Published by Avanti Publishers

International Journal of Architectural

International Journal of

ISSN (online): 2409-9821

Engineering Technology

SSN (or

Experimental and Numerical Investigation of Downburst-Like
Wind Fields: Spatiotemporal Characteristics and Turbulence
Behavior from Wind Tunnel Experiments and CFD Simulation

Zhipeng Wang'='", Lunhai zhi"® ", Bowen Yan'“'2 and Wei Guo">'’

'College of Civil Engineering, Hefei University of Technology, Hefei, Anhui 230009, China
2Key Laboratory of New Technology for Construction of Cities in Mountain Area (Ministry of Education), School of Civil
Engineering, Chongqing University, Chongqing 400045, China

ARTICLE INFO ABSTRACT

Article Type: Research Article Downburst is an extreme wind event caused by a thunderstorm downdraft that
Academic Editor: Fatemeh Rezaei impinges upon the ground and subsequently forms a near-ground gust front,
Keywords: resulting in substantial economic losses and structural damage. Due to its
Turbulence structure pronounced discrepancies from synoptic winds, constructing downburst wind field
Downburst wind field models is crucial for the refined assessment of wind loads and structural safety.
wind tunnel experiment This study investigates the spatiotemporal distribution characteristics of
Non-stationary wind characteristics downburst-like wind fields based on active-controlled wind tunnel tests and
Wind engineering and structural wind loads numerical approach utilizing the large-eddy simulation (LES). The work primarily
Timeline: focuses on the disparities regarding mean and fluctuating wind characteristic
Received: February 02, 2026 between stationary flows and non-stationary outflows with various gust durations.
Accepted: March 25, 2026 The findings demonstrate a substantial concordance between the numerically
Published: April 20, 2026 simulated downburst wind fields and the experimental results. Compared with the
Citation: Wang Z, Zhi L, Yan B, Guo W. Experimental stationary flows, the non-stationary cases exhibit pronounced time-varying
and numerical investigation of downburst-like wind characteristics across the mean wind profile and turbulence parameters including

fields: Spatiotemporal characteristics and turbulence
behavior from wind tunnel experiments and CFD
simulation. Int J Archit Eng Technol. 2026; 13(1): 84-
98.

DOI: https://doi.org/10.15377/2409-9821.2026.13.5

turbulence intensity, integral length scales, and fluctuating wind velocity spectra.
Furthermore, an increase in the gust duration of non-stationary flows leads to a
reduction in the peak time-varying mean velocity, while weakening the non-
Gaussian features in the residual fluctuation and suppressing the peak energy of
evolutionary power spectral density. The insights from this study are intended to
deepen the comprehensive understanding of downburst wind field characteristics.

*Corresponding Author
Email: zhilunhai1979@163.com

Tel: +(86) 18627741286

©2026 Wang et al. Published by Avanti Publishers. This is an open access article licensed under the terms of the Creative Commons Attribution
Non-Commercial License which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the work is
properly cited. (http://creativecommons.org/licenses/by-nc/4.0/)


https://www.avantipublishers.com/
https://doi.org/10.15377/2409-9821.2026.13.5
http://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0009-0003-4715-0700
https://orcid.org/0000-0002-5174-7994
https://orcid.org/0000-0001-5153-8132
https://orcid.org/0009-0008-0358-225X
https://orcid.org/0000-0001-9241-1971

Downburst Wind Field Analysis: Experiments and CFD Simulation Wang et al.

1. Introduction

Thunderstorm downburst is a localized strong wind event capable of generating extreme velocities, thereby
posing severe threats to civil and electrical infrastructure in non-typhoon cyclone regions [1-4]. Such extreme wind
speeds are driven by gust fronts, generated when a thunderstorm downdraft impinges on the ground and
radiates outward [5, 6]. Distinct from synoptic winds characterized by conventional boundary layer profiles,
downburst outflows exhibit a unique "nose-shaped" vertical profile, where the maximum velocity is located close
to the ground. Nevertheless, considerable existing studies primarily rely on synoptic wind models for the
evaluation of structural wind loads [7-9], which may lead to unfavorable implications for structural design.
Consequently, a comprehensive understanding of the spatiotemporal evolution of downburst wind fields is
essential for advancing rational wind-resistant designs and formulating relevant code provisions.

With growing concern over the hazards induced by downbursts, substantial effort has been devoted to
investigating their wind-field characteristics and associated structural wind effects. Currently, the primary research
methodologies involve field measurements, wind-tunnel experiments, and numerical simulations. Field
monitoring is widely regarded as the most direct and reliable method for acquiring real data and can provide a
reference benchmark for experiments and simulations. Existing field measurement projects include the Northern
lllinois Meteorological Research on Downbursts (NIMROD) project, the Classify, Locate and Avoid Wind Shear
(CLAWS) project, and the "Wind and Ports" project [10-12], among others. Given the high spatiotemporal
unpredictability of downbursts, acquiring reliable field observational data remains a significant challenge [13]. To
overcome this limitation, researchers have devoted substantial efforts to reproducing downburst outflows via
experimental techniques and computational fluid dynamics simulations (CFD), predominantly utilizing impinging
jets (1)), multi-fan arrays, and multi-blade systems [14-20]. By employing large-scale downburst simulator in the
Wind Engineering, Energy, and Environment (WindEEE) Dome at Western University, Canepa et al. [21] investigated
and quantified the complex interactions among downbursts, ABL flows, and thunderstorm translation. Utilizing
the identical facility, Canepa et al. [22] investigated the influence of surface roughness on the profiles of wind
velocity and turbulence intensity. While such large-scale simulation devices can reproduce the spatiotemporal
evolution characteristics of three-dimensional flow fields, they simultaneously introduce complexities into the
evaluation of structural aerodynamic responses [23]. Additionally, Yan et al. [24] refined the empirical model of
downburst wind fields using a small-scale I model at Beijing Jiaotong University. However, such small-scale setups
may fail to replicate the high-Reynolds-number flow conditions achievable in the aforementioned large-scale
facilities. An alternative methodology for replicating downburst outflows involves modifying the atmospheric
boundary layer wind tunnel by adding multi-fan or multi-blade devices. Li et al. [25] used a multi-fan wind tunnel
at Tamkang University to compare the aerodynamic characteristics of a high-rise building under ABL winds and
stationary thunderstorm downburst. Babu et al. [26] used a similar facility to evaluate compare the effects of
translational, gust-front, and transient downbursts on the wind load characteristics of high-rise buildings. However,
the electrical or manual modulation of multiple independent fans complicates the simulation of non-stationary
transient gusts. To address this, Butler and Kareem [27] developed a simplified Flat Plate at a High Incidence (FPHI)
setup based on the concept of flow redirection, successfully simulating the transient wind effects on a prismatic
model. Inspired by this, Aboutabikh et al. [28] developed a system incorporating multiple louvers in the subsonic
wind tunnel at Ryerson University, calibrated via CFD simulations. Le and Caracoglia [29] utilized a similar
apparatus to validate the effectiveness of reproducing stationary and non-stationary downburst outflows. In a
recent study, Yuan et al. [30, 31] advanced the above concept by introducing an active multi-blade system with
adjustable rotation angles and timing. Utilizing a combination of experimental tests and CFD simulations, they
successfully generated the primary vortex of a two-dimensional downburst that matches full-scale events.
Furthermore, the simulated stationary outflows and transient gusts have been applied to assess the wind effects
on high-rise buildings and wind turbines [32, 33]. A review of the literature indicates that the active-controlled
multi-blade systems can effectively reproduce 2D downburst flow fields through the modifications to conventional
boundary layer wind tunnels. These setups are capable of simulating both stationary flows with distinct profiles
and non-stationary flows with time-dependent intensification. In this process, the rotation rate of the blades
determines the velocity variation rate and the resultant gust duration. Nevertheless, the influence of these
parameters on non-stationary wind field properties remains insufficiently explored. As demonstrated by Chen [34],
the variations in gust duration may exert a pronounced influence on the magnitude of wind-induced responses.
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Yan et al. [32] observed that the wind pressure overshoot ratios on a wind turbine nacelle are positively correlated
with wind acceleration. Moreover, the comparative analysis of statistical characteristics between stationary and
non-stationary wind fields remains insufficient. Therefore, it is imperative to conduct a comprehensive statistical
analysis of stationary outflows and non-stationary winds with varying gust durations.

The primary objective of this study is to gain a deeper understanding of the temporal evolution of wind field
characteristics during downburst events through both wind tunnel test and numerical simulation. The validity and
potentials of the numerical simulations are evaluated based on experimental results. The investigation is focused
on the variations in mean and fluctuating wind characteristic parameters between stationary and non-stationary
flow conditions. Wind profiles, probability density distributions, turbulence intensity, turbulence integral scale, and
power spectral density are presented and discussed in detail. Section 2 introduces the experimental setup and the
parameter settings utilized in the numerical simulations; Section 3 presents the results concerning the mean and
fluctuating wind characteristics; and Section 4 summarizes the principal conclusions of the study.

2. Data and Methodology
2.1. Wind Tunnel Tests

The experiments are conducted in the open-circuit wind tunnel (CQU-1) at Chongqging University. The total
length (L) of the test section is 15 m, with a cross-sectional area measuring 2.4 m in width (B) and 1.8 m in height
(H). By modulating the high-power fan, the maximum achievable wind velocity within the working chamber is 30
m/s. The downburst-like outflow in this experiment is generated by the active-controlled multi-blade system
(AMBS) device (Fig. 1). The AMBS setup measures 2250 mm in width and 600 mm in depth, consisting of an
aluminum alloy structural frame, lateral supports, and an array of four blades. Each blade is constructed from a
plastic framework reinforced by wooden ribs, with dimensions of 2000 mm (length) x 500 mm (width) x 10 mm
(thickness). The rotation configurations of the blades are primarily modulated by motors driven by independent
controllers, and the integrated operation is managed by a proprietary software platform. This facility has been
thoroughly tested and calibrated in prior investigations [30-32], demonstrating its capacity and potential for
simulating thunderstorm outflows. In the current study, the experimental wind speed is set to 12 m/s. The wind
field measurements are taken at a location 3 m downstream of the AMBS device, and the velocities data are
acquired using a Cobra probe anemometer. Each measurement is sampled for a duration of 15 s at a resolution of
250 Hz. Given the two-dimensional nature of the generated flow field, the analysis focuses exclusively on the
streamwise velocity time histories. Stationary and non-stationary outflows are generated by static and dynamically
rotating blade configurations, respectively. The corresponding time histories for the blade rotation are depicted in
Fig. (2), where the maximum rotation angle is 36°. For the static blade configuration, sampling of the data
commences 3 seconds after the flow stabilization, with the blade angle held constant. In the dynamic blade
configuration, the temporal evolution of the velocity is primarily governed by variations in the blade angle and the
specific time intervals (AT and At). This study employs three distinct durations for AT (0.2 s, 0.5 s, and 0.8 s), while
At is consistently maintained at 0.1 s, to replicate nonstationary downburst characterized by varying gust
durations. To satisfy the similarity criteria between the wind tunnel model and full-scale downburst events, the
scaling ratios were carefully determined. The geometric scale 4, was estimated to be 1:300, deduced from the
height of the maximum mean wind velocity (Z,,., = 0.15m in the wind tunnel, corresponding to approximately 45
m in full-scale). The velocity scale 1, was chosen as 1:3.9, considering a test velocity of 12 m/s versus a typical
Andrews Air Force Base (AAFB) downburst velocity of 47 m/s [35]. Consequently, the time scale A; =:—lL]is
approximately 1:77. The simulated gust durations (24T + At) correspond to full-scale transient downburst events
lasting approximately 38.5 s, 84.7 s, and 130.9 s, respectively.

2.2. Numerical Simulation

In the numerical simulation, the wind tunnel test section and the AMBS device are individually modeled
according to their respective geometric dimensions, with the corresponding computational domain illustrated
in Fig. (3). The cross-sectional area of the computational region matches that of the wind tunnel, and the static
and dynamic blade rotation configurations are maintained in congruence with the wind tunnel experiments.
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Figure 1: Active-controlled multi-blade system.
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The multi-blade model is positioned at x = 0 m, while the inlet and outlet boundaries were delineated at x = —2m
and x = 6 m, respectively. The CFD simulations were carried out using Fluent 2024 R1. Within the computational
domain, the stationary and moving zones were defined separately. The adjacent surfaces between these two
regions were designated as interface boundaries to facilitate data exchange. By coupling the sliding mesh
technique with User-Defined Functions (UDFs) in Fluent, the multi-blade array was driven to rotate dynamically
within the flow field, thereby achieving the transient simulation of non-stationary downbursts. Regarding the
boundary conditions, the downstream exit was set as a pressure outlet, while the left and right lateral boundaries
were designated as symmetry planes. All remaining surfaces were specified as no-slip wall boundaries. At the inlet
boundary, the fluctuating velocity components are generated using the CDRFG method [36] and subsequently
superimposed onto the mean wind velocity profile. As shown in Fig. (4a), the computational domain was
discretized using an unstructured mesh, with local grid refinements applied near the jet inlet, wall boundaries, and
the multi-blade array to strictly control the dimensionless wall distance of the first grid nodes. The turbulence
model employs large-eddy simulation, utilizing the SIMPLEC algorithm for velocity-pressure coupling to iteratively
solve the discretized governing equations. For the spatial discretization, gradients were computed using the Least
Squares Cell-Based method, momentum terms were discretized with the bounded central differencing scheme,
and the pressure terms were solved using a Second Order scheme. A time step of 0.004 s was adopted, and the
absolute convergence criterion was set to 1 x 10°. To assess grid independence, Fig. (4b) presents the mean
velocity profiles at (x, y) = (3 m, 0 m) for three mesh resolutions (2.05 million cells, 4.30 million cells, and 6.50
million cells). The results indicate that further refinement yields only marginal changes in the velocity profile. To
balance computational efficiency with rigorous accuracy, Mesh 2, comprising approximately 4.3 x 108 cells, was
selected for all subsequent analytical simulations.

0.6

0.4

Z(m)

0.2

s Mesh1(6.5million)
---------- Mesh2(4.3million)
w— = == Mesh3(2.05million)

0

0 2 4 6 8 10 12
U(m/s)
(a) Computational mesh (b) The examination of mesh independence

Figure 4: Computational mesh and the examination of mesh independence.
2.3. Wind Field Modelling

Fig. (5a-d) illustrates the wind velocity time histories derived from both experimental measurements and
numerical simulations at the coordinate (x, y, z) = (3 m, 0 m, 0.15 m). To facilitate a granular examination of the
subtle distinctions among non-stationary conditions characterized by varying gust durations, the figure displays
only a 10-second segment of the data. It is evident that the simulated velocity time histories agree closely with the
experimental results across all investigated cases. Under configurations utilizing an identical maximum blade
rotation angle, the non-stationary cases exhibit the pronounced time-varying trends, with peak velocities
significantly exceeding those observed in the stationary counterparts. Furthermore, the peak velocity within the
nonstationary scenarios diminishes slightly as the gust duration extends. Fig. (5e) presents the probability density
functions (PDFs) of the wind velocity time histories for both the stationary flow and the non-stationary flow with
AT = 0.5s. It is observed that the numerical results agree favorably with the experimental data. Specifically, the
probability density under the stationary condition is highly concentrated, whereas it exhibits a broader dispersion
under the non-stationary condition. These findings demonstrate that the numerical simulation can effectively
replicate the wind tunnel measurements.
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Figure 5: Time histories of wind velocities and corresponding probability density function.

2.3.1. Wind Speed Decomposition

To conduct a comprehensive analysis of the mean and fluctuating characteristics of the downburst wind field,
the decomposition of the raw wind velocity time histories is as follows:

Ul) =U+u(t) = U+ o,(t) (1

Where U is the mean wind velocities, u(t) is the residual fluctuations, ii(t) = u(t)/o, is the reduced fluctuations
and o,, denotes the standard deviation.

For stationary wind fields, statistical quantification can be achieved using the conventional constant mean and
time-invariant standard deviation. In contrast, for nonstationary flows, owing to the transient duration and rapid
velocity fluctuations inherent to downbursts, several techniques such as the moving average (MA), discrete
wavelet transform, or empirical mode decomposition are required to extract the time-varying trend component
[37-39]. In this study, the moving-average method is employed to extract the time-varying trend from the raw
velocity. According to research by Solari [38], the decomposition can be considered effective when the correlation
between the extracted mean component and the residual fluctuating component is minimal. To intuitively
demonstrate the impact of different averaging periods on the separation quality, a correlation index between the
mean and fluctuating components is introduced, defined by the following equation:

Co = J, Sowuwy(Hdf (2)

Where C, is the degree of correlation between the time-varying average part and the residual fluctuation part,
Sawue is the cross power spectral density function, f is the frequency vector. When C, approaches zero, the low-
frequency mean component and the high-frequency fluctuating component exhibit minimal spectral overlap
within the frequency domain. Conversely, a larger of C, value indicates a stronger correlation between the two
components, resulting in suboptimal separation quality.

Fig. (6) illustrates the decomposition results for both stationary and non-stationary wind velocity time histories.
As depicted in Fig. (6a), the efficacy of separating the mean and fluctuating components across varying moving
averaging periods T is evaluated utilizing the aforementioned correlation index formula. It is evident that C,
decreases initially and then increases as T increases, reaching its minimum at T = 0.3s. Consequently, a moving
period of 0.3 s was adopted in this study for the extraction of the time-varying mean wind velocity. As evidenced in
Fig. (6b), the mean and root mean square values derived under the stationarity assumption remain time-invariant.
In contrast, the corresponding statistics presented in Fig. (6¢) manifest pronounced time-varying characteristics,
exhibiting a marked increase during intervals of rapid wind velocity fluctuation.
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Figure 6: Stationary and nonstationary wind speed model.

2.3.2. Statistical Parameters of Turbulence Properties

Turbulence intensity and turbulence integral scale are critical parameters for representing the turbulence
characteristics of the wind field. In the context of stationary flow, these parameters are defined by the following
expressions:

I = % €)
Ly = 2 J) Ru(®dr *

Where I, is the turbulent intensity, L, is the turbulence integral scale, R,(t) denotes the auto-correlation
function of fluctuating wind speeds. Under non-stationary conditions, the constant statistical value can introduce
substantial errors in the assessment of turbulence parameters [40]. The mean wind speeds U, standard deviation
o,, and autocorrelation function R, (t) should be replaced with their time-varying counterparts.

The turbulent wind velocity spectrum characterizes the energy distribution of the fluctuating wind component
u(t) across the frequency domain. When u(t) is regarded as a zero-mean stationary oscillatory process, the power
spectral density (PSD) of u(t) can be mathematically defined as the Fourier transform of the autocorrelation
function:

Su(@) = — 17 Ry(v)e ' dr (5)

For a zero-mean nonstationary stochastic process, the time-varying power spectral density, reflecting the
magnitude of the contribution provided by distinct frequency components in the fluctuating wind at varying
instants, can be estimated based on evolutionary power spectral density theory (EPSD) proposed by Priestley [41].
The EPSD is calculated as follows:

Su(w, t) = f0+°° W) |t(w,t — )i(w,t —1)"|dT (6)
(w,t) = ["° g(Du(t — )e"@CDdr 7)
1
o) = {—WT el = h ®)
0,|t| > h
r r

W(T)z{ur,—;sfs; ©)

0, otherwise
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Where fi(w, t) is the linear filtering signal of the stochastic process u(t) at frequency w. S, (w, t) is the estimated
EPSD. g(7) and W(z) are the window functions and the weight function, respectively. The two key parameters of h
and I are set as 25 dt and 105 dt respectively, and dt is the time step of u(t).

3. Results and Discussions
3.1. Mean Wind Characteristics of Downburst Outflows

3.1.1. Wind Profiles for Stationary Cases

Fig. (7a) presents the vertical wind velocity profile of the stationary flows generated by the static blade
configuration. It is founded that the experimental and simulation results exhibit remarkable consistency and the
maximum mean velocity is approximately 10.7 m/s, occurring at a near-ground elevation of 0.15 m. The overall
shape of the downburst-like outflow profile exhibits a pronounced nose-shaped characteristic, which diverges
significantly from traditional atmospheric boundary layer (ABL) wind profiles that adhere to power-law or
logarithmic laws. Furthermore, the empirical models of the vertical wind profile are included in the figure to verify
the accuracy of the generated stationary wind field [42-44]. It is observed that the generated wind profile closely
follows the Wood model [44] near the ground, while it aligns well with the Oseguera model [42] at higher
elevations. To further validate the numerical predictions against the wind tunnel measurements, a correlation
analysis is presented in Fig. (7b). The coefficient of determination (R?) reaches 0.94, signifying a robust correlation.
Meanwhile, the discrepancy between the simulated and experimental results is maintained within 10% for
wind speeds ranging from 4 m/s to 12 m/s. This difference can be further quantified by the relative error

I Wexp@~Usim @)l dz
v f(:l Uexp(2)dz
denotes the maximum values of the height z. The analysis result shows that relative error ¢, is 6.46%, which is
close to 5% and is considered acceptable. To compare against historical field measurements and prior wind tunnel
experimental data [6, 27-29, 45-47], the results derived from this study are normalized with respect to the peak
velocity U, and its corresponding height Z,,,.,, as shown in Fig. (7c). The comparison demonstrates that the
present results fall within the range of the field data documented by Hjelmfelt [6] and align closely with wind
profiles derived from other wind tunnel tests, thereby confirming the accuracy and reliability of the simulated
wind profiles.

., Where Ugy,,(2) is the experimental wind profile, Ugiy (2) is the simulated wind profile, h
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Figure 7: Stationary wind profiles.

3.1.2. Evolutionary Wind Profiles for Nonstationary Cases

Fig. (8a) depicts the time histories of the time-varying mean wind velocity corresponding to downburst
outflows with three distinct gust durations at a height of 0.15 m. It is observable that the dynamic blade-rotation
configuration induces a marked surge in mean wind velocity. The transient variations in the wind field pose
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substantial challenges to the estimation of aerodynamic loads based on quasi-steady theory [48]. Moreover, as
the gust duration increases, the peak velocity of the nonstationary flow gradually decreases, accompanied by a
delay in the occurrence of this peak. Such variations in duration may substantially influence the wind-induced
responses of low-damping, highly flexible structures, such as tall buildings [34]. In practice, higher velocities
variation rates do not necessarily induce greater wind loads. As demonstrated by Yan et al. [32], for wind turbine
nacelle, the maximum overshoot ratio of wind pressure on the windward face frequently occurs at moderate wind
speed acceleration. This phenomenon is likely attributable to cumulative effects. The transient nature of wind
speeds typically results in lower structural responses due to the insufficient accumulation time required to reach
steady-state values [49]. Therefore, conducting a statistical analysis of the overshoot ratios derived by wind
pressures under non-stationary flows across various gust durations will significantly benefit the wind-resistant
design of structures subjected to extreme wind events. To investigate the evolutionary characteristics of the
vertical wind velocity distribution during non-stationary wind events, instantaneous velocity profiles are extracted
for AT = 0.8s at six distinct time instances, ranging from 4 s to 7.6 s, as illustrated in Fig. (8b). Att =4s, the
boundary-layer profile follows an exponential law with its maximum velocity at the top. As time progresses, the
height corresponding to the peak velocity descends, and by ¢t = 5.8 s a pronounced nose-shaped profile emerges,
with the maximum wind speed occurring near the ground. Conversely, during the subsequent velocity decay
phase, the opposite trend is observed. The height of the peak velocity rises over time, until the wind velocity
profile approaches uniformity att = 7.6 s. This entire evolutionary process of the wind profile bears a striking
resemblance to previously documented field measurements of downburst events [50], thereby corroborating the
validity of the simulated profiles. Furthermore, the spatiotemporal evolution characteristics of wind fields
inherently induce variations in the load characteristics acting on structures and infrastructure. Such an analysis of
the non-stationary wind environment is instrumental in elucidating the underlying causes and mechanisms
governing the spatiotemporal variations of structural loads.
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Figure 8: Evolutionary features of wind profiles for nonstationary cases.

3.2. Fluctuating Wind Characteristics of Downburst Outflows

3.2.1. Probability Density Distribution

In structural wind load analysis, non-Gaussian characteristics significantly influence the transient extreme
values of the loads. According to the studies by Li et al. [16, 18, 51], the strong non-stationary wind environment
intensifies flow separation. The larger non-Gaussian peak factors are correlated with aerodynamic moments
exhibiting highly non-stationarity. Therefore, the analysis of non-Gaussian features is crucial for the estimation of
extreme wind loads. Fig. (9a-c) present the probability density functions (PDF) of the turbulent fluctuating
components associated with both stationary and non-stationary flows, with the non-stationary case of AT = 0.5s
selected as a representative example. The corresponding mean y, standard deviation o, skewness y, and kurtosis
K are also provided for reference. The distributions of the fluctuating components derived from experimentation
and simulation exhibit high consistency across all examined conditions, with mean values close to 0. The residual
fluctuating components u(t) of the stationary wind approximate a Gaussian distribution, whereas those of the
nonstationary flow deviate markedly from Gaussian distribution. Their kurtosis coefficients marginally exceed 3,
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thereby underscoring the pronounced non-Gaussian nature intrinsic to nonstationary downbursts. Compared
with the Gaussian distribution, the results for the non-stationary flow align more closely with a double-exponential
distribution, a finding consistent with observations from several field measurements [52, 53]. Furthermore, the
PDF of the normalized fluctuating components ii(t), obtained by dividing by the standard deviation, largely follows
a standard normal distribution, which is similar to that of the stationary condition. To examine the effect of gust
duration on the non-Gaussian features of the residual turbulent fluctuating components, Fig. (9d-f) depict the
PDFs corresponding to three gust-duration scenarios. It is evident that shorter gust durations correlate with
elevated g, y, and k, thereby indicating an intensification of non-Gaussian characteristics. Specifically, at AT = 0.2s,
the skewness marginally exceeds zero, while the kurtosis is substantially greater than 3. As the gust duration
increases, both the kurtosis and skewness exhibit a significant decline, although a certain degree of non-Gaussian
behavior persists. Across all three scenarios, the distributions of u(t) distinctly follow a double-exponential
distribution rather than a Gaussian distribution. The strong non-Gaussianity of such fluctuating winds significantly
affects the estimation of extreme structural wind loads. For instance, Yan et al. [32] observed that the wind
pressure peak factor on nacelle surfaces in accelerating flows is correlated with the wind speed acceleration,
increasing as the acceleration decreases.
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Figure 9: Probability density distribution of turbulent fluctuation at 0.15 m height.

3.2.2. Turbulence Intensity and Turbulence Integral Scale

Fig. (10a) illustrates the variation of turbulence intensity I, with height for the stationary wind. The results
demonstrate a favorable agreement between the experimental and numerical simulation. A comparison with the
wind profile depicted in Fig. (7) reveals a clear negative correlation between turbulence intensity and mean wind
velocity. Specifically, the turbulence intensity initially decreases and subsequently increases with height, reaching
its minimum at the elevation corresponding to the maximum wind velocity. When compared with previous wind-
tunnel studies [29, 54-57], the experimental and numerical results of the present work fall within the range
reported by others, with turbulence intensities generally between 0.1 and 0.3. These values are also consistent
with field measurements [38, 58], thereby confirming the reliability of the simulated turbulence levels.
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Fig. (10b) depicts the temporal evolution of turbulence intensity I, and the turbulence integral length scale L,
for both stationary and non-stationary flows at a height of z = 0.15 m. The stationary flow fails to capture the time-
varying characteristics of the wind field parameters, as both its I, and L, remain constant. In contrast, the
turbulence parameters for non-stationary flow exhibits significant transient surges, particularly during periods of
rapid velocity change. Specifically, abrupt increases in I, predominantly occur during the acceleration or decay
phases of the wind speed, while a brief drop is observed when the velocity reaches its peak. Furthermore, the
amplification of I, diminishes as the gust duration lengthens, and by AT = 0.8s, its variation becomes marginal,
closely approaching the results observed in the stationary flow. Regarding the turbulence integral length scale L,,
its time-varying trend closely follows that of the time-varying mean wind velocity U. The peak values of L, across
all three nonstationary conditions exceed those of the stationary flow, and exhibit a gradual reduction as the gust
duration increases. This phenomenon, to a certain extent, reflects the inherent spatiotemporal variability of the
downburst wind field.
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Figure 10: Turbulence intensity and turbulence integral scale.

3.2.3. Turbulence Power Spectral Density

Fig. (11a) presents the power spectral density of the residual turbulent fluctuating components under
stationary conditions. The numerically simulated fluctuating wind velocity spectra demonstrates close agreement
with the wind tunnel experimental results in the low-frequency range and aligns well with the von Karman
spectrum [59]. However, within the high-frequency range, a slight attenuation in the simulated spectral density is
observed, indicating a certain degree of underestimation of the high-frequency part of velocity spectrum, which is
attributable to the filtering of small-scale vortices inherent in the LES method. This phenomenon aligns with the
findings of considerable previous studies [60, 61]. Fig. (11b-c) illustrate the wind velocity spectra corresponding to
non-stationary flows characterized by two distinct gust durations. The evolutionary power spectra exhibit
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Figure 11: Power spectral density of residual fluctuations.
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pronounced time-varying characteristics at 0-2Hz, with higher spectral density values occurring during intervals of
rapid velocity change. As the gust duration increases to AT = 0.8s, the peak magnitude of the spectral density
decreases, and its time of occurrence is correspondingly delayed. This phenomenon reflects the discrepancies in
the distribution of turbulent energy within non-stationary wind fields.

4. Concluding Remarks

In this paper, stationary and non-stationary downburst-like flow fields are generated utilizing an active-
controlled multi-blade device within both a boundary layer wind tunnel and a corresponding numerical simulation
model. A comprehensive description and analysis are conducted regarding the wind profile characteristics,
turbulence probability density distributions, turbulence intensities, turbulence integral scales, and fluctuating
wind velocity spectra. The principal conclusions are summarized as follows:

1) By appropriately modifying a conventional boundary layer wind tunnel with a multi-blade system capable
of modulating the outflow direction, two-dimensional downburst-like wind fields can be effectively
simulated. Furthermore, Numerical simulations at the same geometric scale successfully reproduce
analogous wind velocity time histories at different spatial locations.

2) In contrast to the time-invariant, nose-shaped vertical wind profile observed in stationary flows, the mean
wind profile of non-stationary flows exhibits significant time-varying characteristics. Specifically, the altitude
of the maximum velocity demonstrates a trend of initial descent followed by an ascent. Moreover, shorter
gust durations are correlated with higher magnitudes of peak mean velocity.

3) The residual turbulent fluctuation of stationary flows predominantly adheres to a Gaussian distribution,
whereas that of non-stationary flows aligns with a double-exponential distribution; however, the reduced
fluctuating wind velocity conforms to a Gaussian distribution. Additionally, the non-Gaussian characteristics
of non-stationary winds intensify as the gust duration decreases.

4) The turbulence intensity of the downburst initially decreases and subsequently increases with altitude,
exhibiting a negative correlation with the mean wind velocity. Compared with the time-invariant turbulence
parameters of stationary winds, the turbulence intensity and integral scales of non-stationary winds exhibit
a marked augmentation during rapid variations in velocity. The magnitude of this amplification is negatively
correlated with the gust duration.

5) Compared to the power spectrum of stationary winds, the evolutionary power spectral density of non-
stationary winds manifests distinct time-varying features, wherein shorter gust durations are associated
with larger spectral energy peaks.

Finally, the experimental and numerical simulation frameworks developed in this study for stationary and non-
stationary downbursts can be widely applied to future research on structural wind effects. Specifically, these
applications encompass various structures and infrastructure, such as low-rise buildings, high-rise buildings, and
transmission towers. By subjecting target structures to simulated downbursts with varying wind profile shapes,
velocity variation rates, and gust durations, the comprehensive analyses of aerodynamic coefficients, and wind-
induced responses can be conducted. This will facilitate critical comparisons against current design code
provisions derived from quasi-steady assumptions, thereby yielding profoundly instructive insights. These
investigations will be systematically addressed in future works.
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