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Keywords: In this study, a novel unsteady Reynolds-Averaged Navier-Stokes (URANS) model is proposed in conjunction
Gust wind speed with a prespecified averaging time and turbulent inflow, and a new peak factor that considers the effect of
URANS

averaging time used in URANS is derived to calculate gust wind speed. Firstly, the URANS incorporated with a
prespecified averaging time and turbulent inflow is proposed to predict the time series of wind speed over flat
terrain and investigate the variation of higher-order moments and zero-crossing rate at which the fluctuating
wind speed changes algebraic sign with the averaging time. The predicted higher-order moments are less sen-
sitive to the averaging time, but the predicted zero-crossing rate slightly decrease with increasing the averaging
time due to the moving average effect. Secondly, a new peak factor is proposed to consider the averaging time.
Finally, the gust wind speeds over flat terrain and around a single building predicted using the proposed URANS
and the new peak factor based on the Hermite model are found to be in good agreement with the LES results,

Turbulent inflow
Averaging time
Peak factor
Skewness
Kurtosis

while those predicted by the conventional models deviate more from the LES results.

1. Introduction

The gust wind speed is the maximum wind speed over a short
duration in a long-term wind speed time series [1]. As defined by Kris-
tensen, the gust is the wind speed deviation from the mean which is
exceeded once during the reference period [2]. Predicting gust wind
speed is crucial for the design of wind turbines and buildings. Wind
turbines are designed to operate within a certain range of wind speed.
Gusts can impose excessive loads on the turbine blades and towers,
causing structural damage or failure [3]. On the other hand, cladding of
buildings in urban areas are subject to wind-induced extreme loads.
Gusts can exert high wind pressures on these structures, which can lead
to damage or instability [4].

As defined in IEC 61400-1 [5], gust is a temporary change in wind
speed and is characterized by rise time, magnitude and duration. To
accurately predict gust wind speed, it is essential in engineering appli-
cations to investigate the relationship between gust magnitude and gust
duration (hereafter averaging time) [6]. According to the definition of a
gust by the World Meteorological Organization [7] and IEC 61400-1 [5],
the averaging time of 3 s is adopted. As stated by Burton et al. [8], the
gust wind speed is affected by turbulence intensity. In addition, Hino [9]
investigated the influence of various factors on the gust wind speed. The
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results show that the longer the averaging period of the mean wind
speed Ty, and the shorter the averaging time t,,. , the greater the gust
wind speed upq, with the averaging time of t,,. , whose definitions are
shown in Fig. 1.

The first approach is directly calculating the gust wind speed from
time series of wind speed. Ikegaya et al. [10] used Large-Eddy Simula-
tion (LES) to predict the probabilistic characteristics of turbulent flow
field in a simplified urban area. The results show that the probability
distributions of wind speed tend to skew toward the direction of high
wind speed regardless of the arrangement of buildings. Kikumoto et al.
[11] evaluated the gust factor and peak factor based on numerical re-
sults around a single building by LES. The results indicated that both the
gust factor and peak factor were high in areas with low mean wind
speeds, such as at the side and back of a single building. Conversely,
these factors tend to decrease in areas with high mean wind speeds.
Furthermore, the uncertainty in the gust factor decreased as the mean
wind speed increased, while the uncertainty in the peak factor remained
constant for different wind speeds. The gust wind speeds around
buildings are well predicted by LES even in regions with flow separation
and reattachment, but the computational time is rather long, since a fine
grid and small time step are required to achieve an accurate simulation
[12].
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The gust wind speed can also be calculated by multiplying the mean
wind speed by the gust factor, which is efficient and fast if the mean
wind speed and standard deviation are given or estimated by the Rey-
nolds Averaged Navier-Stokes (RANS) model. Weiringa [13] fixed the
averaging period at T, = 1 h and proposed an empirical formula in
which the gust factor is inversely proportional to the averaging time.
Furthermore, Ishizaki [14] related the gust factor to the ratio of the
averaging period to the averaging time. This formula is very simple and
widely used in wind engineering applications [15]. Davenport [16]
derived a peak factor based on a Gaussian process to consider the effect
of turbulence intensity on the gust factor and predict the peak factor
based on the zero-crossing rate and averaging period. However, as stated
by Holmes et al. [6], the peak factor is also a function of the averaging
period and averaging time. In conclusion, the averaging period, aver-
aging time and turbulence intensity need to be considered for the pre-
diction of gust wind speeds, but to the best of the authors’ knowledge,
there are few literatures that use these parameters together.

To improve the accuracy of gust wind predictions, non-Gaussian
processes were used and higher-order moments of wind speed, such as
skewness and kurtosis, were incorporated into the formula predicting
gust factors. Winterstein [17] developed a moment-based Hermite
model to account for the significant nonlinearities of random variables,
in which the nonlinear function only depends on two higher-order
central moments, i.e., skewness and kurtosis [18]. The moment-based
Hermite model provides a basis for establishing peak factors, but the
main challenge lies in how to predict these two higher-order moments.
Akahoshi et al. [19] approximated these two higher-order moments with
the lower-order moment, i.e., the turbulence intensity and predicted
gust wind speed using the simplified moment-based Hermite model, but
the uncertainty in the proposed formula to approximate the relationship
between the skewness and the turbulence intensity is relatively large.
Wang and Okaze [20] used similar ideas, in which the mean wind speed
and the turbulent kinetic energy are utilized to predict gust factors. The
relationship between the shape parameter of the two-parameter Weibull
distribution and kinetic energy ratio is established and gust wind speeds
are calculated based on the exceedance probability. However, the ac-
curacy of using lower-order moments to represent higher-order mo-
ments in these models should be investigated further.

As a bridge between LES and RANS, the unsteady Reynolds-Averaged
Navier-Stokes (URANS) model can be employed to predict periodic
unsteadiness caused by large-scale organized motions, such as vortex-
shedding in the wake of building [21]. However, as pointed out by
Ishihara and Qi [22], the performance of URANS is the same as that of
RANS if a steady inflow is adopted. However, the application of URANS
to predict higher-order moments and gust wind speeds has been
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investigated little. Therefore, a framework based on URANS is needed to
predict gust wind speeds efficiently and accurately.

This study aims to propose a novel unsteady Reynolds-Averaged
Navier-Stokes (URANS) model with prespecified averaging time and
turbulent inflow and a new peak factor considering the averaging time
to predict gust wind speeds in urban areas. Firstly, Section 2 elucidates
the numerical models, including the turbulence model, generalized
canopy model, turbulent inflow used in the URANS model, computa-
tional domain and grid system as well as the formulas for predicting gust
wind speeds and validation metrics. Section 3 shows the performance of
URANS to predict higher-order moments for different averaging times
and then proposes a new peak factor considering the averaging time.
Finally, the predicted gust wind speeds over flat terrain and around a
single building by the proposed URANS as well as the new peak factor
are validated by LES simulations. The conclusions are summarized in
Section 4.

2. Numerical models and gust prediction methods

The governing equations and turbulence model used in URANS are
described in Section 2.1. The turbulent inflow used in URANS simula-
tions is presented in Section 2.2. The computational domain and grid
system are given in Section 2.3. The formulas for predicting gust wind
speeds and validation metrics are introduced in Sections 2.4 and 2.5.

2.1. Governing equations and turbulence model

The governing equations used in URANS are expressed by Eqs. (1)
and (2) as follows:

d(pu;)
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where i;(t) is the resolved velocity in the i direction (i = 1, 2, 3) and p is
the resolved pressure. p is the air density and u is the molecular viscosity.
f;,; is the fluid force caused by vegetation and buildings. The stress u;1; in

Eq. (2) is usually modelled by eddy-viscosity hypothesis and is expressed
as,
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Fig. 1. Schematic diagram of nomenclatures related to gust wind speeds; u(t) is the instantaneous velocity, u(t) is the moving averaged velocity with averaging time

of taye = 3 s and U is the long-term mean velocity with Ty, = 600 s.
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where §; is the Kronecker delta function. y, is the turbulence viscosity

and can be written as,

kg
= Cp==. 5
He= G (5)

where ks and &5 are the modelled turbulent kinetic energy and turbulent
dissipation rate, which are computed from the transport equations in the
STRUCT k-¢ model by Xu [23] as follows:
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where o and o, are the inverse effective Prandtl numbers for ks and «s,
respectively. The default constants in transport equations are C,; = 1.42,
C.2 = 1.68, C;3 = 1.5, C, = 0.0845, 6y = 6, = 1.393. These parameters
are default values in Fluent [24] and are used to simulate the neutral
atmospheric boundary layer.

Compared to the standard k-¢ model, the STRUCT k-¢ model includes
two additional source terms on the right-hand side of Eq. (7). The fourth
term is from the conventional RNG k- model by Yakhot et al. [25] and is
used to describe the effects of rapid strain and streamline curvature, in

which 5, = 4.38, p = 0.012. 5y = |S|ks/es and [S| = 1/S;S;. The fifth term

S, in Eq. (7) is the product of a constant C,s, turbulent kinetic energy k

and the second invariant of the resolved velocity gradient tensor, IT used

to describe regions lack applicability of the scale-separation assumption

in Xu [23] as follows:

Csks 0tl; 0
2 0x; ox;

S, = Cuaksll = — (8)

The constant C,; of 1.5 is determined by a sensitivity study by Xu
[23] and is used to predict the flow fields around the freight train and
T-junction by Garcia et al. [26] and Feng et al. [27]. By including the
source term in Fq. (7), the resolved frequencies are always smaller than
the modelled frequencies and therefore the velocity fluctuations are
captured even for large time steps. In this way, URANS used in this study
overcomes the overestimation of turbulence viscosity in the wake region
and decays at the smallest scales.

In this study, the turbulent flow field around a single building is
investigated using the canopy model as source terms to calculate the
momentum caused by the building in the turbulent boundary layer.
Enoki and Ishihara [28] and Ishihara et al. [29] proposed a generalized
canopy model considering both vegetation and buildings by adding a
fluid force, f‘u" in Eq. (2).

y 1 Vi i
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where Vg4 is the grid volume. [i] is the absolute value of resolved ve-
locity and #; is the resolved velocity in the i direction. y, is the packing
density and I, is the representative length scale of buildings. V;, and S,
are the volume and total side surface of buildings, respectively. Cy is the
equivalent drag coefficient and Cp, is the drag coefficient of buildings.
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The finite volume method is employed to discretize the governing
equations of continuity and momentum. Numerical simulations are
conducted using Fluent [24]. The spatial discretization method is second
order upwind. A second-order implicit scheme is utilized for time dis-
cretization. Pressure-velocity coupling is implemented using the
Semi-Implicit Pressure Linked Equations (SIMPLE) approach. Pressure
outlet boundary conditions are set at the outlet. Symmetrical conditions
are imposed on the side and top boundaries. The bottom surface is
modeled as a non-slip wall with a surface roughness of z, = 0.018 m in
real scale, consistent with the setup of the experiment by Meng and Hibi
[30].

In this study, the mean velocity U and standard deviation o> in the
streamwise direction are calculated as follows:

U=T06°=u”+u (a1

where 1 is the mean value of the resolved velocity i, o2 is the standard

deviation, obtained from the fluctuating resolved velocity u' = u— U
and the modelled turbulence uit. V and 62 in the spanwise direction as
well as W and o2 in the vertical direction can be calculated similarly.

2.2. Generation of turbulent inflow for URANS

For the turbulent inflow, according to Irwin [31], the spire with
height of 0.6m and fence with height of 0.1 m is used to reproduce the
neutrally stratified atmospheric boundary layer in the wind tunnel test
by Meng and Hibi [30]. To adjust the wind fields near the ground, cubic
blocks with heights of 0.06 m, 0.02 m and 0.01 m are set in sequence at
0.21 m downstream of the fence. Based on the width of the single
building and the velocity at the height of the building, the Reynolds
number is 2.4 x 10%. The turbulent inflow is generated by the spire,
fence and cubic blocks as shown in Qi and Ishihara [32]. The predicted
vertical profiles of mean wind velocity and turbulence intensity can be
expressed by those of terrain subcategory V defined by the ALJ [33].

At the inlet boundary of the URANS model, the turbulent inflow
based on the dataset of y;(t) generated by the LES simulation using above
configuration is separated into two parts: resolved turbulence and
modelled turbulence as shown in Fig. 2. This is achieved by defining a
specific averaging time. The reason why the averaging time allows
separation of turbulence into resolved and modelled components is that
the averaging time proposed in this study is related to the window width
of the low-pass filter. As pointed out by Israel [34], filtering a fully
resolved turbulent field with any low-pass filter characterized by a
specified length scale results in a filtered velocity field, where unsteady
fluctuating terms can be introduced to the initial conditions. Therefore,
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Fig. 2. Schematic of power spectral density of streamwise velocity component
and nomenclatures used for gust wind speed prediction.
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the subgrid cutoff of URANS depends on the proposed averaging time.

In Fig. 2, T, is the peak period corresponding to peak frequency and
Tyy is the time corresponding to the Nyquist frequency. To generate
turbulent inflow, the averaging time normalized by the peak period is
called y, and calculated as follows:

e

T, (12)

163

where the averaging time t4. is located between Ty, and T,,. The peak
period Ty, is calculated from the spectrum of the reference wind speed at
the height of 160 m and is 30 s corresponding to the wind tunnel test by
Meng and Hibi [30]. When y, > 1, the performance of URANS is close to
RANS. Conversely, when y, < 1, URANS can capture the small-scale
vortices as shown in Fig. 3. The vortex structures in Fig. 3 are visual-
ized by i, method as shown in Jeong and Hussain [35]. As y, increases
from 1/30 to 1/3 according to the averaging time from 1 sto 10 s, the
small-scale vortices decrease, i.e., the proportion of resolved turbulence
decreases. Therefore, the averaging time must be within a certain range
to capture coherent structures in the turbulent flow field if the purpose
of the URANS simulation is to predict gust wind speeds.

The resolved and modelled turbulence are obtained by applying a
moving average to the dataset. The window width of the moving average
d is,

d = 2ta,/dt 13

where dt is the time interval of the dataset of u;(t). For example, when
the time interval dt = 0.01 s and t,,. = 10 s are selected, the window
width dw of the moving average is 2000.

The instantaneous resolved velocity, instantaneous modelled turbu-
lent kinetic energy and turbulent dissipation rate are calculated as fol-
lows:

1 j4d/2

= —_—— uu
a‘+ljdl,2

Ui j 14)

13 1 iEe ~ 2
kij=5 2 \av1 > (w;— i) (15)

i j-dj2

341,32
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o (16)

E5j —
where ;; is the jth data of the dataset u;(t) in the i direction, 1; j is the
corresponding resolved velocity. k;; and ¢;; are the modelled turbulent
kinetic energy and turbulence dissipation rate, respectively. After the
velocity from the dataset is separated into resolved and modelled com-
ponents, the time series of resolved velocity, modelled turbulent kinetic
energy and modelled turbulence dissipation rate are imported to each
grid at the inlet boundary.

(a)

ra

4 yiH

Fig. 3. Vortices around a single building by URANS with normalized averaging time (a) ¥,
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2.3. Computational domain and grid system used in URANS

In this study, the gust wind speeds over flat terrain are first investi-
gated. Fig. 4 (a) shows a bird’s eye view of the computational domain.
The domain size is 90h(x) = 16.5h(y) x 22.5h(z) and h is a represen-
tative height of 0.04 m, which is same as that by Ishihara and Qi [22].
The inlet boundary is 30h upstream from the center of target and the
turbulent inflow is generated using the dataset of u;(t) as described in
Section 2.2, The downstream space is extended by 60h. Fig. 4 (b) pre-
sents a top view of the grid system of the entire computational domain.
Fig. 4 (¢) and (d) depict the target zone and the grid system in detail. A
grid size of 1.0 mm is used in the target region in this study. To control
the grid quantity and enhance computational efficiency, a hybrid grid
system used by Ishihara and Qi [22] is employed. In Fig. 4 (b), the red
rectangle marks the target zone with a grid size of 1 mm. Surrounding
the target zone, elongated yellow rectangles serve as buffer zones, where
triangular grids facilitate a gradual transition from fine to coarse grids.
Upstream of the target zone, the grid size is 10 mm, while the grid size
above and below the target zone is 8 mm. This computational domain
and grid system is used to generate the turbulent flow field over flat
terrain by URANS with a prespecified averaging time.

In this study, the gust wind speeds around a single building are then
studied. The size of the single building is B x B x H(H = 2B = 0.16 m) in
the streamwise, spanwise and vertical directions as shown in Fig. 5 (a),
which is the same as the single building used in the wind tunnel test
conducted by Meng and Hibi [30]. In this simulation, the URANS model
is used, and the turbulent inflow is generated using the dataset of u;(t) as
described in Section 2.2, The configuration of the computational domain
is illustrated in Fig. 5 (b). The width and height of the computational
domain are 1.1 m and 0.9 m. The distances from the center of the
building to the inlet and outlet boundaries are 3.1H and 15.0H,
respectively. As shown in Fig. 5 (b), a fine grid resolution is employed
near the ground, gradually transitioning to a coarser grid in the upper
layer. The minimum vertical grid resolution is set to 0.005 m, while the
maximum vertical grid resolution is no more than 0.03 m. Specifically a
structural grid with a horizontal resolution of 0.004 m is implemented
around the single building. The vertical grid resolution varies from a
minimum of 0.002 m at the bottom of the building and a maximum of
0.01 m at the top of the building.

To simplify the grid system of the computational domain, the
generalized canopy model introduced in Section 2.1 is used to simulate
the impact of the single building on the surrounding wind field. The
representative length scale, packing density and equivalent drag coef-
ficient of the cubic blocks and the single building calculated using Fq.
(9) are summarized in Table 1.

2.4. Prediction of gust wind speeds

To consider the significant nonlinearities of random variables,
Winterstein [17] proposed a moment-based Hermite model. In this

(b)

1/3 visualized with i,

1/30 and (b) ¥,

-10,000.
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(a)
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Fig. 4. Grid system and computational domain for flat terrain: (a) bird’s eye view of the computational domain, (b) top views of entire area, (c) target zone and (d)

grid system in detail. h is a representative height of 0.04 m.

|

H=2B
‘B\\_% 0.08m
(a)

Table 1
Summary of parameters of canopy models for approximations of cubic blocks
and a single building.

Canopy Representative length Packing Equivalent drag
scale, lp (m) density, yy (%) coefficient, Cy

Block 1 0.06 6.25 1.981

Block 2 0.02

Block 3 0.01

single 0.08 99.9999 2.75 x 10'?

building

(b)

Fig. 5. Configuration of the computational domain for a single building: (a) size of the single building, (b) bird’s eye view of hybrid system.

study, the gust wind speed tyq, in the streamwise direction is predicted
based on the modified Hermite model using the mean speed U, standard
deviation ¢, and peak factor g as:

Unax = UGpay = U =+ go, a7

The peak factor g is expressed using the Hermite coefficients hy, hy
and a dimensionless factor X with a correction coefficient f(ta. /Tio) as
follows:

&= K[X+hs(X* 1) +he(X®> —3X)] fltave / Teor) (18)
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where h; and h, are calculated by skewness a3 and kurtosis as. « is the
scaling factor. f(ta. /Tist) is a correction coefficient discussed in Section
3.2 and expressed as a function of the averaging time f,,. normalized by
the averaging period Ty, of 600 s. Note that Eq. (18) expresses the
original moment-based Hermite model if f(tye /Tio) = 1.

The dimensionless factor X is a function of the zero-crossing rate v/,
and the averaging period Ty, and calculated as follows:

X =/2In (,Tw) (22)

The zero-crossing rate v, is expressed as:

y 1 V Lo f2Sulf)df 23)

U1 18 [ s

where S, is the power spectral density of the streamwise velocity u. The
gust wind speeds in the spanwise and vertical directions can be calcu-
lated similarly. Eqs. (17)-(23) are formulas to predict gust wind speed
using URANS that take turbulent inflow into account, and S, (f) refers to
the power spectral density obtained from URANS.

Higher-order moments can be accurately predicted by LES using fine
grids and small time steps, but the computational time is very long. In
contrast, RANS lacks the ability to predict spectra or higher-order mo-
ments but is computationally efficient and widely used in wind engi-
neering applications. Recently, several models have been proposed to
predict gust wind speeds using lower-order moments obtained from
RANS, such as turbulence intensity or kinetic energy ratio to approxi-
mate higher-order moments. Akahoshi et al. [19] proposed formulas to
estimate higher-order moments using turbulence intensity, however, it
was based on field observations. This method is called the Akahoshi
model and is described in detail in Appendix A in detail. Meanwhile,
Wang and Okaze [20] assumed that the velocity distribution follows a
two-parameter Weibull distribution and expressed the shape parameter
of the Weibull distribution as a function of the kinetic energy ratio. This
method is named the W&O model and is explained in Appendix B in
detail.

2.5. Validation metrics

In this study, the evaluation of the accuracy of the proposed modified
Hermite model, Akahoshi and W&0O models is based on the hit rate q,
which was introduced in previous studies [22,36,37] and expressed as
follows:

N 1, ‘y%x‘ <D, or ly — x| < 0.05/max|

n;, with n; = (24)
1

2=

q =
i 0. else

where x and y are the measured and predicted variables. N represents
the total number of measured or simulated values. D, = 0.15 [22] is
adopted in this study. |max| represents the maximum value of the
measured and simulated results. The hit rate is taken to represent the
fraction of cases where y is within 15 % of x or their difference is less
than 5 % of the maximum. This metric is employed to assess the per-
formance of the models in predicting gust wind speeds.
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3. Results of gust wind speed prediction

The performance of URANS to predict higher-order moments is
illustrated in Section 3.1. A correction coefficient that considers the
effect of averaging time is proposed in Section 3.2 and is then validated
using the turbulent flow fields over flat terrain and around a single
building in Section 3.3.

3.1. Evaluation of higher-order moments

To determine the length scale and time scale of the numerical
simulation, the vertical profiles of mean wind speed and turbulence
intensity obtained from the LES simulation with a wind speed of 6 m/s at
the height of 0.16 m are fitted to the vertical profiles of different terrain
subcategories defined in ALJ [33].

The results show that the generated turbulent wind field at z/H < 2.0
are close to terrain subcategory V in AlJ [33] as shown in Fig. 10, and
the length scale is determined to be 1:1000. Since the velocity scale is
arbitrary, itis set as 1:10 in this study and the time scale is determined to
be 1:100 to fit the power spectral density of streamwise velocity. The
reference height H and reference wind speed U, in real scale are
calculated to be 160 m and 60 m/s, respectively. The various scales and
reference values used in this study are summarized in Table 2.

Fig. 6 shows an example of power spectral density of streamwise
velocity at the reference height, H = 165 m, The Kaimal spectrum as
shown in IEC 61400-1 [5] and the averaging times of 2, 3, 5and 10 s are
also plotted in Fig. 6 for comparison. The LES simulation can accurately
capture high-frequency fluctuations around 3 s in the inertial subrange,
but fluctuations shorter than 3 s are smoothed due to the limitation of
grid resolution [20]. As t,,.. moves from the right to the left as illustrated
in Fig. 6, the fraction of the resolved turbulence decreases, but that of
modelled turbulence increases. In this study, different averaging times
of tgye = 3, 5 and 10 s and a fixed averaging period of Ty, = 600 s are used
to investigate their impact on the peak factor.

To evaluate the effects of averaging time on evaluation of higher-
order moments, the LES results are smoothed and used to calculate
higher-order moments and zero-crossing rates. Fig. 7 presents variation
of higher-order moments and zero-crossing rate with different averaging
time ty, from 3 to 10 s. It can be observed that the mean wind speed and
standard deviation normalized by U,.r, skewness and kurtosis are not
sensitive to the averaging time. This is because the first four moments
are long-term statistics and are stable rather than short-term fluctua-
tions. These statistics are influenced by the large-scale turbulence
structures and are less affected by the change in resolution of gust events
captured with different averaging times. From the perspective, URANS
can provide accurate higher-order moments even when the averaging
time is large and the computational time can be significantly reduced,
since the higher-order moments are insensitive to the averaging time.
However, as t,,. increases, the zero-crossing rate decreases because more
data are averaged over a longer period. This smoothing effect reduces
the amplitude of the fluctuating velocity. Consequently, the number of
crossings on the time axis (zero-crossing) decreases because the rapid
fluctuations that cause frequent zero crossings are reduced by the
moving average process. Therefore, a modified Hermite model is needed
for larger averaging times, and the correction coefficient as shown in Eq.
(18) in Section 2.4 needs to be identified.

Table 2

Description of various scales and reference values used in this study.
Item Prototype Model
Length scale 1 1/1000
Velocity scale 1 1/10
Time scale 1 1/100
Reference height H (m) 165 0.165

Reference wind speed Uy (m/s) 60 6
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Fig. 6. Power spectral density of streamwise velocity at the reference height H
= 165 m with averaging time f,, = 3 s, 5 5 and 10 s and a fixed averaging
period of Ty = 600 s.
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3.2. Correction coefficient of peak factor

To evaluate the peak factor in Eq. (18), the parameter X consisting of
the zero-crossing rate v, and the averaging period T, needs to be
calculated. In this study, the correction coefficient f(fae /Tior) is identi-
fied by dividing the peak factor calculated using LES results by those
calculated using the original Hermite model to propose a new peak
factor that is independent of the averaging time used in the URANS
model as shown in Fq. (25).

f(tm;’Tm:) — 1.6e 0. 2(tave [ Teoe ) —0.6e 165Hm,-'1"m]1 Tmr =600 s (25)

The correction coefficient is based on the methodology of Hino [9],
who parameterized the effect of a short-term moving average on the
long-term moving average derive the formula for gust factor. In this
study, the same idea is adopted to correct the formula for the peak factor
and the correction coefficient in Eq. (25) is empirically derived as a
function of tae/Tior-

Fig. 8 shows the variation of the correction coefficients with respect
to the averaging time f,.. The predicted correction coefficient ap-
proaches to 1 when the averaging time is close to 0. The peak factor
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Fig. 7. Variations of (a) mean wind speed, (b) standard deviation, (c) skewness, (d) kurtosis, (e) zero-crossing rate for the flat terrain obtained from URANS with

averaging time t, = 35,5 s and 10 s.
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Fig. 8. Variation of correction coefficients that corrects the Hermite model
with the averaging time.

shown in Eq. (18) can be calculated using the correction coefficient in
Eq. (25) that considers the effect of the averaging time. Therefore, the
gust wind speed that is not affected by the averaging time can be eval-
uated using Fq. (17). As shown in Fig. 6, the peak velocity from the LES
can capture high-frequency fluctuations around 3 s due to the limitation
of grid resolution [20]. As a result, u,., evaluated using Fq. (17) cor-
responds to the gust wind speed for almost 3 s.

To demonstrate the accuracy improvement with the modified Her-
mite model, Fig. 9 shows the vertical profiles of the peak factors pre-
dicted by the original and modified Hermite models. The peak factors
predicted by the modified Hermite model show almost the same values
and are independent of the averaging time, while the original Hermite
model underestimates the peak factors obtained from LES because the
streamwise velocity is smoothed using a longer averaging time.

The advantage of the proposed method is that it can accurately
predict the turbulence intensity at large time steps, since the total tur-
bulence kinetic energy does not change with the averaging time, i.e. the
time step. On the other hand, LES cannot accurately predict gust wind
speeds at large time steps, since the resolved turbulence is under-
estimated. The differencing schemes used in URANS may affect the
correction coefficient. Seng et al. [38] concluded that a temporal scheme
of at least second order is required to accurately discretize the unsteady
terms in the governing equations. In addition, the pressure-velocity
coupling used in this study is the Semi-Implicit Pressure Linked
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=
T
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Peak factor g

Fig. 9. Comparison of peak factors with averaging time taye
coefficients.
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Equations (SIMPLE) approach. As stated by Hadi et al. [39], the SIMPLE
method can reach acceptable convergence for the simulation of Karman
vortex that occurs in the turbulent flows around mountains and islands.
As a result, URANS gives the same results as LES for the same small
time-step and the influence of the differencing schemes on the correction
coefficient is expected to be limited.

3.3. Validation and discussion

Figs. 10 and 11 show the vertical profiles of mean wind speed and
turbulent kinetic energy over flat terrain and around the single building
predicted by URANS, which are compared with the LES results and the
wind tunnel experiments by Meng and Hibi [30]. In this study, the time
step At in URANS simulations is the same as the averaging time t4..The
time step used in URANS are 10 s, while the time step in LES is 0.01 s to
satisfy the Courant Friendrichs Lewy (CFL) condition [40]. The vertical
profiles of mean streamwise velocity and turbulent kinetic energy by the
proposed URANS model are in good agreement with those obtained from
the wind tunnel experiment [30] even with the averaging time of 10 s.
The highest mean streamwise velocity and turbulent kinetic energy
occurs in the shear layer above the building as shown in Fig. 11. The
flow separation and reattachment are also well captured by the proposed
URANS model. The prediction accuracy of URANS is almost the same as
that of the LES simulation, indicating that the proposed method has high
computational efficiency in engineering applications.

To evaluate the performance of the proposed model shown in Fq.
(18), the vertical profiles of normalized gust wind speed over flat terrain
predicted by the proposed modified Hermite model, Akahoshi and W&O
models are first compared in Fig. 12 (a), where U,y is the reference
velocity at the reference height of 160 m. In this study, this height is the
same as the building height. The mean streamwise velocity and standard
deviation obtained from the LES simulation are used in the Akahoshi and
W&O models to clarify the accuracy of the two models for predicting
peak factors. The validation metrics of the predicted and simulated gust
wind speeds are shown in Fig 12 (b). It can be observed that all of the
points from the proposed model are within the blue thresholds, while
some of the points from the Akahoshi model are above the thresholds
and some of the points from the W&O model are below the thresholds.
To quantitively evaluate the accuracy of the three models, the hit rates
of gust wind speeds predicted by the proposed Hermite model, Akahoshi
and W&O models are calculated, which are 1.00, 0.69 and 0.75,
respectively. The predicted gust wind speeds by the proposed model are
in good agreement with those by the LES simulation, while the gust wind
speeds obtained by the Akahoshi model are overestimated and the gust
wind speeds predicted by the W&O model are underestimated. The hit
rate of the proposed model shows the highest value among the three
models.

(b) 25 T
201 .
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W
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3 s, 5sand 10 s predicted by (a) original Hermite model, (b) modified Hermite model with correction
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Fig. 10. Vertical profiles of (a) mean wind speed and (b) turbulent kinetic energy over flat terrain by LES with time step At = 0.01 s and URANS with time step At =

10 s.
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Fig. 12. Comparison of normalized gust wind speed over flat terrain predicted by the proposed model with ty.

profiles, (b) validation metrics.

To clarify the model performances, the skewness and kurtosis pre-
dicted by the proposed modified Hermite model with t,. = 10 s, Aka-
hoshi and W&O models are illustrated in Fig. 13, The overestimation of
gust wind speed by the Akahoshi model is mainly caused by the inherent
uncertainty in the relationship between skewness and turbulence in-
tensity. Meanwhile, the underestimation of gust wind speed by the W& O
model is because the kinetic energy ratio over flat terrain is much
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0.0

0.5 0.0
TKEU | );’=0. | (I
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Fig. 11. Vertical profiles of (a) mean wind speed, (b) turbulent kinetic energy around the single building by LES with time step At

0.01 s and URANS with time step
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10 s, Akahoshi and W&O models: (a) vertical

smaller than that in the wind fields around a building. The hit rates of
skewness by the proposed modified Hermite model, Akahoshi and W&O
models over flat terrain are 1.00, 0.69 and 1.00, while the hit rates of
kurtosis are 1.00, 0.77 and 0.85. The hit rates of higher-order moments
predicted by the proposed model are the highest, followed by the W&O
model and the Akahoshi model.

The accuracy of the predicted peak factors around a single building
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Fig. 13. Comparison of higher-order moments, (a) skewness and (b) kurtosis, of wind speed, predicted by the proposed model with tg,. = 10 s, Akahoshi and

W&O models.

by the proposed model is examined. The peak factors from LES are ob-
tained using the time series data of streamwise velocity. The points
shown in Fig. 14 are selected around the single building on the vertical
plane of y/H = 0, and horizontal plane of z/H = 0.0625 to record
instantaneous streamwise velocity.

The gust wind speed in the vertical and horizontal planes predicted
by the LES simulation and the proposed model are visualized by the
contours in Fig. 15. In the horizontal plane, the contours of gust wind
speeds by the proposed model agree well with those predicted by the LES
simulation, as shown in Fig. 15 (b) and (d). On the other hand, in the
vertical plane, the gust factors predicted by the proposed model are
slightly overestimated compared to those by LES. This is because the
streamwise and spanwise wind speeds in the horizontal plane are the
most dominant when the model is proposed to evaluate the pedestrian-
level gust wind speeds, as shown by the studies of Shirzadi and Tomi-
naga [41] and Li et al. [42]. In addition, few studies have compared the
predicted gust wind speeds in the vertical plane with those from LES.
Although the gust wind speed by the proposed model is slightly over-
estimated in the vertical plane compared to LES, the overall distribution
of gust wind speed is very similar to that by LES.

For quantitative comparison, the validation metrics of predicted gust
wind speeds by the proposed model and the W&O model are plotted in
Fig. 16. Most of the predicted gust wind speeds at the selected points by
the proposed modified Hermite model fall within the borderlines of the
validation metrics, while some of the predicted gust wind speeds by the
W&O model are underestimated, which is also observed by Wang and
Okaze [20]. The reason is that the shape parameter of the Weibull dis-
tribution is overestimated due to the increase in the mean kinetic energy
and the decrease in the turbulent kinetic energy near the ground. The hit

1.5F ° ° ° e e °
a e 8
@ o 0 9 oo
1 o o 2 2 ° %o oo A
X
T
Jan)
0.5+ ° oo se o o =
o -]
08 88 88 8 8 .
0.5 0.0 0.5
x/H
(a)

Fig. 14. Distribution of selected points around the single building on the (a) vertical plane of y/H

instantaneous wind velocity.

rates of gust wind speeds in the vertical planes predicted by the proposed
and W&O models are 0.93 and 0.71, while the hit rates of gust wind
speeds in the horizontal planes predicted by the two models are 0.96 and
0.64. It is obvious that the proposed model shows higher hit rates in the
vertical and horizontal planes compared to the W&O model.

To evaluate the performance of the two models in regions with flow
separation and reattachment, Fig. 17 presents the predicted gust wind
speeds normalized by those from the LES simulation at four represen-
tative points around the single building, namely points A, B, C and D as
shown in Fig. 15 (¢). As mentioned by Tominaga [21], the wind field
around a single building is characterized by the reattachment length at
the rooftop and behind the building. Point A is chosen to evaluate the
gust wind speed near the reattachment region. Points B and D are in the
wake region of the single building. The former is closer to the building
and the wake effect is more severe, while the latter is also affected by the
wake, but the wake effect is weaker than point B. In addition, point C
near the ground is selected to investigate the interaction between the
single building and the ground. The proposed model can accurately
predict the gust wind speed with the relative error of less than 5 %, while
the W&O model shows an observable underestimation in the wake re-
gion with the relative error of about 14 %. In this study, the correction
coefficient f(tyy. /tio) is proposed for different averaging times and is first
validated by the most severe case of t,,. = 10 s. The cases of t,,. = 5 s and
tae = 3 s are also validated and show good agreement with the LES
results.

The validation metrics of skewness and kurtosis by the proposed
modified Hermite model and W&O model in the vertical and horizontal
planes are presented in Fig. 18. In the vertical plane shown in Fig. 18 (a)
and (b), the skewness at most selected points obtained by the proposed
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Fig. 15. Comparison of contours of gust factors around the single building. (a, b) Predicted gust factors by LES on the vertical plane of y/H = 0 and the horizontal
plane of z/H = 0.0625. (c, d) Predicted gust factors by the proposed model with t4. = 10 s on the vertical plane of y/H = 0 and the horizontal plane of z/H = 0.0625.
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modified Hermite model and W&O model are within the borderlines of
the validation metrics. The hit rates of skewness predicted by the pro-
posed model and the W&O model are 0.93 and 0.93, while the hit rates
of kurtosis predicted by the two models are 0.84 and 0.77. However, in

1

the horizontal plane as shown in Fig. 18 (¢) and d, the two models show
slight underestimations. The hit rates of skewness predicted by the
proposed model and the W&O model are 0.90 and 0.75, while the hit
rates of kurtosis predicted by the two models are 0.89 and 0.78. In
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general, predictions from the W&O model are more horizontally
aligned, while those from the proposed model are more diagonally
distributed. A similar trend in the gust factors was also reported in Wang
and Okaze [20]. The reason for the horizontal alignment of the results
from the W& O model is that the shape parameter of Weibull distribution
involved in the calculation of skewness and kurtosis is overestimated.
On the other hand, the skewness and kurtosis from the proposed model
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are calculated based on the time series of velocities, so they are closer to
the LES results.

4. Conclusions

In this study, a novel unsteady Reynolds-Averaged Navier-Stokes
(URANS) model with a prespecified averaging time and turbulent inflow
is proposed. A new peak factor is derived to consider the effect of
averaging time used in URANS. The gust wind speeds over flat terrain
and around a single building predicted using the URANS and the pro-
posed peak factor are validated by LES simulations. The following
conclusions are obtained.

1. A novel URANS is proposed in conjunction with a prespecified
averaging time and turbulent inflow. The mean wind speed, standard
deviation, skewness and kurtosis with different averaging times are
examined. The first four moments are almost independent of the
averaging time up to 10 s. This characteristic reduces the computa-
tional time to predict gust wind speeds using URANS.

2. A new peak factor based on Hermite model is proposed to consider
the effect of the averaging time. The variation of zero-crossing rate
with the averaging time is investigated first and then a correction
coefficient is proposed, which shows good agreement with those by
LES simulations.

3. The gust wind speeds predicted using URANS and the new peak
factor over flat terrain and around a single building are validated by
LES simulations. For flat terrain, the gust wind speeds predicted by
the proposed model are in good agreement with those obtained by
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Fig. 18. Validation metrics of (a, ¢) skewness on the vertical plane of y/H = 0 and the horizontal plane of z/H = 0.0625 and (b, d) kurtosis on the vertical plane of y/
H = 0 and the horizontal plane of z/H = 0.0625 by the proposed model with tg,.
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10 s and W&O model.
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LES, while the Akahoshi model shows an overestimation, and the
W&O model presents an underestimation. For the single building,
most of the gust wind speed predicted by URANS and the new peak
factor are well captured even in regions with flow separation and
reattachment, while those from the W&0 model are underestimated
near the top of building and overestimated in the wake region.

In this study, the proposed method shows superior performance
compared to conventional models, but validation for a wide range of
turbulent flows is expected. In addition, the correction coefficient is
proposed as a function of tay./Ti, since the same grid size is used in the
LES and URANS simulations. However, the grid resolution may affect
the correction coefficient, and further optimization with respect to the
grid size is expected in future studies.
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Akahoshi et al. [19] analyzed measurement data from 67 sites and used the turbulence intensity I,, to approximate a3 and a, in Eqs. (A. 1) and (A. 2)
as:
az = 31, —OSL +0.5 (A. 1)
B “\250 ' .
oy = a§ +3 (A. 2)

where a3 is in the range -1 < a3 < 1. h is the height above the ground and is less than 250 m.

Akahoshi et al. [19] also expressed « in Eq. (A. 3) as 1 and X in Eq. (A. 4) is a function of the turbulence intensity,
k=1 (A. 3)
X =039, +254 (A. 4)
Since the higher-order moments in Fqs. (A. 1)-(A. 3) and X in Eq. (A. 4) are approximated as functions of the turbulence intensity, the gust wind
speeds can be calculated by Fq. (17) if the mean wind speed and turbulence intensity are obtained from numerical simulations. The Akahoshi model is

used to predict gust wind speeds for almost 3 s over flat terrain.

Appendix B. Prediction of gust wind speeds by W&O model

Wang and Okaze [20] investigated the gust wind speed U4 around an isolated building and a building array using the mean velocity U and the

standard deviation o, as:
[~In (q)]'”

- = (7 U=
Umax g max.q r(1+ l,frﬁ)

(B. 1)

where Gpaxq is the gust factor with the exceedance probability of q, which is defined by users as illustrated by Ikegaya et al. [43] and can be
determined by normal distribution when it ranges between 10 % and 90 %. f is the shape parameter of two-parameter Weibull distribution and

approximated as:

k
B = 9.6&xp(—12.2m) +23

(B. 2)

where the kinetic energy ratio k/(k +K) is used to represent the characteristics of wind fields. Both turbulent kinetic energy k and mean kinetic energy

K are expressed as:

k—%(o§+o€+ai)

K= (UFF+V+W?)

b =

(B. 3)

(B. 4
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where 62, 62 and o7, are the squared standard deviations in the streamwise, spanwise and vertical directions. U, V and W are the mean velocities in the
corresponding directions, respectively.
In the W&O model, skewness a; and kurtosis a4 are derived based on the two-parameter Weibull distribution and expressed as:

T(1+3/p) =301 +2//T(1 +1/8) + 2% (1 + 1/p)

3

CT(144/p) — 401+ 3/ (1 + 1/B) + 6I(1 + 2/)T*(1 + 1/p) — 30 (1 +1/p)
.=

C(1 +2/p) —T*(1 +1/p)*

(B.5)

(B.6)

[C(1+2/p) - T*(1+1/p)]*

where I' is the gamma function.

Similar to Akahoshi model, the W&O model also presented higher-order moments of velocity based on lower-order moments, i.e., the mean ve-
locities and the standard deviations of the fluctuating velocities. The W&O model with the exceedance probability q of 10 % is used to predict gust
wind speeds for almost 3 s over flat terrain and around a single building if the mean wind speed and turbulence intensity are obtained from numerical
simulations.

Data availability

Data will be made available on request.
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