similar across all cases, regardless of changes in simulation settings. To investigate this
further, we compared their vertical profiles, as shown in Fig. 15. The figures display the non-
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dimensional U and k profiles around the building at every Hy interval and the maximum
discrepancy between the cases are 0.011 for U/Urer in the wake region and 0.019 for k/u+? at the
leeward corner of the building, respectively. This indicates that the modifications in simulation
settings have a minute impact (< 2 %) on the velocity and TKE fields.
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(a) HaeL, constant fu(z) (b) HasL, fo(z)=0 (c) 2HaeL, constant fo(z)  (d) 2HasL, fo(z)=0
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Fig. 14. Contours of nondimensional velocity (top) and turbulence kinetic energy (bottom) around the
building in main simulations with different settings for the approach flow.
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Figure 16 compares the pressure distribution on the ground surface and the building surface,
where the pressure coefficient (Cp) is defined as

p- pref

p = 1 2 !
fpuref,geom

C (15)

where pref is the reference pressure, which is 0 sampled at the ABL height (HasL) of the inlet,
Uretgeom is the reference velocity at the height of the building (Hb) at the inflow boundary, and p
is the air density. As shown in the figure, the presence of the body force noticeably affects
pressure field in the domain. In the case of H = HagL (Fig. 16(a)) with absence of the body force,
the difference in pressure coefficient linearly increases from zero at the inlet to 0.06 at the outlet.
This gap is attributed to the presence of the pressure gradient automatically generated in the
simulation without the body force. As shown in the right plot of Fig. 16(a), the slope of
(4p/Ax)IFp is unity where Ap is the difference of pressure between the two simulations (i.e., the
pressure in the simulation with the body force minus the pressure in the simulation without it). It
confirms that a constant gradient pressure field automatically builds up in the computational
domain in the simulation without the body force and perfectly replaces the missing Fo to develop
a consistent flow field. This closely aligns with the observations from the empty simulations in
the previous section.

In the case of H = 2HasL (in Fig. 16(b)), the difference of Cp and the slope of (4p/Ax)/Fb between
the two simulations with/without the body force are reduced by half in comparison with those in
H=HasL. This result is also consistent with observations in the empty domain simulations as
mentioned in Section 4.2.
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Fig. 16. Pressure distribution on the bottom (ground) and building surface of two different cases (a) H =
HasLand (b) H = 2HaeL: Cp of two simulations with and without momentum force (left), and the pressure
difference between two simulations normalized by total amount of the body force (right).
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Figure 17 shows the pressure distribution on the building facades along its edges. The trend of
predictions is identical to those observed on the bottom boundary as shown in Fig. 16. When the
domain height is exactly the ABL height (H = HasL), the difference in the predicted pressure
between the two simulations with/with the body force is Ap/Fp = 4 as expected since the building
is located at 4HasL downstream from the inlet. Unlike this case, when H = 2HasL, the pressure
difference is not constant along the edge of the building because of the generated pressure
gradient distributed in the domain height of 2HasL as previously described. Although the
pressure in a simulation without body force can be corrected if the horizontal pressure gradient
information is available, a simulation with the constant body force would be ideal for structural
wind engineering applications to produce flow field with no horizontal streamwise pressure
gradient in the computational domain. Therefore, further investigation into the effect of blockage
ratio was focused on the simulations that incorporated the body force. Figure 18 displays
distribution of the relative deviation (Eg. (16)) in velocity magnitude (JU|) and turbulence kinetic
energy (k) as well as difference in pressure coefficient (Cp) between two simulations with the
highest and lowest blockage ratio of 2.5 % and 0.3125 %. Note that the simulation results of the
lowest blockage case are used as a reference for the calculation of the relative deviation, for
example, ex=|k2.5%-Ko.3125%|/ko.3125%. FOr the pressure, the absolute difference is used instead of the
relative deviation because the pressure field far from the building geometry is close to zero
which results in tremendously high values when calculating relative deviation. In each contour,
higher absolute value at a location indicates a greater blockage effect on the corresponding field
variable. Overall, the impact of blockage is greater near the building, with the velocity
magnitude and TKE showing maximum deviations of approximately 3 % in each field variable.
For the pressure, ACp is low on the windward side of the model where the flow field is not
significantly affected by the building, but starts to increase where the flow is obstructed by the
building model at x = Hp with a maximum discrepancy of 0.06Cp.

If the computational domain increases in its height, the blockage effect more evenly spreads out
up to the top of the domain, so the overall velocity increase becomes smaller. Therefore, the
domain should be tall enough not to have unwanted blockage effects on a structure. Figure 19
presents the convergence of nondimensional velocity, TKE and pressure as a function of the
blockage ratio from 2.5 % to 0.3125 %. This change is achieved by increasing the height of
computational domain from HasL to 8HasL. The quantities were sampled at the four locations (P1,
P2, Ps and Pa) that are either horizontally or vertically apart from the corners of the building
geometry by He., as shown in Fig. 19. The points P1 to P4 are located in the area where the flow
field is significantly affected by the building geometry. First of all, the sensitivity of U, k and p
to the blockage ratio vary by the sampling locations as well as each of the field variables. The
velocity at P4 changes by only 0.11 % when the blockage ratio is reduced from 2.5 % to 0.3125
%, while the variation of U at P1 is 1.19 % for the same change in the blockage ratio. Compared
to U, the change in TKE is the greatest at P4 among the four sampling points. The average
precent change of the four points is 0.9 % for U, 0.76 % for k and 7.08 % for p. The percent
deviation of the pressure is one order of magnitude greater than the other two quantities. This
confirms that pressure is more sensitivity to blockage ratio than velocity or its fluctuations. Since
the pressure on building surfaces is of primary interest to structural engineers, it was sampled at
the center of the windward, top and leeward facades, denoted by Pa, Po and Pc, respectively, as
shown in Fig. 20. The differences in pressures between the lowest and highest blockage are 2.45
%, 4.75 % and 6.04 %, respectively, for Pa, Po and Pc. Their mean value is 4.41 %, which is
lower than the change in pressure at P1 through P4 shown in Fig. 19(c) but still greater than the
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change in velocity and TKE at the same points. Figure 21 shows the relative deviation of
pressure coefficient on the building facade between the highest and lowest blockage cases of 2.5
% and 0.3125 %. The results agree with the pointwise comparison made with Fig. 20, but
displays greater deviation of 17% near the top of the windward fagade as the pressure itself is
lower than the other location on the same facade. Excluding the outlier, the mean deviation is
approximately 4.72 %. Figure 22 presents the change in building drag coefficient with respect to
the blockage ratio, where the drag coefficient is defined as Ca=Fdrag/ (0.5 p Uref,geom> Abilding)
with the drag force induced by the building Fdragand the frontal area of the building Abuitding. In
contrast to Cp, which is estimated with pressure sampled at a specific point, Cq is calculated with
using the force distribution on building facades and presents less blockage effect by averaging
out local variation. The blockage effect can be approximately evaluated with an empirical
relation, and the evaluated blockage corrections are 4 % and 0.5 % for the blockage ratios of 2.5
% and 0.3125%, respectively (Melbourne, 1982; Simiu & Yeo, 2019). Given that relatively low
influence of blockage ratio on the velocity and turbulence kinetic energy, a computational
domain with a low height may be employed for environmental wind simulations. This can reduce
computational cost, depending on the acceptability of the blockage effects on simulation results.
However, when the accurate estimate of wind-induced pressure on a structure is important from
a structural engineering perspective, the blockage must be lowered enough to avoid deterioration
of computational solutions due to the blockage effect.
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Fig. 17. Pressure distribution on the building facades of two different cases (a) H = HaesL and (b) H =
2HasL; Cp of two simulations with and without momentum force (left), and the pressure difference
normalized by total amount of the extra momentum force (right).
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coefficient; between the two simulations with blockage ratio of 2.5 % and 0.3125 % using the lowest
blockage case as reference for the relative deviation.
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4.4. Test case 4: topographic flow

This section circles back to the original question of this research, i.e., how can we simulate
topography at large scale without having significant blockage effects and generate approach flow
for such simulations. The approach flow conditions developed in Section 4.1 are applied to a
simulation with generic topographic features. The first subsection describes the topographic
model considered in the current section as well as simulation setups. The following subsection
presents the simulation results and analyses.

4.4.1. Topographic model and CFD simulation setup

The current section simulates two distinct topographic features: a ridge and a plateau. They are
mathematically expressed with the following equations:

Ridge: z(x) = H, cosz(zf| xj for —H, <x<H, (17)
t
and
Htcosz(%x) for —2H, <x<0
t
Plateau: 2(x) = H, for 0<x<4H, (18)

H, cos’ [Hl(x—mt)] for 4H, <x<45H,

t

where Ht is the height of both the ridge and the plateau models. The ridge is symmetric with
respect to the x-axis, while the plateau has a shallow slope, a flat top and a steep slope as shown
in Fig. 23. Along the x axis, half of the ridge’s length is Ht, and the lengths of the shallow slope,
the flat top, and the steep slope of the plateau are 2H:, 4H: and 0.5H, respectively. We modeled
the height of both topographic features with H:= 0.05HasL in the computational domain of HasL,
2HasL, 4HasL and 8HasL, which result in blockage ratios of 5 %, 2.5 %, 1.25 % and 0.625 %,
respectively.

The setup of simulations in this section is similar to that of the isolated building simulation in
Section 4.3. The primary difference is the replacement of the geometry of the building with the
generic topography and the modification of the computational grid around the model. Figure 24
depicts the schematics of the simulation domain with the mesh near the geometry of interest. As
the geometry becomes more complex than a square-shaped building in the previous section, the
grids are finer in the vicinity of the topography such that the important flow features in the
region can be correctly captured. Note that the boundary conditions for the bottom wall are
consistent for both the flat ground and the surface of the topographic models as this study aims to
investigate the impact of large-scale topography. The rest of boundary conditions are
summarized in Table 4. The reference pressure is set to 0 at H = HasL on the inlet boundary
regardless of the domain height. Based on the observation in Sections 4.2.2 and 4.3.2, all
simulations in this section were conducted by specifying the body force within the ABL height.
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Fig. 23. Representation of topographic features for the generic model; (a) ridge and (b) plateau
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Fig. 24. Mesh view of generic model
Table 4. Boundary conditions of the simulation with generic model
Inlet Outlet Top | Bottom
U fixedValue zeroGradient | slip |[U|=0
(from precursor)
p zeroGradient zeroGradient | slip zeroGradient
k fixedValue zeroGradient | slip kgRWallFunction
(from precursor)
e zeroGradient zeroGradient | slip epsilonWallFunction
Vi zeroGradient zeroGradient | slip nutkAtmRoughWallFunction,
720=0.03minFS
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4.4.2. Results

Figure 25 presents the nondimensional velocity and TKE in the vertical plane from the
simulation with H = HasL. The approach flow separates at the top of the ridge, causing the
leeward side of the ridge to be covered by its wake. The separated flow extends to the plateau
downstream, resulting in a significantly reduced wind speed between the ridge and the plateau
compared to the other locations. The wake that forms behind the plateau is not as strong as the
one that forms behind the ridge. The U, k, and ¢ fields show negligible differences within the
ABL height in the simulations with different domain heights of HasL, 2HasL, 4HasL and 8HasL.
As observed in the simulations with the empty domain and with an isolated building in the
previous sections, the predictions of U and k fields by the other simulations with different
domain heights compare well to the showcased results in the figure unlike the pressure field.
The blockage effect was quantitatively investigated by comparing the field quantities from the
simulations with different blockage ratio of 0.3125 %, 0.625 %, 1.25 % and 2.5 %. Figure 26
first presents the distribution of relative deviation in velocity magnitude and TKE, and simple
deviation of pressure coefficient between the two cases with the maximum and minimum
blockage ratio, like Fig. 21 in the previous section. Again, the lowest blockage simulation is used
as a reference for the calculation of the relative deviation, given that the case would produce the
solution the least affected by the domain size. Similar to the comparison for an isolated building
case, the blockage effect on velocity and TKE fields are not significant, and the maximum
relative deviation of both quantities fall below 5 %. Because the height of the generic topography
is two times greater than that of the single building tested previously, the blockage effect is more
pronounced and the relative deviation is also higher than the case with a smaller structure. Figure
27 shows the change of nondimensional velocity, TKE and pressure at four locations P1 through
P4 that are horizontally distanced by 0.2HagL to their adjacent points and vertically spaced by Ht
from the four points of interest on the ground. The projection of points P1 through P4 onto the
ground corresponds to the apex of the ridge, in the middle of the wake region behind the ridge,
the top of the nose of the plateau, and the trailing edge of the plateau, respectively. The amount
of change of field quantities varies by the location of the sampling point and the field variable
itself. The comparison of the nondimensional pressure to the velocity and TKE confirms that the
pressure field is more sensitive to the blockage effect than the two other fields: the mean percent
deviation of p is 19.62 % by the change of blockage ratio from 5 % to 0.625 % while that of U
and k are only 3.10 % and 1.88 %, respectively. Next, the changes of pressure sampled at the
four points Pa through P4 on the topography are presented in Fig. 28. The average change of
pressure at the four points is 13.73 % and this number is smaller than the variation of pressure
sampled at the points Ht above the ground, i.e., P1 to P4. Those results are consistent with the
conclusion made with the simulations of an isolated building in the previous section and confirm
that the blockage ratio should be reduced to avoid the unintended blockage effect particularly
when the pressure on a structure or over topography is of primary interest. Figure 29 presents the
relative deviation in velocity magnitude and TKE along the line constantly distanced by H: from
the topography, as well as the difference in pressure coefficient on the surface of the topography.
The results agree well with the observations in other simulation results, showing significant
impact of blockage on pressure with minute effects on the velocity and TKE fields. The pressure
coefficient varies by at least 0.02 due to the change in domain height with the peak variations of
0.151 at the top of the ridge and -0.099 at the trailing edge of the plateau, respectively. Given
that the impact of blockage on U and k is minute, it would be not critical to use a vertically
extended computational domain and to pursue low blockage ratio, if only the velocity and TKE
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fields are of concern but not the pressure. Note that the simulations in the current study were
conducted in 2D settings and that the required blockage ratio that does not produce significant
changes in pressure may be different in 3D simulations.

z U1, zZ4 kiul
1 !30
— 0 ' 0
X
() Velocity magnitude (b) Turbulence Kkinetic energy

Fig. 25. Contour of non-dimensional velocity magnitude and turbulence kinetic energy around the
topography of interest.
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Fig. 26. Distribution of relative deviation in (a) velocity magnitude and (b) TKE; and (c) difference in
pressure coefficient; between the two simulations with the blockage ratio of 5 % and 0.625 % with using
the lowest blockage case as reference for the relative deviation
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5. Proposed CFD procedure for ABL approach flow in wind engineering
applications

This section summarizes the CFD procedure proposed in this study for the generation of an ideal
approach flow in structural wind engineering applications, based on the findings from the test
case simulations in the previous sections. For accurate estimation of flow fields around and
associated wind loads on a structure, it is imperative to generate an ideal approach flow that
satisfies the following characteristics: a fully developed flow featuring horizontal homogeneity,
zero streamwise pressure gradient, and a realistic shear stress profile within the ABL height.
Also, for structural engineering application purposes, adaptability to extend the domain vertically
beyond the ABL height is required to have an acceptably low blockage effect in large-scale
simulations (e.g., with buildings in urban and/or topographic environments). To develop
approach flow that satisfies these requirements, we theoretically explained our method in Sec. 3
and confirmed with the test-case simulations in Sec. 4 that a body force, derived from a target
shear stress profile, needs to be incorporated within the ABL height in a domain to drive the
ABL flow.

The proposed procedure necessitates a precursor simulation with a body force to obtain
the ABL flow with the desired flow characteristics in terms of its aerodynamic roughness length,
friction velocity, and the streamwise wind speed at a reference height. The target shape of the
shear stress profile for the ABL determines the body force profile, and ultimately, the ABL flow
profiles. These achieved profiles from the precursor are applied to a main simulation where a
model of interest (e.g., such as a building and topographic surroundings) is located in the domain
for structural engineering applications. In the main simulation, the body force used in the
precursor simulation should also be employed. Otherwise, a horizontal pressure gradient,
equivalent to the missing body force, automatically builds up throughout the domain. Since this
undesired gradient is embedded in the pressure field in the domain, its influence on the pressure
field should be eliminated for accurate estimation of pressure (e.g., on a building of interest).
Note that the flow velocity and TKE fields, commonly of main interest in environmental wind
engineering applications, are identical in the main simulations with and without the body force.

For simulations whose domain height is higher than the ABL height, the role of the body
force is particularly important. Without the body force, the horizontal homogeneity of profiles
significantly deteriorates along the streamwise direction because the automatically generated
pressure gradient cannot perfectly replace the role of the body force within the ABL height as a
driving force.

The proposed approach enables lowering of the blockage ratio in a main simulation by
vertically extending the domain size beyond the ABL height while maintaining all flow
characteristics unchanged within the ABL. This feature is needed to avoid any disturbance of
flow and aerodynamic characteristics of interest, particularly for large-scale simulations
including buildings in urban environment and/or over topographic surroundings (e.g., ridges and
mountains). Otherwise, corrections are required.
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6. Conclusion

Previous studies using computational fluid dynamics (CFD) in structural wind engineering have
made efforts on developing an ideal approach flow (i.e., a fully developed flow characterized by
horizontal homogeneity, zero streamwise pressure gradient and a realistic shear stress profile) for
the accurate estimation of wind loads on a structure. However, those studies have focused on a
computational domain whose height is equal to or less than the ABL height, in spite of the
necessity for the approach flow in computational domains taller than the atmospheric boundary
layer (ABL) height.

In this study, we proposed a practical method for generating the ideal approach flow in
the computational domain that encompasses the free atmosphere beyond the ABL height to
ensure an acceptably low blockage effect on flow quantities. The ideal approach flow profiles
were successfully generated in a precursor simulation with vertically extended domain beyond
the ABL height by using the body-force-driven approach, then the profiles were applied to main
simulations of a horizontally elongated empty domain, and with an isolated building and
topographic models. We identified that the body force should be incorporated in the main
simulations to satisfy all the requirements, otherwise an undesired pressure field automatically
builds up throughout the domain to replace the missing body force that originally generated the
profiles, and would result in inaccurate pressure distribution on a model’s surfaces. The
investigation of velocity (U), turbulence kinetic energy (k) and pressure fields with respect to
blockage ratio indicated that the pressure is more vulnerable to the blockage effect than the other
two: the average percent change of the pressure at specific locations of interest were
approximately order of magnitude higher than that of U and k. One crucial advantage of the
proposed method is that the blockage ratio can be substantially reduced by increasing the height
of computational domain to avoid unintended blockage effects on the pressure fields on a
structure. The proposed approach would be an optimal method for simulations where the
blockage ratio cannot be reduced by laterally extending the computational domain. Although the
current study employed the Reynolds-Averaged Navier-Stokes (RANS) approach in a 2-D
setting to demonstrate the procedure development, the approach is not limited only to RANS
modeling but is applicable to 3-D simulations with higher fidelity technique like large-eddy
simulations (LES). Therefore, future work will include application of the proposed approach to
3D simulations with complex topography for validation of the procedure.
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