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ABSTRACT

The intricate dynamics of vortex structures within the downburst outflow region present significant challenges in studying flow evolutionary
features, which are crucial for understanding the effect of such flow on various structures. This study aims to reveal the evolutionary features
of downburst-like winds produced by an active-controlled multi-blade (AMBS) facility, using the particle image velocimetry tests and the
large-eddy simulation (LES) studies. The numerical simulation indicates that the wind velocity profiles, nonstationary wind velocity time his-
tory, and the transient flow patterns of the downward flow impinging on the ground can be well simulated by the LES method. For stationary
winds, a series of columnar vortices are produced, and the vortices tend to be more organized as the maximum velocity appears at a lower
height. The proper orthogonal decomposition analysis manifests that the primary vortex region is affected by multiple modes of the fluctuat-
ing wind field. In addition, the primary vortex structures of the AMBS-generated flow present apparent evolutionary features. During the
downward flow impinging on the ground, the nose-shaped wind velocity profile gradually forms at the turntable center and is well developed
when the maximum velocity is reached. This observation is in accordance with the findings in available full-scale measurement campaigns.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0220379

I. INTRODUCTION

Thunderstorm downbursts have captured growing attention in
the wind engineering community due to their negative effect on struc-
tures. The outflow generated after downward flow impinging the
ground has been regarded as the primary reason for the generation of
violent horizontal winds, which deals severe damage to infrastructure
structures (e.g., Kwon and Kareem, 2009; Solari, 2016; Le and

Abd-Elaal et al, 2013; Li et al, 2012). In particular, the ERC AdG
THUNDERR Project, a milestone research project in wind engineer-
ing, conducted by Prof. G. Solari and his research group at the
University of Genoa has systematically investigated thunderstorms
and their effects on structures based on a series of field measurements,
experiments, and numerical simulation studies (Solari et al., 2020).
Full-scale downburst wind velocity data acquisition campaigns can
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Caracoglia, 2017; Kwon and Kareem, 2019; and Zhang et al., 2022).
The downburst outflow typically exhibits intense horizontal velocities,
a “nose-shaped” profile, and a nonstationary temporal variation. Much
effort has been made to acquire a deep understanding of the character-
istics of downburst outflows based on full-scale measurements (e.g.,
Hjelmfelt, 1988; Solari et al., 2020; Zhang et al., 2019; and Liu et al.,
2023), experimental methods (e.g., Fang ef al, 2023; Junayed et al,
2019), numerical computational fluid dynamics (CFD) methods (e.g.,
Mason et al., 2009; Yan ef al., 2022), and analytical methods (e.g.,

provide essential benchmarks for experimental and numerical studies,
while these wind field records are difficult to acquire due to the high
randomness of downburst occurrence in terms of time and place. As a
result, many researchers attempted to generate the downburst outflows
by different experimental and numerical methods.

The impinging jet (IJ) method is widely used to replicate the
downburst. This method utilizes a momentum-forcing source (fan or
other air-driving equipment) to direct flow to impinge onto the ground
to mimic the downdraft process of downburst winds in nature, while
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the buoyancy effects are neglected. The IJ method is highly capable of
recreating the outflow mechanisms, such as the “nose shape” wind
profile and primary vortex structures, which is supported by a large
body of studies using steady IJ methods (e.g., Wood et al.,, 2001; Kim
and Hangan, 2007; Sengupta and Sarkar, 2008; and Zhang et al., 2014)
or their “pulsed” versions (e.g., Mason ef al., 2005; Jesson ef al., 2015a;
2015b; and Romanic ef al,, 2019). Moreover, the movable nozzle of IJ
simulators was also developed to investigate the wind fields during the
moving downburst (e.g., Asano ef al., 2019; Wu et al, 2021; and Fang
et al., 2023). However, the generated downburst needs to match the
length scale of the investigated structures, which requires a consider-
ably large IJ simulator to generate the downburst flows that are suffi-
ciently large to meet the requirement of the Reynolds number effect on
a scaled structure model. To this end, a much larger test chamber was
established at the WindEEE Dome, which was capable of replicating
the downburst winds in a large scale. Thus, it allowed the tests carried
out on the models with relatively larger length scale (Hangan ef al,
2017a; 2017b; and 2019). Nevertheless, larger scale IJ simulators mean
increased input of experimental cost. In reality, the characteristic of
downburst outflow is the full process of the downburst in the experi-
ment because the effect of downburst outflow on structures is much
concerned due to its large horizontal wind velocity and nonstationary
properties. Therefore, some researchers tried to design additional devi-
ces to mimic downburst-like outflows in conventional boundary layer
wind tunnels instead of the entire downburst.

In the boundary layer wind tunnel, additional experimental tools
are employed to redirect the horizontal flow toward the ground to pro-
duce nonstationary outflows (Butler and Kareem, 2007; 2009; Le and
Caracoglia, 2019; Aboutabikh et al, 2019; and Mejia et al., 2022).
These techniques are capable of mimicking two-dimensional outflows,
which can be regarded as a vertical slice of the radial flows produced
by IJ simulators. In the implementation of Butler and Kareem (2007,
2009), a large flat plate with a large inclined angle was added upstream
to redirect the horizontal flows to imping on the ground. The nose-
shaped wind profiles can be generated in their tests, while the adjust-
ment of the wind profile and simulation of nonstationary wind velocity
are difficult. Recently, a multi-blade flow device (Le and Caracoglia,
2019; Aboutabikh et al.,, 2019) has been reported in the available litera-
ture, which has an improved controllability of the generated outflows.
Le and Caracoglia (2019) replicated a nonstationary wind similar to
the full-scale Andrews AFB thunderstorm wind velocity records
(Fujita, 1985). In addition, the Unsteady Reynolds Averaging Navier—
Stokes (URANS) method was used to investigate the produced wind
flows, while only the speed-up region can be observed in the simulated
wind field, and the primary vortex was not observed. Aboutabikh ef al.
(2019) designed and calibrated a blade system that was capable of gen-
erating downburst outflows. Moreover, the wind flow features pro-
duced by static and rotating blade configurations were investigated
using the large-eddy simulation (LES) method. Furthermore, Yuan
et al. (2024) improved the blade system and designed an Active-
controlled multi-blade facility, of which each blade can be controlled
individually. The mean wind profiles and noteworthy nonstationary
features obtained in the field measurements can be appropriately repli-
cated by this facility. It is noted that their studies mainly focused on
the nonstationary wind velocity records at limited specific locations,
while the flow evolutionary features of the multi-blade generated winds
were not comprehensively investigated. In view of this, the present
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study aims to fulfill this problem to promote the multi-blade generated
flows, which can be employed to investigate the effects of downburst
outflow on structures.

The investigation of wind field evolution is important to reveal the
underlying nonstationary mechanisms behind downburst winds and to
further the understanding of the wind effects on structures subjected to
downburst winds. Canepa et al. (2020) investigated the evolution fea-
tures of the vertical profile in the outflow region based on full-scale
downburst records, concluding that typical nose-shaped wind profiles
appear during the velocity ramp-up and peak stages. Junayed et al.
(2019) analyzed the variation of mean velocity and turbulent intensity
profiles, concerning the height-to-diameter ratios based on synchro-
nous point velocity measurements in the WindEEE Dome. Moreover,
the vortex dynamics were investigated by conducting the particle image
velocimetry (PIV) measurements on a radial 2D planar. Compared
with the experimental methods, the numerical simulation method
might have its unique advantage in investigating the evolution features
of flow structures. A large body of available literature reported the evo-
lutionary flow structures of downbursts simulated by the IJ method
based on numerical simulations (e.g., Mason ef al., 2009; Aboshosha
et al., 2015; Ibrahim ef al., 2020; and Zuzul et al., 2023). In these studies,
the evolutionary characteristics of the wind flow at the outflow region
were well replicated in terms of different numerical methods, providing
useful information regarding the evolutionary characteristics of wind
flows during the occurrence of downburst winds.

The present paper mainly addressed the evolution of downburst-
like outflow generated by an noval active-controlled multi-blade system
in a boundary layer wind tunnel. The design and calibration of the
active-controlled multi-blade system (AMBS) was reported by Yuan
et al. (2024), while the evolution of AMBS-generated downburst-like
outflow was not systematically studied. In our previous work, a group
of downburst-like wind profiles was produced by adjusting the configu-
ration of blade rotation, and these wind profiles matched well with the
target profiles obtained from full-scale measurements of actual down-
bursts. In addition, several nonstationary wind fields with different peak
velocity durations were also produced and analyzed systematically. The
present study aims to investigate the underlying mechanisms of the
wind flows produced by the AMBS facility under static and rotating
blade configurations based on the LES studies. The PIV measurements
were conducted to capture the vortex dynamics at the turntable range
along the streamwise direction during the rotation of blades. The LES
method was validated by the results of point velocity measurements
and PIV experiments. Furthermore, the flow evolutionary features of
the winds produced by static and rotating blade configuration were
investigated by utilizing the superiority of numerical simulation in
extracting full-field information. The proper orthogonal decomposition
(POD) method was employed to analyze the deterministic vortex struc-
tures in the wind flows generated by static blade configuration.

This paper is organized into the following sections: Sec. II
describes the details of the wind tunnel experimental and numerical
setup. Section I1I presents the validation of numerical results, including
the wind profiles along the streamwise direction, nonstationary wind
velocity at the reference height, and the wind velocity distribution pat-
terns during the blade rotation. Section IV discusses the underlying
evolutionary mechanisms of the wind fields produced by static and
rotating blade configurations. Finally, the primary conclusions are
summarized in Sec. V.
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Il. EXPERIMENTAL AND NUMERICAL SETUP

In this section, the experimental details and CFD modeling
method in the present study are introduced. First, details about the
wind velocity measurements using the AMBS are presented in Sec.
IT A, followed by a detailed description of the arrangements for the
PIV tests in Sec. I B. Additionally, the setup of CFD simulation in the
present study is described in Sec. I1 C.

A. Introduction of wind velocity measurements

The wind tunnel tests are conducted in the atmospheric boundary
layer (ABL) wind tunnel at Chongqing University (CQU), an open-
circuit type with a cross section dimension of 2.4 m (breadth) x 1.8 m

Guide rail

i sy .

Moveable bracket

Turbulence generation

pubs.aip.org/aip/pof

(height). The schematic diagrams of the entire wind tunnel and its test
section are shown in Fig. 1(a). The maximum wind velocity of 30 m/s
can be reached in the test section.

The AMBS is installed at the position upstream of the turntable,
and the horizontal distance between the AMBS installation location
and the turntable center is 3 m [Fig. 2(a)]. The grid installed at the inlet
can be utilized to enhance the turbulence of the approaching flow, and
the roughness elements are used to adjust the flow near the ground.
The AMBS is only briefly introduced herein, and readers are referred
to our previous work (Yuan ef al., 2024) for more details of the AMBS
design. To measure the evolutionary features of the AMBS-generated
downburst-like outflows, the measurement locations are arranged as
shown in Fig. 2. The measurement area is consisted of 35 horizontal

b

Redirected flows
Blades
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(b) Arrangement in wind tunnel tests

FIG. 1. Wind tunnel layout of the AMBS device. (a) Diagram of the wind tunnel and AMBS. (b) Arrangement in wind tunnel tests.
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FIG. 2. The diagram of the measurement locations. (a) Bird view. (b) Side view.

locations with streamwise and spanwise intervals of 0.5 and 0.4 m,
respectively [Fig. 2(a)]. Thirteen measurement positions (z = 0.05, 0.1,
0.15,0.2,0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.6, 0.7, and 0.8 m) are set in the
vertical direction at each horizontal position [Fig. 2(b)]. For the ease of
description, the location of each blade and its associated rotation con-
figuration are also illustrated in Fig. 2(b). In the present study, the val-
ues of di-d, are set to be 1.5, 1.1, 0.8, and 0.3 m, respectively. The
rotation configurations of the blades can be independently adjusted to
simulate various downburst-like outflows.

B. PIV setup

Aside from the point velocity measurements performed utilizing
Cobra probes, the AMBS-generated downburst outflow in the central
vertical plane (y=0m) is also measured employing the PIV test. As
shown in Fig. 3(a), two high-speed cameras are used in the wind tun-
nel to capture the produced outflows in a region of 0.8 m (width) by
0.8 m (height). The resolution of the cameras is set to 1024 x 1024 pix-
els, and the sampling rate of 2000 Hz is adopted in the present test.
The minimum exposure time of each camera is 1.05 us. The shooting
coverage of the two cameras is calibrated carefully before the PIV tests.
The tracer particles with an average diameter of 1-5 yum are released at
the inlet of the wind tunnel. The released tracer particles could be

reconstructed to be uniformly distributed after passing through the
screens of the wind tunnel. In addition, a high repetition frequency
pulsed laser is placed at the outlet of the wind tunnel. To ensure the
quality of each snapshot, the parameter of the laser device is properly
adjusted before the PIV experiments. The wavelength is set to be
527 nm with a pulse width of ~200ns. The repetition rate of the laser
is 0.2k-10kHz, with the energy of 30 mJ*2 path@1 kHz and energy
stability (RMS) below 1%. As shown in Fig. 3(b), partial regions of the
blades are painted black to reduce the exposure of the snapshot.
Furthermore, the velocity at the reference height is measured by Cobra
probes synchronously to make sure the produced wind field matches
the velocity field measured in Sec. IL A.

C. CFD modeling

Although the PIV test in the present study has presented the flow
structures in the streamwise direction in a two-dimensional plane, the
three-dimensional structures of vortices cannot be well demonstrated.
In addition, only a limited region of the AMBS-generated flow near
the ground was captured by the PIV test, while the full process of the
flow development in the entire wind tunnel region could not be
observed. To provide more comprehensive information regarding the
flow generated by the AMBS, large-eddy simulation is conducted to
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(b) Experimental photo

FIG. 3. Experimental arrangements for PIV measurements. (a) Schematic diagram. (b) Experimental photo.

shed insights into the spatial distribution of wind velocity during the
generation process of the nonstationary winds. The wind tunnel and
the AMBS facility are modeled in the numerical simulation according
to their geometrical dimension. In this section, the computational
domain and employed boundary conditions are first introduced. Then,
the mesh schemes for the static blade and dynamic rotating blade con-
figurations are presented in the next subsection as well as the solution
strategies adopted in the present study. The data sampling details are
described in the last subsection.

1. Computational domain and boundary conditions

Figure 4 illustrates the diagram of the computational domain.
The geometry of the AMBS blades is established according to the
experimental device installed in the wind tunnel. The distances
between any two blades and the rotating configurations of the blades
are set to be the same as the conditions adopted in the wind tunnel
tests (Yuan ef al, 2024). The cross section of the computational
domain is the same as that of the wind tunnel, while the streamwise
dimension is shortened to improve the computational efficiency. The
AMBS model is placed at x =0m, and the inlet and outlet boundaries
are set at x=—2m and x =6 m, respectively. To replicate the flows
produced in the wind tunnel test, the uniform velocity of 7m/s is

FIG. 4. Computational domain diagram.

imposed on the Inlet surface of the computational domain. The outlet
surface is set as the outflow boundary condition. The Leftside,
Rightside, and Top surfaces are defined as the symmetry boundary
conditions.

2. Computational mesh and solution strategies

To realize the simulation case of static blade and rotating blade
configurations, two types of computational mesh are utilized in the
present study. Figure 5(a) shows the first kind of mesh, where each
blade maintains its predefined rotation angle throughout the whole
simulation. To resolve the flows near the blade edge, the nearby mesh
is further refined. Moreover, the mesh behind the AMBS is also refined
to resolve the flow of interest. As illustrated in Fig. 5(b), the overset
mesh is employed to serve as the dynamic mesh strategy. Each blade is
set as an independent region, named region 1, region 2, region 3, and
region 4, which can rotate independently around its centroid. The
background mesh (apart from regions 1 to 4) is defined as region 0.
The numerical data between each blade region and background mesh
is transferred based on interpolation during the simulation. The
multiSolidBodyMotionSolver is used to deal with the dynamic mesh.
The rotating angle time history of each blade is controlled by the
tabulated6DofMotion entry, where the translational and rotational
motion of a body can be predefined in a tabulated file. A code to gener-
ate the tabulated file, defining arbitrary rotating blade configuration, is
developed based on OpenFoam.

The mesh independence studies for both static and rotating blade
configurations are conducted with three different levels of mesh refine-
ment (Mesh1l, Mesh2, and Mesh3) at the region of interest. The mean
wind velocity profiles at (x, y) = (3.0 m, 0 m) are used for comparison.
The results of the grid independence examination are presented in
Fig. 6. Figure 6(a) presents the mean wind velocity profile and Fig. 6(b)
plots the transient wind velocity profile after the finishment of blade
rotation. In addition, the relative errors [Eq. (1)] among different mesh
schemes are also presented in Fig. 6(c). It can be found the relative
error between Mesh 2 and Mesh 1 is 2.1% and 3.8% for static and
rotating blade configurations, respectively. In contrast, the variation of
the wind velocity profiles is limited with the mesh being further
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(a) Static blade configuration

(b) Rotating blade configuration

FIG. 5. Computational mesh. (a) Static blade configuration. (b) Rotating blade configuration.
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FIG. 6. The examination of mesh independence. (a) Static blade configuration. (b) Rotating blade configuration. (c) Relative errors.

refined. Therefore, the Mesh2 of the static and rotating blade cases
depicted in Fig. 5 is adopted for the sake of balance between computa-
tional accuracy and efficiency. The smallest cell in the Mesh2 is
approximately 6.3 x 10™*m (y+ < 5), mainly located at the near-wall
region of the blades and the ground. The total cell count for each case
is approximately 9.0 x 10°,

h
J |utar(2) — u(z)|dz
gy = =0 ; , (1)

J Utar (2)dz

0

where uy,, is the target mean streamwise velocity and turbulence inten-
sity components. ¢, is the relative error of u profiles. The integral inter-
val (0, h) in the above definition is determined by the considered
height range of the wind profiles.

The numerical simulations are performed with the open-source
software OpenFoam-v2206 based on the finite volume method. The
kinematic viscosity coefficient is set to 1.5 x 10~ m?/s to mimic the
air properties in the wind tunnel test. The flow field is calculated
using the LES model based on the filtered Navier-Stokes equations
for incompressible flow. The standard Smagorinsky-Lilly model
(Cs=0.1) is employed to model the subgrid-scale turbulence. The
pressure-implicit with the splitting of operators (PISOs) algorithm is
employed to resolve the velocity-pressure coupled equations of the
transient flow. The time-derivative term is discretized with the Euler
scheme, and the linear-upwind scheme is adopted to discretize the
convective term of the momentum equation. For the diffusion term,
the second-order central difference scheme is applied. Additionally,
the pressure gradient terms are resolved using the scheme of
Gaussian integration with linear interpolation. The time integrations
are processed with a fully implicit scheme. All the simulations are

Phys. Fluids 36, 077152 (2024); doi: 10.1063/5.0220379
Published under an exclusive license by AIP Publishing

36, 077152-6

01:1€:90 G20Z 19qWaAON 82


pubs.aip.org/aip/phf

Physics of Fluids

performed on the workstation in parallel (Intel Xeon Platinum
8269CY, 52 cores, 256G memory).

3. Data sampling in LES

The velocity sampling is divided into two groups. For the first
group, the velocity is synchronously sampled by probes according to
the arrangements of the measurement positions adopted in wind tun-
nel tests. For the second group, the wind velocity field at the cutting
planes of y=0m is recorded. All the velocity data are sampled at the
cell centers. The sampling frequency is set to 1000 Hz, and the sam-
pling duration is 30s. The time step size At = 0.0005s is used in the
simulations to ensure the Courant’s number lower than 1. For each
simulation case, the total simulation duration is 40 s, with the first 10s
of the simulation being excluded to eliminate any influence from the
initial conditions.

D. Experimental and simulation cases

For the sake of discussion in the following sections, all cases in
this study are summarized in Table I. “SW” represents the flow pro-
duced by the static blade configuration, with the number at the end
denoting the height of the maximum velocity at (x, y) = (3.0m, 0 m).
For example, “SW_015" denotes the maximum velocity at z=0.15m.
The rotating blade configurations are described by the rotating angle
of the blades in a specific order [Fig. 7(b)]. The clockwise rotating
angle is stipulated to be the positive value. In addition, the prefix
“NW” is used to denote the nonstationary wind flows produced by the
rotating blade configuration. “NW_015” and “NW_025” are generated
based on corresponding stationary winds with the maximum wind
velocity at z=0.15 and 0.25 m. The rotating duration is combined by
the values of At;, At,, and At; (Fig. 7). The wind velocity data in the
present study can be obtained by point velocity measurements (PVM),
PIV tests, and LES.

11l. NUMERICAL RESULTS VALIDATION

Before the simulation of the AMBS-generated flow fields, it is
essential to validate the reasonability of the numerical results based on
the wind tunnel tests. The wind profiles and nonstationary wind veloc-
ities of the ABMS-produced wind fields are compared with corre-
sponding experimental results in Secs. Il A and III B. In addition, the
transient wind velocity patterns during the generation of nonstationary
winds are also presented in Sec. [1I C for further comparison.

A. Wind profiles generated by static blade
configuration

Vertical profiles of mean velocity and turbulence intensity at sev-
eral locations (x=1.5-45m) along the streamwise direction are

TABLE 1. Wind field cases in the present study.

ARTICLE pubs.aip.org/aip/pof

—~ bladel blade2 blade3 blade4

& 60F

ﬁ L Aty w—f ¥ Aty

o 401 I

=0 L

g 20 __ Time duration for flow stationary End time

040 [ »

0

g I Start time « >At3

S =20 1 1 1 . 1 L

2 0 2 4 6 8 10
time (s)

(a) Rotating angle time history

. S, ) B s
Bladel
O=0deg Bladel el
T 6,=60deg _E‘gdﬁ()deg
Blade2
b=0deg N Bf,ﬂdﬁi()d Bladeﬁd
= 3 3= e
Blade3 = St I
5=0deg SN Blade3 Blade3
=0deg
0:=20deg
I 2 Bladed —Llgged
— Ode; - yiad
L 0,=60deg =0deg
N N S N S

(b) Blade rotation schematic diagram

FIG. 7. Example of blade rotation time history and schematic diagram. (a) Rotating
angle time history. (b) Blade rotation schematic diagram.

presented in Fig. 8. For validation purposes, the profiles acquired by
wind tunnel measurements are also shown in the form of scattered
points. Each velocity profile is normalized by the maximum wind
velocity. The mean wind velocity profiles produced in the wind tunnel
test were validated to be reasonable in our previous work (Yuan ef al,
2024) by comparing them with target full-scale downburst winds. It
can be found that the wind profiles in the numerical simulation can
match corresponding experimental measurements within an accept-
able deviation. As shown in Fig. 8(a), the mean wind velocity profiles
at x=1.5-3.0 m show a good agreement with the experimental results.
However, as the flows further develop, the velocity profile in simula-
tion tends to deviate from the corresponding experimental counter-
part. In Fig. 8(b), only the turbulence intensity profiles below z= 0.6 m
are plotted. The experimentally measured turbulent velocity might
deviate from the realistic value above z=0.6m due to the effect of
reversed flow in the upper region, which cannot be well measured by
the Cobra Probe. It can be observed that the turbulence intensity below
z=03m is in good agreement with the experimental results. The

Cases Rotating angle configurations Rotating duration (At;, At,, At;) Methods
SW_015 60° - 40° - 20° - 60° PVM & LES
SW_025 35° - 35° - 35° - 40° cee PVM & LES
NW_015 60° — 40° - 20° - 60° (0.5s5,0.25,0.55) PVM & PIV & LES
NW_025 35° — 35° -35° —40° (0.5s5,0.25,0.55) PVM & PIV & LES
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FIG. 8. Validation of wind profiles along the streamwise direction in SW_025. (a)
Wind velocity. (b) Turbulence intensity.

turbulence intensity profile around the horizontal location of x = 3.0 m
(turntable center of the wind tunnel) matches experimental measure-
ments well.

B. Nonstationary wind velocities produced by rotating
blade configuration

To validate the nonstationary winds produced by the numerical
simulation adopted in the present study, a nonstationary case is
selected as a benchmark. The rotating blade configuration is set to be
the same as that adopted in the wind tunnel test. Figure 9 shows the
wind velocity time history obtained at the position of the maximum
velocity at (x, y) = (3.0m, 0m) during the blade rotation. The blade
rotation starts at t = 10's. The velocity time history during ¢ = 5-15s is
presented in this figure. It can be found that the numerical wind veloc-
ity time history is in good agreement with the experimental results,

20

Exp.(Yuan et al,, 2024)
IO S LES l]lr
i O i 'I‘.lﬁ : ey
1 Uit '-hi—.."«f#:lj:ifmff.;ﬁ\;'nx"i ﬂ-"ﬂ.‘f,_-""'-«'f«_
0
5 15

FIG. 9. Validation of nonstationary wind velocity at z=0.15m in NW_015.
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although some deviation in fluctuation amplitude between them might
still be observed. The ramp-up and ramp-down phenomenon of the
wind velocity time history can be well simulated, and the peak velocity
duration matches well with the experimental measurements.

C. Transient wind velocity distribution

Furthermore, the spatial distribution of the velocity in LES is
compared with that in the PIV test as the blades at their maximum
rotation angle, i.e., at the stage of At, shown in Fig. 7. For the ease of
comparison, the time instant of the blades at the horizontal state is
defined as zero. Two snapshots at t=0.5 and 0.7 s are shown in Figs.
10(a) and 10(b), respectively, which are captured in PIV measure-
ments. At t=0.5s, the rotating blades just reach their maximum
rotation angle, and the blades keep their inclination state during
t=10.5-0.7 s. In addition, the velocity distribution at the same instants
in LES is presented in Figs. 10(c) and 10(d). It should be noted that the
velocity contours in LES are indicated in a reversed direction, while the
coordinates for PIV and LES results are set according to the definition
in Fig. 2. It can be observed that the primary vortex is produced almost
at the same location (x=3.0m) in PIV and LES at t=0.5s. In addi-
tion, the other vortex can also be found with a relatively small size. The
two vortices will further develop as time passes, which can be observed
at t=0.7s. The vortex height is increased with the development of
flows. Therefore, the transient flow features can also be replicated in
the LES, whereas the instantaneous velocity contour might have some
discrepancies.

IV. EVOLUTIONARY MECHANISMS OF AMBS-
GENERATED FLOWS

Based on the validated numerical simulation method, the AMBS-
generated winds are further investigated in terms of synchronous spa-
tial features, which might be hard to capture through the wind tunnel
test. The wind flows produced by static blade and rotating blade con-
figurations are discussed in Secs. IV A and IV B, respectively.

A. Stationary wind fields

The spatial features of AMBS-generated wind fields can be
adjusted by the blade rotation configurations. In this section, the mean
wind velocity distribution of the flows generated by static blade config-
uration is investigated as well as the vortex structures. Furthermore,
the proper orthogonal decomposition (POD) analysis is conducted to
identify spatiotemporal patterns in the AMBS-generated turbulent
wind fields.

1. Wind field structures

Figure 11 displays the mean wind velocity contours in three
orthometric directions and the mean velocity vectors in SW_025 and
SW_015. A notable increase in streamwise velocity downstream of the
AMBS is evident in SW_015, attributable to the augmented blade rota-
tion angle directing more intense airflow downward. This results in
the peak of the nose-shaped wind velocity profile appearing at a lower
height. In addition, in SW_015, the vertical velocity component is also
increased, which manifests that the vertical velocity touching the
ground can also be modified by appropriate adjustment of the blade
rotation configuration. Therefore, the incidence angle of the downward
flows can be controlled according to specific simulation objectives. As
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shown in Figs. 11(b) and 11(f), the spanwise velocity is negligible com-
pared to the other components in the lower region. Conversely, in the
upper region, the spanwise velocity is slightly increased. Additionally,
the resultant mean wind velocity field is illustrated through velocity
vectors in Figs. 11(d) and 11(h), representing the combined effect of
streamwise and vertical velocity components. It can be observed that
the mean velocity vectors tend to develop upward obliquely with the
increase in streamwise distances.

Furthermore, to better understand the organized motions in the
wind flows generated by the AMBS facility, the iso-surface of the Q
value is utilized to investigate the development of vortex structures.
Figure 12 depicts the vortex structures of the downburst-like outflows
in SW_025 and SW_015. Notably, a series of columnar vortices can be
observed in both cases, which are delineated with red lines in each sub-
figure. For SW_025, these columnar vortices tend to be dispersed with
the flow evolving along the streamwise direction, in contrast to the
phenomenon observed in SW_015 where vortex movements present a
more organized structure. Additionally, the vortex structures near the
ground are also significantly affected by the rotation angle of the
blades. Specifically, in SW_015, elongated vortices are prominent near
the wall, whereas in SW_025, these vortices are noticeably smaller and
less frequent. This variation could be attributed to the larger shear
velocity of near-wall flows in SW_015 compared to SW_025, resulting
in a significant stretching of the near-wall vortices due to enhanced
kinetic energy.

2. POD analysis

To gain deeper insights into the structure of the flow field gener-
ated by the AMBS, the proper orthogonal decomposition (POD)
approach is employed. This method, reviewed by Tamura ef al. (1999),
is effective for isolating deterministic structures that have physical sig-
nificance. For this purpose, the wind velocity time history at the central
plane, ranging from x=1.5 to 4.0m, is extracted from the computa-
tional domain, as depicted in Fig. 13. The wind velocity data with a
duration of 30's are adopted for the POD analysis. In order to identify
the most prominent energetic fluctuations in the AMBS-generated
wind flows near the ground, the time-averaged velocity components
are subtracted from the obtained numerical data. Thus, the residual
fluctuating components of streamwise velocity, denoted as u(x, t)),
can be expressed as follows:

n

u(x, t) =U(x, t) = U(x, t) = Zai(t)¢i(x)7 @

=

where x denotes the spatial vector and ¢;(x) and a;(t) are the i-th spa-
tial modes and corresponding time coefficients, respectively.

The core concept of the POD method is to find the determinis-
tic coordinate system ¢);, which has the optimal correlation with all
the elements of a set of fluctuating velocity fields. To determine the
modal features and corresponding energy contribution by different
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modes, the most direct method is to solve the eigenvalue problem as
follows:

R = ig, 3)

where R, = u(x;, y;, t)u(x;, yj, t) is the space covariance, ¢ is the
eigenvector matrix, and 4 is the corresponding eigenvalue vector.

The fluctuating velocity field can be reconstructed by the follow-
ing equation:

u(x, 3, ) =Y Sm(t)(x, ¥), )

m=1
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where J,, is the principal coordinate, which denotes the expansion
coefficient of each mode.

Figure 14 shows the energy distribution of the first 20 POD
modes of the flow field in SW_025. The energy contribution of each
mode is described by the proportion of corresponding eigenvalues in
all POD modes. As plotted in Fig. 14, the cumulative energy contribu-
tion of modes 1-20 takes over 70% of the total energy, which implies
that a small number of POD modes might be capable of describing the
primary features of the flow field. The energy contributions of Modes
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FIG. 14. Cumulative energy of POD modes and energy distribution of modes 1-20.

1-6 are, respectively, 12.1%, 10.3%, 8.3%, 7.7%, 6.7%, and 6.3%, with a
sum of over 50% of the total energy. The contributions of other higher
modes are all decreased to smaller than 5%, which means a limited
effect on the whole flow field. To this end, only the first six modes are
selected for the following analysis.

Figure 15 elucidates the contour patterns and spectral characteris-
tics of the principal coordinates for Modes 1-6 of the AMBS-
generated flow in SW_025. The energy contributions of each mode are
annotated in the titles of the corresponding subfigures. In addition, the
normalized spectrum of the principal coordinate d,, for each mode is
defined as S;/(Ss),q» €xpressed as a function of the reduced fre-
qUeNCY fz,,.,./ Umax. As shown in Fig. 15(a), Mode 1 presents in-phase
fluctuations across all locations, with the lower altitude region charac-
terized by two distinct areas of opposing modal phases. The negative
region, appearing at around x = 3.0 m, is much larger than the positive
one and reaches down to the near-ground region. This negative region
means that the local velocity is lower than the mean velocity in the cor-
responding mode, which might be attributed to the primary vortex
produced in the adjacency region. The main frequency of the principal
coordinate of Mode 1 is about fz,,, /Umex = 0.03, representing the
prevalent frequency within this flow regime. For Mode 2, the modal
pattern is dominated by a positive region, exhibiting a main frequency
roughly double that of Mode 1. As depicted in Fig. 15(c), the pattern of
Mode 3 is constituted by three regions where the signs of their modal
phases vary alternately. It can be observed that the negative and posi-
tive regions at x = 3.7 extend to the ground. Modes 3-6, characterized
by their multiple frequency components, demonstrate that vortices are
dominated by varied frequencies and scales, leading to intricate modal
patterns [as shown in Figs. 15(d)-15(f)]. Consequently, the airflow
dynamics within the primary vortex zone are modulated by multiple
modes with disparate frequencies, which contribute to the complexity
of the vortices observed in Fig. 11(a).

B. Nonstationary wind fields

The nonstationary wind fields can be produced by the rotating
blades with specific configurations. However, in the wind tunnel test,
one can only obtain the nonstationary features of the generated wind
field from PVM at a few locations. The evolutionary features of the
wind field during the generation of nonstationary winds might be hard
to obtain. To this end, the characteristics of nonstationary wind fields
during the blade rotation are investigated based on the LES consider-
ing its superiority in extracting full-field information quantitatively.
First, the transient wind velocity profile during the generation of a
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nonstationary wind field is analyzed. Additionally, the variations of
wind velocity patterns are also investigated.

1. Evolutionary features of wind profiles

Figure 16 presents the evolution of the vertical wind velocity
profiles at the turntable center (i.e., x=3.0m). We extracted and dis-
played wind velocity profiles at eight distinct moments, ranging from
10.3 to 11.0s, in Fig. 16(b). The wind velocity time history plotted in
Fig. 16(a) is monitored at z=0.15m. The instants are also marked
by dashed lines with the designation of i-viii. As depicted in
Fig. 16(a), at t=10.7s, the ramp-up interval of the nonstationary
winds is completed, and the maximum value of u is achieved. At this

time, the typical nose-shaped downburst profile is well developed
with the maximum velocity occurring at z=0.15m, as shown in
Fig. 16(b). The evolutionary process of the velocity profile closely
resembles full-scale downburst events recorded at the Port of Livorno
on 13 September 2015 (Burlando ef al, 2017; Solari et al., 2020). It
should be mentioned that, after t exceeds 10.7 s, the nose-shape pro-
file is further developed, while the maximum velocity is decreased,
and its corresponding height is increased [Fig. 15(b)(vi-vii)]. At
t=11.0s, the wind velocity profile becomes uniform, signaling the
end of the ramp-down phase of the nonstationary wind velocity time
history. In contrast, during the ramp-up stage, an inverse trend can
be observed that the height of the maximum velocity decreases over
time, as shown in Fig. 16(b)(i-iv).

Phys. Fluids 36, 077152 (2024); doi: 10.1063/5.0220379
Published under an exclusive license by AIP Publishing

36, 077152-12

01:1€:90 G20Z 19qWaAON 82


pubs.aip.org/aip/phf

Physics of Fluids ARTICLE

pubs.aip.org/aip/pof

Time history at z=0.15m

i-viii

\Wwww

12 14

(a) Time history of u

t=10.4s

t=10.5s t=10.6s

@ |

G [

t=10.8s

t=10.9s t=11.0s

0.0 PR I I

V) (vi)

(vii) (viii)

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

u (m/s) u (m/s)

u (m/s) u (m/s)

(b) Vertical profiles of u at different instances
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2. Evolutionary features of vortex structures

To elucidate the flow variation during the generation of nonsta-
tionary wind fields, several specific instants are adopted for detailed
discussion. Figure 17 shows the contours of the streamwise and vertical
velocity components. Before the blade rotation (f= 10s), the stream-
wise velocity distributes uniformly, with the vertical velocity nearly
negligible. When each blade rotates to a specific angle, as depicted in
Figs. 17(b) and 17(g), both the streamwise and vertical velocities are
significantly increased in the lower region. In the cases of t=10.7s

and 10.75s, all the blades reach their maximum rotation angle for this
numerical case. It is observed that the region of maximum streamwise
velocity near the ground shifts from x =2.0m to 3.0 m. Furthermore,
at t=10.75s, the vertical velocity at x=2.5-3.5m is significantly
increased compared with that at = 10.7 s, which implies the enhance-
ment of upward flows. At t=10.9s, the blades are during the stage of
reverting to their original state, which results in an apparent decrease
in the maximum velocity and the increase in its corresponding height.
Figure 18 presents the velocity vectors corresponding to the
five instants discussed in Fig. 17. The arrows in each subfigure are
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t=10.75s; (e) and (j) t=10.9s.

scaled and colored according to the streamwise velocity. Figures
18(c) and 18(d) demonstrate the presence of a primary vortex,
with its migration from x=2.0 to 2.5m. However, at t=10.75s,
the primary vortex tends to dissipate due to the increase in

upward vertical wind velocity. Before and after the blades reach
their maximum rotation angle, such as at t=10.4 and 10.9s, no
obvious rolling vortex formation is observed in the lower height
region.
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V. CONCLUDING REMARKS

This paper deepens the understanding of downburst-like winds
generated by the AMBS, utilizing both large-eddy simulation (LES)
and Particle Image Velocimetry (PIV) measurements. First, the wind
profiles and nonstationary wind velocities obtained by LES are vali-
dated by the point velocity measurements using the AMBS facility.
This includes a comparative analysis of the mean wind velocity pro-
files, distribution patterns of velocity vectors, and wind velocity time
history with corresponding experimental results. Furthermore, the pre-
sent study explored the spatial characteristics of wind flows induced by
static blade configurations through detailed flow structure investiga-
tion and proper orthogonal decomposition (POD) analysis. The wind
field evolution features during the generation of nonstationary
downburst-like outflows are also elucidated from the aspect of the spa-
tial distribution of wind velocity. The main findings from the present
study are summarized as follows:

(1) The LES method effectively replicates the vertical mean wind
velocity profiles along the streamwise direction, although minor
discrepancies emerge with the flow development. The time his-
tory of nonstationary wind velocity in the numerical simulation

3

aligns closely with experimental measurements. Furthermore, it
is proved that the LES method can well simulate the evolution
of the primary vortex observed in the PIV test during the flow
impinging on the ground.

The mean wind field pattern can be adjusted customizably by
the blade angle combinations in static blade configurations. A
series of columnar vortexes are produced in the case of static
blade configuration, with apparently organized structures being
produced as the maximum velocity is concentrated at a lower
height.

For the flows generated by the static blade configuration, the
cumulative energy contributions of the first three modes consti-
tute more than half of the total energy within the fluctuating
wind field. The vortex at the horizontal position from x=2.5 to
3.0m is shaped by a convergence of multiple flow modes, each
distinguished by its unique frequency.

The typical nose-shaped profile can be well developed at the tar-
get region during the generation of nonstationary winds.
During the velocity ramp-up phase, the height of maximum
velocity decreases over time, and the nose-shaped wind velocity
profile is gradually formed at the turntable center. Conversely,
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in the ramp-down phase, the height of maximum velocity is
increased with decreasing wind speed, eventually leading to a
more uniform profile.

(5) For nonstationary winds generated by rotating blade configura-
tions, the primary vortex is formed as the downward flow
impinges on the ground. This vortex tends to dissipate over
time, even while the blades maintain their maximum rotation
angle. The ramp-up and ramp-down of the generated nonsta-
tionary wind velocity are mainly attributed to the two
phenomena.
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