
CHAPTER IV

Downburst winds rarely occur as an isolated phenomenon, yet are more likely to occur
in the presence of background atmospheric boundary layer (ABL) winds. However, the
amount of studies performed on this downburst scenario is limited. This study aims to
deliver on these shortcomings by providing a full-field representation of the interaction
between these two winds through the reconstruction of experimental tests performed in
WindEEE Dome by means of CFD technique (i.e. URANS, SAS and LES). The ABL
wind was found to cause a significant degree of flow asymmetry depending on the inclina-
tion angle between the two winds. The interaction of the downburst and the ABL winds
at the colliding front was found to create the stagnation region which slows down the
primary vortex (PV) propagation. Significant levels of ABL entrainment were observed.
The PV structure at the along ABL direction is found to cause strongest radial outflows.
A counter-rotating secondary vortex (SV) was observed at these locations only, but with
a short lifespan. This segment of the PV (unlike the one at the colliding front) was found
to be unstable and breaks down rapidly due to combined effects of the SV detachment
and ABL wind above the PV core.

Keywords: Thunderstorm downburst, impinging jet, atmospheric boundary layer, CFD
simulations, experiments.
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4.1 Introduction

Wind is a natural phenomenon associated with the movement of air close to the surface
of the Earth. Wind can be classified based on its origin either as a consequence of a
primary circulation at the planetary scale, secondary circulation at the synoptic scale,
or local circulation. Although it provides a number of benefits for humanity (e.g. as
a source of clean renewable wind energy), it is also associated with a vast majority of
natural hazards that occur every year all across the globe (e.g. tropical storms). In order
to prevent wind-related damages on structures, a set of standards and codes was built
(Stathopoulos and Alrawashdeh, 2020) to consider wind actions during their design stage.
These standards are generally framed for ABL winds, which are caused by the synoptic-
scale extra-tropical cyclones at mid-latitudes (Davenport, 1961). If on one hand, recently
the ASCE 7-22 standard has been updated to account for tornado-resistant design, on the
other hand, similar criteria for non-synoptic wind actions from thunderstorm downbursts
are still not present in most of the current standards. Although it is well-known that
the wind gusts associated with localized wind storms (i.e. thunderstorm downbursts) are
the source of a substantial number of high wind speed recordings (Davenport, 1968) and
structural collapses, the treatment of wind loading and corresponding structural response
to thunderstorms is considered an open topic to date (Solari, 2017; Solari et al., 2020).

Thunderstorms are characterized by non-synoptic and severe winds that can span
around relatively small areas (i.e. meso-γ scale, less than 20 km; Orlanski, 1975), and
last for short time period of about 30 minutes. Essentially, the density difference between
colder air within the thunderstorm cell and warmer air in its surroundings produces a
major vertically descending column of cold air (i.e. downdraft). The downdraft of cold
air impinges the ground which leads to severe winds diverging radially in horizontal direc-
tion, as observed by Fujita (1981; 1983; 1985). The radial outflow is characterized by the
passage of a ring vortex caused by Kelvin-Helmholtz (KH) instability in upper levels due
to high-level wind shear. It is the first ring vortex, also known as “primary vortex” (PV),
that is responsible for downburst’s vertical nose-shaped wind velocity profiles (Hjelmfelt,
1988) to be substantially different with respect to the vertical logarithmic velocity profiles
associated with ABL winds (Stull, 1988). The spatially and temporarily evolving char-
acter of downburst’s nose-shaped vertical profiles of radial wind velocity yields highest
velocities in the near-surface layer. This justifies the large number of studies published
on the thunderstorm-related damage mainly focusing on low-rise structures (as buildings)
or/and other slender structures as transmission lines, turbines and bridges (e.g. Holmes
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et al., 2008; Solari, 2014; Repetto et al., 2017; El Damatty and Elawady, 2018; Iida and
Uematsu, 2019; Burlando et al., 2020; Wu et al., 2021; Ahmed et al., 2022; Zheng and
Fan, 2022. In addition, several studies focusing on tall buildings have also been published
recently (e.g. Kim and Hangan, 2007a; Fadel Miguel et al., 2018; Le and Caracoglia, 2021;
Yan et al., 2022). Despite the large efforts made by the scientific community, the con-
tinuously reported thunderstorm-related damage on structures in the literature indicates
that a lot of work is still left to be done.

The application of full-scale monitoring of thunderstorms is generally difficult, since
it is usually not possible to know in advance when, where and whether a thunderstorm
will occur or not. When this is captured, it is usually recorded at a very limited number
of measurement locations with ordinary sampling frequency (e.g. 1-10 Hz), inadequate
to properly reconstruct the whole flow field at the desired spatio-temporal resolution. In
that context, most of the studies have been conducted in experimental and numerical
frameworks. Experimental investigations of downbursts are commonly performed at the
reduced scales in specific wind-tunnel facilities and laboratories, modeling the downburst
as an impinging-jet flow. A non-exhaustive list of publications about generic isolated
downbursts (e.g. Wood et al., 2001; Xu and Hangan, 2008; McConville et al., 2009), and
its effects on structures (e.g. Chay and Letchford, 2002; Letchford and Chay, 2002; Wu
et al., 2021) is reported here. The contribution to the literature based on the experimental
approach additionally increased in the past years with the opening of WindEEE Dome
(e.g. Hangan et al., 2019; Junayed et al., 2019). The WindEEE Dome facility is a so-
phisticated large-scale wind-simulator specialized for the reconstruction of reduced-scale
non-synoptic winds (as downbursts and tornados) mainly (Hangan et al., 2017) embedded
or not in background ABL flows. However, thunderstorms generally do not occur isolated
but are rather embedded into a large-scale synoptic (ABL) wind. On these grounds, the
studies carried out by Romanic et al. (2019) and Romanic and Hangan (2020) provided
valuable insights about the interaction between a vertical downburst wind and a back-
ground ABL-like wind. Despite numerous advantages, experimental tests cannot provide
a full representation of the flow field (Blocken, 2014), especially in large-scale facilities
such as WindEEE Dome. In that perspective, the usage of numerical techniques, as the
CFD, comes particularly useful in WE (e.g. Stathopoulos, 1997; Baker, 2007; Blocken,
2015; Tamura and Phuc, 2015. As for experimental tests, the impinging jet approach is
the most common way for downburst modeling in CFD, and a number of publications
have been published on that matter in the last decades. In particular, isolated generic
downbursts have been studied exhaustively by means of 3D RANS (e.g. Selvam and
Holmes, 1992; Kim and Hangan, 2007b; Li et al., 2012). Isolated downbursts have also
been reproduced with LES simulations (e.g. Sengupta and Sarkar, 2008). Ibrahim et al.
(2020) performed LES simulations to reproduce a downburst wind acting on transmis-
sion lines experimentally tested in the WindEEE Dome, but without accounting for the
background ABL wind.

Numerical modeling of downburst-producing thunderstorm events was found particu-
larly efficient in the framework of full-cloud models (e.g. Orf et al., 2012; Orf et al., 2014).
However, these models are more of the interest for atmospheric sciences since they focus on
storm production and atmospheric conditions leading to the downburst production, while
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do not suffice in resolving the near-surface flow in desired resolution for WE purposes. A
family of sub-cloud (SC) models based on the parametrization of computationally expen-
sive cloud microphysics through thermal forcing was also developed (e.g. Orf et al., 1996,
Mason et al., 2009). These models make use of a cooling source to trigger the isolated
downburst winds, while possibly devoting higher attention to the near-surface flow region
when compared to full-cloud models. In that perspective, Orf and Anderson (1999) and
Mason et al. (2010) applied the sub-cloud model to study downbursts immersed in the
environmental ABL winds on a large-scale domain. Due to the large-scale of the domain,
the grid resolution is often limited and unable to properly resolve wind flow at local scales
(e.g. domain of 19 x 6 x 4 km, with grid resolution of 50 m; Orf and Anderson, 1999).
Although Mason et al. (2010) applied much higher resolution (1 m up to 20 m), the anal-
ysis was unfortunately limited to a 2D grid to balance the required computational cost
necessary to perform the computations.

Overall, the impinging jet is the most widely adopted model to solve the near-surface
flows through CFD with particular use case to support experimental tests. Although it
does not incorporate the realistic downdraft-generating principle governed by the density
difference as it is the case in the full scale, it has proven to be provide realistic flow field
in the near-surface region. In this regards, the literature is lacking CFD investigations,
based on impinging jets and high-resolution grids that will lead to a more comprehensive
physical description of downburst and ABL winds interaction. This is also the innovative
scope of the present investigation.

The work presented in this chapter is carried out within the framework of the ERC
Project THUNDERR – “Detection, simulation, modelling and loading of thunderstorm
outflows to design wind-safer and cost-efficient structures” (2017-2022) (THUNDERR,
2017; Solari et al., 2020). The project aims to address the current literature limitations in
the understanding of downbursts through the application of full-scale measurements, ex-
perimental, numerical and analytical techniques. To this date, several contributions have
been given to the literature under the scope of the THUNDERR project. In particular,
(Canepa et al., 2020; 2021a,b) focused on the characterization of downbursts measured at
the full scale (by means of LiDAR measurements) and reduced scale (at WindEEE Dome);
Xhelaj et al. (2020) provided a novel approach for the analytical modeling of downbursts;
Roncallo and Solari (2020) proposed a new evolutionary power spectral density (PSD)
model of thunderstorm outflows as the follow-up work to Solari et al. (2015); Brusco et
al. (2019) and Brusco and Solari (2021) focused on the directional response and transient
aeroelasticity of structures subjected to thunderstorms outflows. In this framework, the
present work focuses on the interaction between downburst and ABL winds and more
specifically on the (i) characterization of vortex dynamics and (ii) the impact of ABL
wind on the spatio-temporal evolution of downburst wind velocity profiles. These aspects
can be of great relevance for the structural design/response.

An experimental campaign previously carried out at the WindEEE Dome (within
the THUNDERR project) has been considered for the present numerical investigation.
Overall, three different CFD approaches have been used: URANS, SAS and LES. URANS
is a well-known approach commonly used in wind engineering, while the SAS (Egorov
and Menter, 2008) is less adopted by the community. However, as hybrid turbulence
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modeling approach it represents a solid “tradeoff” between the scales being resolved and
the computational cost required to compute the simulations. Finally, LES is the state-
of-the-art CFD approach for solving complex most of the turbulence structures of the
flow. In particular, LES allows to directly solve a large part of the turbulence energy
spectrum, while the influence of small eddies are simply modeled by means of sub-grid
scale turbulence models (Pope, 2000). As stressed by Blocken (2018), although the LES
may provide greater flow resolution than URANS and SAS, it requires a higher grid
resolution, larger computational costs and suffers from the lack of best-practice guidelines
that can even yield less reliable results.

This chapter is structured as follows. Section 4.2 presents the WindEEE Dome facility
and the experimental campaign of the downburst immersed inside the ABL-like wind field.
Section 4.3 describes the computational domain, grid and settings used to carry out the
simulations. ABL-profile development in the WindEEE Dome testing chamber is also
discussed. Section 4.4 shows the comparison of CFD and measured data for validation
purposes. Section 4.5 deals with the flow field dynamics of ABL-downburst interaction.
Section 4.6 discusses the convective velocity characteristics and presents the trajectory
of maximum radial velocities in the flow field. Section 4.7 closes the chapter, draws
conclusions and provides perpsectives for the future research activities.

4.2 Experimental tests

The present section briefly describes the experimental campaign carried out at the WindEEE
Dome. WindEEE Dome (Fig. 4.1) is a closed-circuit facility specialized for reconstruc-
tion of non-synoptic winds like downbursts and tornados at reduced scales (Hangan et al.,
2017), with the additional possibility to generate ABL-like winds from one of the side
walls. With the simultaneous use of both operational modes, the facility allows for the
experimental investigation of ABL-downburst interactions. As presented in Figure 4.1,
WindEEE Dome is a hexagonal-shaped facility composed of upper plenum, testing cham-
ber and a return circuit which reconstructs the downburst-like flow through the impinge-
ment of a pressurized jet. The vertical jet firstly funnels through the honeycomb (aimed
at reducing the transversal turbulence) prior entering the bell-mouth nozzle which con-
nects the testing chamber with the upper plenum. The testing chamber is characterized
by an inner diameter (Dchamber) of 25 m and a height (H) of 4.29 m. The height of the
testing chamber (h) from the bottom to the bell-mouth is equal to 3.78 m. The inner
diameter (D) of the bell-mouth defines the downdraft diameter and can be adjusted for
different experiments; for this campaign it was set to 3.2 m. The bell-mouth exit di-
ameter (Do) is of 5.5 m and not adjustable, conversely. The pressurized air from the
upper plenum is released into the testing chamber by opening the louvers (barriers at
bell-mouth nozzle), which in turn allow for the reconstruction of a downburst-like flow.
The flow propagates through the testing chamber until it finally faces the lateral walls,
where the flow is redirected to the upper plenum through the lateral openings. One of the
sides of the hexagonal chamber (denoted by black filled rectangle in Fig. 4.1) is covered
with a set of 60 individually controlled fans (the so-called “60-fan wall”) used to generate
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the ABL-like wind. The 60-fan wall (a side of the hexagon) has a width (W ) of 14.8
m and a height (H) equal to the testing chamber height (Fig. 4.1). The vertical inflow
jet velocity (wjet) at the bell-mouth is controlled by adjusting the rotational speed of the
fans in the upper plenum, which for this experimental campaign was set to 30% of their
maximum rotational speed.

Figure 4.1: Schematic view of the WindEEE Dome facility with an indication of the wind flow
pattern: (a) front view representing the testing chamber, upper plenum and return circuit; (b)
top view of the chamber.

Experiments were organized in two different stages. The first stage consisted of run-
ning only the 60-fan wall for about 24 s in order to properly develop the ABL-like wind
throughout the entire testing chamber. It is worth to notice that the ABL-like wind in
the WindEEE Dome is not usually developed by means of passive devices (i.e. roughness
elements and spires), as ordinarily done in ABL wind tunnels worldwide. On contrary,
it is rather naturally developed across the chamber by inducing friction effects between
the flow and the surface of the bare floor. The second stage consisted of a continuously
running ABL-like wind with the simultaneous release of the downburst jet in the testing
chamber. The downburst jet is directed by the inclination of louvers at the bell-mouth
inlet. During the releasing of the jet, the louvers execute a rotational movement which
firstly (not fully opened) direct the flow against the ABL and subsequently (at fully
opened state) vertically direct the flow towards the bottom surface at the center of the
testing chamber. The opening of the louvers lasts for 0.77 s. The louvers start closing
about 4 s after the start of the experiment and about 1.77 s are required for the total
closure.

Cobra probes (Turbulent Flow Instrumentation Pty Ltd., 2015) were used to measure
velocities during the experimental campaign. In particular, two distinct sets of probes
were used: (i) Cobra probes pointing towards the 60-fan wall to record the ABL flow, and
(ii) Cobra probes pointing towards the downburst touchdown position (i.e. the center of
the chamber) to record the downburst-related radial velocity.

Measurements of the downburst-related radial velocities were taken at various locations
across the chamber (Fig. 4.2). In particular, seven different azimuthal angles (α = 0°, 30°,
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60°, 90°, 120°, 150°, 180°) with respect to the approaching ABL-like wind were considered
for the positioning Cobra probes (Fig. 4.2a). Seven Cobra probes were mounted on the
measurement rake at different heights (z) above the bottom surface, for every azimuth
angle at 10 radial positions (R/D = 0.2, 0.4, 0.6, 0.75, 1.0, 1.2, 1.4, 1.6, 1.8 and 2.0) (Fig.
4.2b). Hereby the radial distance R is normalized by the downburst diameter D. The
radial position at the center of the chamber (R/D = 0) was additionally considered only for
α = 180°. For α = 30°, 60°, 90°, 120°, 150° the following seven heights (z) were considered:
0.04, 0.07, 0.10, 0.125, 0.15, 0.30, and 0.70 m. For α = 0° two additional heights were
considered (z = 0.20 and 0.40 m); for α = 30°, . . . , 150° one additional height of z = 0.50
m was added; while for α = 180° four additional heights (z = 0.20, 0.40, 0.50 and 1.0
m) were accounted in addition to common measurement points. Cobra probes pointing
towards the 60-fan wall were used only for α = 30°, . . . , 180° and placed at z = 0.04,
0.10, 0.30, 0.50 m. Velocities were not recorded simultaneously for every measurement
rake position (α and R/D) in order to avoid the possible wake flow disturbance on the rake
positioned downwind. Ten repetitions were carried out for each measurement position to
get better statistical representation of the phenomenon. The sampling frequency of Cobra
probes was set to 2500 Hz.
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Figure 4.2: Schematic of measurement rake positions across the testing chamber: (a) azimuthal
angles of Cobra probe rakes (α = 0°, 30°, 60°, 90°, 120°, 150°, 180°) with respect to the ap-
proaching ABL-like wind; (b) locations of the measurement rake along every azimuthal position
(α).
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4.3 Characterization of the ABL profile in the WindEEE Dome

The ABL vertical wind velocity profile was acquired approximately 7 m downstream of
the 60-fan wall by means of a rake composed of 4 Cobra probes at different levels above
the bottom (z = 0.04, 0.10, 0.20 and 0.50 m) pointing towards the 60-fan wall for α =
30° at R/D = 2.0 (Fig. 4.3a). The mean wind velocity data at the four levels were used
to fit the logarithmic velocity profile and obtain the corresponding outputs in terms of
aerodynamic roughness length (z0) and friction velocity (u∗). The measured wind velocity,
the fitted velocity profile and the corresponding output parameters (z0 and u∗) are shown
in Figure 4.3b. As reported, the z0 has a very low value (i.e. 10−9 m) which is a direct
consequence of the ABL-generation method that did not include any passive devices (as
roughness elements and spires) and just let the flow develop on a smooth surface. The
output parameters (u∗ and z0) of α = 30° at R/D = 2.0 were then used in 3D steady
RANS simulations as the input for the iterative procedure aimed at identifying the vertical
wind velocity profile to be imposed at the inlet face (i.e. at the 60-fan wall), leading to
the target profile experimentally measured at x = -5.54 m and y = 3.2 m (Fig. 4.3a).
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Figure 4.3: Identification of the ABL-like wind velocity profile in the WindEEE Dome: (a)
location of the monitored position point P (i.e. x = -5.54 m and y = 3.2 m) used for the
evaluation of the vertical wind velocity profile, for α = 30° at R/D = 2.0; (b) measured vertical
wind velocity data and corresponding fitted vertical velocity profile at point P.

However, prior to this stage, the horizontal homogeneity of the ABL profile was as-
sessed in accordance with Blocken et al. (2007) in a more simplified WindEEE Dome
domain with a “non-expanding” test chamber that might cause wind speed and turbu-
lence decays from the inlet face up to the monitored position P. In this regard, a 3D
steady RANS simulation was carried out on the “non-expanding” WindEEE Dome cham-
ber having the same width (W = 14.7 m) and height (H = 4.29 m) of the 60-fan wall,
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and the same length (L = Dchamber = 25 m) of the testing chamber (Fig. 4.4a). A “non-
expanding” domain was populated by the structured grid made of 1.4 million hexahedral
elements (Figs. 4.4c,d). To test the horizontal homogeneity, the ABL profile identified at
the monitored location P (Fig. 4.3b) was specified at the inlet based on the equations of
Richards and Hoxey (1993). Symmetry boundary conditions were imposed at the sides,
while the constant shear stress was applied at the top boundary of the domain. Zero-
static gauge pressure was set at the outlet. No-slip boundary conditions were specified
at the bottom, and the wall functions for atmospheric flows were applied (Blocken et al.,
2007). Turbulence was modeled by means of k − ω SST model, which assumed the inlet
profile of turbulence kinetic energy (k) and specific turbulence dissipation (ω) based on
the equations proposed by Richards and Hoxey (1993). The simulation was conducted
with the software OpenFOAM (Weller et al., 1998).

The measured data and its fit profile, the inlet CFD profile and the approach profile
detected at the center of the domain are shown in Figure 4.4b. As reported in Figure 4.4b,
the profile imposed at the inlet was preserved across the domain and it fitted perfectly
to the measured data. This confirmed that unintended streamwise gradients of the ABL
profile were not present in the “non-expanding” domain.

Approach profile

Inlet profile

(a) (b)

(c) (d)

Figure 4.4: Horizontal homogeneity study: (a) schematic of the “non-expanding” domain, (b)
comparison between the measured and simulated velocity profiles at the inlet face, and at the
center of the domain, (c) grid in the cross-ABL direction, (d) top view of the domain.
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Next, an iterative procedure was applied in the “expanding” (hexagonal) WindEEE
Dome testing chamber in order to properly develop the ABL wind velocity profile from the
inlet face to the monitored position P, where it should match accurately the experimentally
measured data and its fitted profile. The computational grid composed of 17.5 million
hexahedral elements was built to represent the “expanding” domain and perform the
analysis. The same set of boundary conditions applied for the horizontal homogeneity
test on “non-expanding” domain was used for the “expanding” domain as well, while in
this case the lateral walls, ceiling and nozzle were treated as wall boundaries with no slip
conditions. Near-surface flow field for these boundaries was treated by means of universal
law of the wall for smooth surfaces by Spalding (1961). 3D steady RANS simulations were
performed by varying the z0 (from 1 · 10−8 to 1 · 10−16 m) and u∗ (from 0.08 to 0.12 m/s)
values of the inlet wind velocity profile. The obtained CFD profiles were compared to
the measured data and the corresponding fitted profile at the monitored position P. The
identified inlet wind velocity profile (red dashed line of Fig. 4.5) that provided the best
agreement (red solid line of Fig. 4.5) with the measured profile at the monitored position
is shown in Figure 4.5. Such CFD inlet wind speed profile was characterized by a u∗ =
0.08421 m/s and a z0 = 1 · 10−10 m and was adopted for the rest of the study. Overall,
an average deviation of about 1.5% was found at the monitored position (considering the
entire height of the domain) between the obtained numerical profile (red line) and the
fitted profile of measured data (black line).

4.3.1 Computational domain, grid and other settings

CFD simulations (i.e. URANS, SAS and LES) were performed on a computational domain
replicating the testing chamber and the exact geometry of the curved bell-mouth inflow
nozzle of the WindEEE Dome (Fig. 4.6). Three different computational grids (one for
each numerical approach: URANS, SAS and LES) were constructed. The URANS, SAS
and LES grids were composed of hexahedral cells and counted about 32.5, 32.7 and 33
million cells, respectively. Since the three grids are extremely similar to each other with
minor differences in resolution near the bottom surface and at the bell-mouth nozzle,
some pictures of the LES grid are presented in Figure 4.7 as an example. All three grids
were made of hexahedral cells only and similar strategy was applied in the grid generation
procedure. The computational grids were constructed by having a high resolution near
the bottom surface to resolve the flow below the first probe above the ground (located
at 0.04 m), in the downdraft, shear layer, and within the nozzle. Therefore, 4 cells were
placed in the bottom region below 0.04 m, with the first cell having the height of 0.01 m.
A non-uniformly distributed grids were constructed with stretching factors applied at wall
boundaries. On that note, the LES grid was constructed with the particular attention to
keep the aspect ratio of cells below 1.1 in order to keep the cells as uniform as possible
throughout the domain.

Simulations were organized in two stages, as in the experimental tests (see also Section
4.2): (i) initialization of the ABL-like wind flow in the domain and (ii) releasing of
the downburst interacting with the ABL-like wind flow. The initialization of the ABL-
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Figure 4.5: ABL profile development in the WindEEE Dome: comparison of the experimentally
measured wind speed data with the imposed wind speed velocity profile at the domain inlet (red
dashed line) and the obtained profile (red solid line) at the monitored position.

like wind flow was performed for every CFD approach (i.e. URANS, SAS and LES)
separately for a duration of 24 s (as in the experiments), using the best inlet ABL-like
wind velocity profile identified in Section 4.3 (i.e. u∗ = 0.08421 m/s and z0 = 1 · 10−10 m)
(Fig. 4.6). For URANS and SAS simulations, the k and ω inlet profiles were calculated
using the equations proposed by Richards and Hoxey (1993). For the LES simulations,
spatially and temporarily correlated eddies were introduced into the domain through
the application of synthetic turbulence inflow generator by Poletto et al. (2013). The
Reynolds stresses, mean velocity field and the integral length scale required to recreate
the turbulent structures were prescribed at the ABL inlet based on the simulation of the
“non-expanding” domain similar to the one presented in Section 4.3 (i.e. more refined
grid with the amount of patch faces at the ABL inlet identical to the grid used for final
simulation).

For what the other boundary conditions are concerned, no-slip boundary conditions
were specified at wall boundaries, and zero static gauge pressure was set at the outlet.
The near-surface flow was modeled by means of wall functions (Fig. 4.6). In particular,
the wall functions for atmospheric flows were applied at the bottom surface to avoid the
presence of the unintended streamwise gradients (Blocken et al., 2007). The Spalding’s
universal law of the wall for smooth surfaces (Spalding, 1961) was applied on other wall
boundaries such as the nozzle, ceiling and side walls (Fig. 4.6). The k − ω SST model
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by Menter et al. (2003) (selected based on the previous analysis related to the vertical
downburst presented in Chapter 2) was used. For LES, the sub-grid scale turbulence
was modeled by dynamic calculation of Smagorinsky constant through the Lagrangian
averaging procedure proposed by Meneveau et al. (1996).

The second stage considered the release of the downburst into the domain using the
impinging-jet flow method. For all CFD cases, the downburst release was modeled by a
linear interpolation of the vertical inflow velocity (wjet) from 0 (at the beginning of the
simulation) up to 12 m/s (i.e. at 0.77 s, the time necessary to open the louvers in the
experimental tests). The vertical inflow velocity at the bell-mouth exit was not recorded
during the experimental campaign considered for this validation study (see Section 4.2).
Therefore the wjet of 12 m/s as well as the turbulence intensity were defined based on
the work of Romanic et al. (2019) (for the reference case 30% of the maximum rotational
speed of the fans for downburst), adopting the same inflow ABL and downburst conditions
of the experiments considered in Section 4.2. In the CFD simulations, the inflow velocity
(wjet) maintained the prescribed value until t = 4 s after which it started to linearly
decrease up to 0 at t = 5.77 s, in order to model the closure of the louvers (i.e. the
dissipation phase of the downburst). The inflow velocity was always pointing vertically
downwards towards the bottom and the temporal variation of the angle of attack due to
the rotation of the louvers was not explicitly modeled in CFD. From t = 5.77 up to t =
8 s there was no inflow through the downburst inlet face to model the dissipation phase
of the downburst.

All simulations were performed with the software OpenFOAM (Weller et al., 1998),
using the PISO (Issa, 1986) algorithm-based code to couple velocity and pressure fields.
The average Courant number for every simulation was kept below 0.5, while the temporal
resolution of simulations was set to 1e-4 s. The average non-dimensional distance y+ from
the bottom surface was in the range between 50 (minimum) and 100 (maximum) for the
entire duration of the simulation. Second order central-differencing schemes were used
for convective and temporal terms to solve the governing equations. First-order schemes
in both space and time were exceptionally used for the quantities related to the sub-grid
scale turbulence modeling for LES simulation (Meneveau et al., 1996).

Figure 4.6: Computational domain with the indication of the boundary conditions.
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Figure 4.7: As an example, the LES computational grid with the details around the bell-mouth
nozzle: (a) top view of the testing chamber, and (b) front view of the vertical cross-section with
a top (detail A) and frontal (detail B) detailed views of the grid.

4.3.2 LES simulation quality assessment

In this section an estimate of the goodness of performed LES simulations is provided.
According to Pope (2000), a LES simulation is considered to be of a high quality if at least
80% of the total turbulence energy spectrum is resolved. To comply with this requirement,
the quality of the LES simulation will be assessed with two distinct approaches: (i) by
considering the ratio of the resolved (kres) to total turbulence kinetic energy (ktot), and
(ii) by using the LES index of quality metric (LES_IQν) provided by Celik et al. (2005).
The first approach (i) is based on the computation of kres/ktot, where ktot is the sum of
kres and the sub-grid scale turbulence kinetic energy (ksgs). The kres is determined from
the time-averaged Reynolds stress tensor - within the moving mean time window (ΔT )
of 0.1 s - and by taking the half-sum of its diagonal components. The ksgs is provided by
the sub-grid scale turbulence model. The ΔT is selected based on the work of Junayed
et al. (2019) who demonstrated the applicability of using the selected time window for
suppressing high-frequency oscillations of the downburst velocity signal. Figure 4.8 shows
the results of both approaches by means of contours made at the vertical central cross-
section of the domain, for α = 0° (and α = 180°, see also Fig. 4.2a) and for the selected
time instance (τ = τmax) of the maximum radial velocity (Umax).

In the first (i) approach (Fig. 4.8a), the contour indicates the highly resolved spectrum
of turbulence throughout the entire cross-section for the selected τ , with the vast majority
of domain having more than 90% of the turbulence resolved especially in the regions of
the primary vortex. Although there are some regions of the flow with less than 80% of
the turbulence resolved (i.e. close to the outlet, at α = 180°), these are located far from
the main regions of interest of the flow (i.e. around R/D = 1.0 where highest velocities
commonly occur).
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In the second (ii) approach (Fig. 4.8b), the formulation by Celik et al. (2005) assigns
the value between 0 (i.e. unresolved turbulence) and 1 (i.e. the entire spectrum of
turbulence resolved), based on the sub-grid scale viscosity. The contour shows a similar
(but more homogeneous) estimate as the first approach. LES_IQν indicates that about
90 - 95% of the turbulence is resolved in most of the domain. Conversely to the first (i)
approach, the procedure adopted based on the formulation by Celik et al. (2005) does not
lower values in the near outflow region at α = 180° providing additional weight to the
quality of obtained results.

Overall, both approaches suggested high levels of resolved turbulence in the domain,
proving the high quality of the LES simulations carried out.

Figure 4.8: Quality assessment of the LES simulation at τ = τmax for the maximum radial
velocity (Umax) occurrence at the vertical central cross-section: (a) contour of kres/ktot, (b)
contour of the LES index of quality (by Celik et al., 2005).



100
Chapter 4. Numerical investigation of the interaction between thunderstorm

outflows and an atmospheric boundary layer wind

4.4 Comparison of CFD and experimental results

4.4.1 Time histories of radial velocity and turbulence energy spectra

As discussed in Section 4.2, experimental (measured) data were acquired in total at 291
locations across the testing chamber to better describe the flow. However, for the sake
of simplicity only two selected locations in the domain, of particular interest for the
interaction of the ABL and downburst wind, were used to validate the CFD results. In
this regard, the locations α = 0° at R/D = 1.0 (at the colliding front between ABL and
downburst), and α = 180° at R/D = 1.4 (at the side of the flow where downburst outflow
is propagating in the same direction as the ABL wind) were considered for the analysis
(see also Fig. 4.2a). In this section, the comparison of measured and simulated (CFD)
data in terms of time histories of the radial velocity (u) and turbulence energy spectrum
(Sũ� ) function is provided at the above-mentioned locations.

As mentioned, the time histories of radial velocity (u) are presented in Figure 4.9(a,c)
for two selected probe locations at z = 0.10 m: (i) α = 0° at R/D = 1.0 and (ii) α
= 180° at R/D = 1.4. The former probe was selected based on the R/D location that
commonly provides strongest radial outflows for isolated stationary vertical downbursts
(see Chapters 2 and 3); the latter was selected since the strongest radial outflow veloci-
ties for LES simulations (in the current case) were observed in its close proximity. The
simulated (URANS, SAS, LES) time histories are presented in terms of slowly-varying
radial velocities (u) averaged within the time window ΔT = 0.1 s and normalized by the
maximum value of slowly-varying mean radial velocity (Umax). The non-dimensional time
(τ) is defined as wjet · t/D. For the measured time histories, a selected repetition (black
line) and its variability (light blue band) are shown in Figure 4.9(a,c). The light blue
band is defined as an envelope of maximum and minimum occurrences of radial velocity
among all repetitions.

For α = 0° at R/D = 1.0 (Fig. 4.9a), the results show a good agreement of simulated
and measured data since all CFD data generally fall within the variability band of mea-
sured data. Similarities can also be observed in terms of radial velocity peaks. However,
the first peak of both URANS and SAS simulations - related to the PV passage at about
τ = 7.5 tends to overestimate the LES data that conversely provided comparable peak
values with measured data. When compared to the isolated vertical downburst case (see
Chapters 2 and 3) the radial velocity signals do not exhibit a single highly pronounced
peak related to the PV passage, but they rather oscillate from the ramp-up (about τ = 7)
until the start of the dissipation phase (about τ = 20). A shift in time instances of velocity
peaks between measured and simulated data is also observed. This is mainly caused by
the approach used to model the impinging jet in CFD, for which the dynamic rotation of
the louvers was not considered. Indeed as mentioned above, in the experimental test, the
impinging jet was released through a mechanical rotation of louvers which firstly direct
the flow in the direction α = 180° (i.e. direction opposite to ABL inflow), causing a slight
temporal delay of the PV towards α = 0°.

For α = 180° at R/D = 1.4 (Fig. 4.9c), the measured velocity peak occurred before
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the CFD-related peaks, which happens to be the exact opposite with respect to the α
= 0° location. URANS and SAS data show similar behavior in terms of velocity peak
overestimation of measured data, as for α = 0° (Fig. 4.9a), while showing a better
agreement with measured data in the ending part of the signal. The LES generally
provides a better agreement with the measured data when compared to URANS and
SAS, although all CFD approaches show discrepancies with respect to measured data at
later time instances (τ = 20 - 25). This might again be related to the louvers’ mechanism,
which during the closure redirect the flow towards the direction α = 180° producing higher
radial velocities.

For α = 0° and R/D = 1.0 (Fig. 4.9b), a higher energy content in the low-frequency
range is found for the LES compared to the measured data. This discrepancy becomes
smaller for α = 180° and R/D = 1.4 (Fig. 4.9d). For α = 0°, this might be related
to the orientation of the Cobra probes (mounted on the rake) which could not register
adequately the ABL-related turbulent structures, since these were always pointed towards
the theoretical downburst touchdown location (see Fig. 4.2a). As opposed to α = 0°, for α
= 180° most likely the Cobra probes did not experience the same issue. A slight mismatch
in slopes of experimental and LES spectral signals was observed in the inertial subrange
for both probe locations. This observation was addressed by Junayed et al. (2019), who
associated higher correlation of experimental spectra with higher Reynolds numbers. The
LES on the other hand seems to provide a better representation of the energy cascade in
the inertial sub-range until reaching the cut-off range (i.e. ≈ 100 Hz) associated with the
grid size.

Overall, the comparison between simulated and measured data suggests a very good
agreement in terms of time histories at the two selected locations. The same conclusion
applies to the comparison of energy spectra of turbulence between measured and LES
data. The LES showed a generally better performance than URANS and SAS when
compared to measured data.
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(a) (b)

(c) (d)

Figure 4.9: Comparison of radial velocity time histories and energy spectra (only for LES) of
turbulence between measured (experiments) and simulated (CFD) data, for two probe locations
at z = 0.10 m: (a,b) α = 0° at R/D = 1.0 and (c,d) α = 180° at R/D = 1.4.

4.4.2 Vertical profiles of radial velocity

While an idealized isolated vertical downburst yields vertical radial velocity (u) profiles
invariant of the azimuthal location (α), such hypothesis does not hold in case of the ABL
presence which presumably causes flow asymmetries in the testing chamber. Figure 4.10
shows the u profiles at the colliding front between the two opposing flows (for α = 0°,
see Fig. 4.2) at R/D = 1.0, for a selected set of non-dimensional time steps τ . These
time steps span (see also Fig. 4.9a) from the period preceding the ramp-up (downburst
release, τ = 3.6375) up to the ramp-down starting (downburst dissipation, τ = 16.0125).
The u of measured and simulated data are normalized by the maximum radial velocity
(Umax), while the height (z) is normalized by the height (Zmax) where Umax occurs. In
Figure 4.10, the measured data are denoted by the black dots, representing the ensemble
average of repetitions, and supported by error bars. The error bar is defined by the
moving mean (with ΔT = 0.1 s) of velocity signals of maximum and minimum ocurrences
all repetitions. The URANS (orange line) and SAS (green line) for their inerhent nature
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already represent the flow which should be interpreted in terms of the running-mean (Kim
and Hangan, 2007b). This is not the case of the LES results (red line), time-averaged
within the moving mean ΔT = 0.1 s. Additional profiles associated with the isolated jet
based on the LES simulations (Chapter 3) were also presented to showcase the differences
between downburst velocity profiles with and without exposure to the ABL-like cross-
winds. Hereby, the non-dimensional time steps τ for the isolated vertical downburst were
defined based on its inflow velocity (9 m/s), while the normalizations of the height z
and radial velocity u were based on the Zmax and Umax associated with the downburst
immersed in the ABL-like winds to allow the meaningful comparison.

For the first three selected time instances (τ = 3.6375, 4.7625, 5.8875), negative or
near-zero values of CFD velocity profiles are observed while for measured data null values
are found. This is possibly due to the orientation of Cobra probes which are pointing to-
wards the downburst touchdown location (occurring at the center of the testing chamber,
see Fig. 4.8) and hence unable to catch the ABL flow. At τ = 7.0125, the nose-shaped ver-
tical profile becomes more pronounced indicating that the downburst wind is approaching
the monitored location. This time instance is also the τmax, when Umax is observed for α
= 180°. A temporal lag between the simulated and measured peaks is also observed. This
is presumably due to the rotational movement of the louvers during the opening, not con-
sidered in the CFD simulations. At τ = 8.1375, the development of the PV yields a more
pronounced nose of the experimental vertical profile. From this time step onwards, the
simulated data fall within the error bars showing a good agreement with measured data.
That is particularly the case for lower and moderate levels (z/Zmax ≤ 4), however not
observed also at higher levels (i.e. at z/Zmax ≈ 7). This is related to the reverse flow of
the PV and to the interaction with ABL winds undetectable at upper levels by the Cobra
probes. The period between τ = 8.1375 and τ = 16.0125 is related to the plateau part
of the velocity signal associated with oscillations past the PV peak (see also Fig. 4.9a).
Such oscillations make the vertical profiles swing in time by inducing peaks at different
levels and magnitude. Overall, despite the slight temporal shift between measured and
simulated profiles, a good agreement in terms of vertical profiles is found between them
for α = 0° at R/D = 1.0.

As described for α = 0°, Figure 4.11 shows the development of u vertical profiles for α
= 180° at R/D = 1.4 and for the same set of τ of Figure 4.10. Similarly to the Figure 4.10,
the profiles associated with the isolated jet (Chapter 3) were additionally presented to
allow the interpretation of differences rising from the presence of the ABL-like winds. For
the first two time instances (τ = 3.6375, 4.7625) a similar trend is found for α = 0° and α
= 180°. At τ = 5.8875, the development of the nose (induced by the PV) of the measured
vertical profile precedes the simulated one. In general, at this azimuthal angle and location
the measured and simulated profiles show a good agreement not only at lower but also
at higher levels (z/Zmax ≥ 4), where the influence of ABL-like flow could be recorderd by
means of Cobra probes (as opposed to α = 0°). The lower spread of the measured data
indicates a less complexity of the flow when compared to α = 0°, where conversely the
two flows collide. Vertical profiles at α = 180° show a generally less pronounced nose due
to higher values observed at upper levels (with respect to profiles at α = 0°) caused by the
higher level ABL winds. Regardless, the maximum radial velocites in all CFD simulations
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are found in the vicinity of the analyzed R/D = 1.4 location at α = 180°. Overall, in spite
URANS and SAS gave promising results for general understanding of the flow, they tend
to overestimate the first radial velocity peak associated with the PV passage, albeit their
vertical profiles showed good match with the experiments. Conversely, LES simulations
showed better performance and hence will be adopted for the analysis in the following
part of the study.

Figure 4.10: Comparison of measured and simulated vertical radial velocity profiles for α =
0° at R/D = 1.0, for a selected set of non-dimensional time steps (τ) (see also Fig. 4.2).
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Figure 4.11: Comparison of measured and simulated vertical profiles of radial velocity for α
= 180° at R/D = 1.4, for a selected set of non-dimensional time steps (τ) (see also Fig. 4.2).
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4.5 Flow field dynamics of downburst-ABL interaction

4.5.1 Dynamics of ring vortices

In the present section the downburst flow field dynamics in the context of interaction
with the ABL-like winds will be discussed. More specifically, a distinct flow characteristics
which occur as an implication of the approaching ABL wind will be addressed in detail. In
that perspective, the relative strength of ABL with respect to downburst is of particular
interest. In accordance with similar studies on vertical jets in cross-flows (e.g. Mason
et al., 2010; Romanic et al., 2019; Khayrullina et al., 2020), the momentum ratio (γ)
between the two wind flows defined in Equation 4.1 evaluates the relative strength of one
with respect to the other:

γ = U2
ABL · AABL

w2jet · Ajet
(4.1)

where AABL refers to the ABL-inlet face (i.e. of the 60-fan wall), Ajet corresponds to the
downburst bell-mouth inlet face, UABL and wjet are the reference average and nominal
velocities (respectively) of the two winds at their inlet. Based on Equation 4.1, γ is found
to be equal to 0.9727. However, the experimental study by Romanic et al. (2019), which
analyzed similar configurations reported a γ equal to 0.1788. This discrepancy is possibly
due to the UABL value that in their study was measured at 3 m distance from the 60-fan
wall and at the heights of up to 0.5 m above the ground. On contrary, this CFD study
considers an average value across the imposed ABL fitted velocity profile imposed on the
inlet face (as described in Section 4.3.1). The momentum ratio γ provides an indication of
the relative strength of two flows, and accordingly might be used to perform comparisons
with other related studies.

Figure 4.12 shows the contours of wind velocity magnitude with superimposed vectors
made at the central cross-section perpendicular to the ABL inlet face and normalized by
the inflow jet velocity (wjet) for a various set of normalized time steps (τ). The life cycle
of the downburst embedded inside the approaching ABL-like wind is discussed below for
each time instance.

At τ = 0.2625 (the beginning of the simulation), the ABL-like flow in the domain was
still undisturbed by the downburst. Indeed as shown by the velocity contours, the ABL-
like flow in the WindEEE Dome gets disturbed by the bell-mouth nozzle which extends
downwards from the ceiling for about 0.5 m in the testing chamber (see also Fig. 4.1),
causing the separation of the flow and the spread downstream (i.e. towards α = 180°).
Such disturbance degrades the quality of the imposed ABL-like wind profile representa-
tion at higher levels (of radial locations R/D ≈ 0.85 at α = 0°), which propagates further
downstream in the along ABL direction (α = 180°) adding its contribution to the flow
asymmetry even before the jet was released. At τ = 1.3875, as the downburst jet increases
its inflow velocity, the flow separation region becomes more evident at the interface be-
tween the descending jet (at the ending edge of the bell-mouth) and the ABL-like flow
at the lower level of the chamber. At τ = 2.8875 (not presented here), the downburst
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keeps increasing the vertical velocity until reaching the nominal wjet value (i.e. 12 m/s).
Consequently, at τ = 3.6375, the interaction between the downburst and the ABL-like
wind is even more complicated. At α = 0° locations (i.e. the left side with respect to the
incoming vertical downburst jet) the approaching ABL-like flow decelerates and forms a
region characterized by low velocities in the range of up to 0.2 wjet. At τ = 4.7625, this
low-velocity region gradually leads to a near-zero velocity region close to the bottom sur-
face, while the PV start expanding throughout the whole testing chamber. The downdraft
is found to be inclined towards the right side (i.e. α = 180°) and associated to the mo-
mentum transfer between the vertically descending jet and ABL-like flow. At τ = 5.8875,
the downburst hits the bottom surface and forms a stagnation region at the center of the
testing chamber. Meanwhile, due to the opposite directions of the surrounding ABL-like
wind with respect to the PV at analyzed azimuthal locations (α), the asymmetric nature
of the PV at the right and left sides becomes more pronounced. In particular, in absence
of the opposing (ABL) flow, on the right side the PV propagates at the faster pace with
respect to its counterpart (at the left side), which is facing the formed stagnation-like
region of the opposing ABL flow. At τ = 7.0125, the maximum radial outflow velocity
(Umax) is observed in the right side at about R/D = 1.37 and Zmax = 0.099 m. This is
not in line with the experimental results described in Section 4.2, according to which the
Umax is observed at α = 30° and R/D = 0.75. Nevertheless, the LES results (as well as
URANS and SAS) are in line with the results of other studies (e.g. Mason et al., 2010)
which report Umax at α = 180°. On the other hand, as the LES solution represents an
individual “numerical” realization of a strongly non-stationary phenomenon, in theory
it might not be sufficient for in-depth conclusions concerning the location of Umax. As
stressed out by Romanic and Hangan (2020), an adequate assessment of Umax location
during the interaction of downbursts and ABL winds requires a large number of repeti-
tions. At τ = 7.0125, the flow field and in particular the PV is asymmetric with respect
to the impinging jet. On the left side (α = 0°), the reversal flow above the vortex core
of PV is aligned with the ABL-like wind, which adds to the integrity and conservation
of rotational flow within the vortex. On the right side (α = 180°), the PV breaks down
due to the unstable conditions induced by the opposed ABL flow direction. This makes
the PV difficult to identify during the life cycle, apart from the near-surface strong gusts.
From τ = 8.1375 up to τ = 14.8875, the interaction of the downburst with the stagnating
ABL-related region tends to slow down the propagation of the PV at the colliding front
(α = 0°), which does not happen on the opposite side (α = 180°) due to the absence of
the stagnating ABL region.

The interaction with the ABL eventually leads to the formation of a standing vortex-
like structure which cannot further propagate after reaching the R/D location. This
maximum radial location until which the primary vortex can propagate is determined
by the relative strength of the two flows (of which γ is an indicator), as also observed
by Romanic and Hangan (2020). Such standing vortex tends to oscillate back and forth
while having sporadic bursts on the colliding front, due to ring vortices merging with the
PV (e.g. at R/D ≈ 0.8 for τ = 9.2625, leading to the localized surge in front and finally
merging with PV at τ = 10.3875). Generally, the ring vortices shedding past the PV
contribute to the PV growth in size. Additional contribution to the PV growth is given
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by the entrainment of the ABL-like flow by means of the rotational flow associated to the
PV. These two factors contribute to the oscillating vertical profiles reported in Figure 4.10.
At τ = 15, the bell-mouth starts closing (not shown in Fig. 4.11) and completely closed
at τ = 21.6375; leading to flow gradually transitioning back towards ABL dominated
flow without major influence of downburst-related features. This transition however is
observed not to be immediate due to the inertia of the flow.

Figure 4.12: Contours of wind velocity magnitude with superimposed vectors at the cross-
section perpendicular to the ABL inlet face. ABL inflow (α = 0°) is located at the left side of
each sub-plot.

As reported by Kim and Hangan (2007b) the counter-rotating SV occurs downstream
of the PV in case of isolated vertical downbursts, which was also observed in Chapters 2
and 3. The same observation does not generally hold however for the case of a downburst
immersed in the ABL wind (Fig. 4.13). Figure 4.13 shows vortex structures visualized
by means of iso-lines of Q-criterion (Jeong and Hussain, 1995) for a selected set of non-
dimensional time-steps. Hereby, the counter-rotating SV was not observed at α = 0°
(on the left side; i.e. at the colliding front). Conversely, the SV was observed in front
of the PV at α = 180° (on the right side; τ = 7.0125). This might be related to the
ABL-related wind field downstream of the PV having the opposite sign of vorticity with
respect to the PV, which is not the case at α = 0°. The flow underneath the PV generally



Flow field dynamics of downburst-ABL interaction 109

creates localized regions of strong radial outflows due to funneling effects between the
PV and the bottom surface. The interaction of the accelerated flow with the bottom
surface in terms of frictional effects is considered to play a role in the generation of the
counter-rotating SV (with respect to the PV) in an isolated vertical downburst case. The
combined contribution of (i) frictional effects and (ii) consistent vorticity sign between
the ABL flow downstream of the PV and the turbulent structures underneath the PV
contribute the generation of the SV in the case of a downburst immersed in an ABL
flow. The life cycle of the SV is rather short, albeit it seems to have influence on the
breakdown of PV following its detachment from the bottom surface. The PV at α =
180° does not seem to have a significantly longer life span either. This has to do with the
mutual contribution of the ABL-related winds above the PV core which neutralize the
reverse flow related to the PV, and the detachment of the SV.

τ = 6.6375

τ = 7.0125

τ = 7.3875

Figure 4.13: Iso-lines of Q-criterion for a set of non-dimensional time steps (τ) showing the
short life cycle of the SV leading to the PV breakdown at α = 180° (right side).
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4.5.2 The entrainment of the ABL by downburst wind

A significant level of the approaching ABL wind entrainment into the PV at the colliding
front (α = 0°) was observed. Figure 4.14 shows the same contours of Figure 4.13 but with
superimposed theoretical trajectories of imaginary particles released at τ = 0, α = 0° and
R/D = 2.0. For sake of clarity, no particles were released into the flow, but rather the
“particle-trace visualization technique” was used to track the trajectory of such particles
due to the interaction of ABL flow with the downburst wind in the domain.

From τ = 0.2625 up to τ = 4.7625, the downburst is not yet released and therefore
has no influence on the ABL-like wind flow. At τ = 5.8875 (Fig. 4.14), as soon as the
downburst exits the bell-mouth the entrainment of the approaching ABL field starts.
The approaching ABL is entrained across all levels by the rotational flow field of the
PV. Furthermore, it is advected around the PV and pushed below the vortex core by
funneling in between the shear layer associated with the downdraft and the bulk of the
radially propagating flow in the near-surface layer. It is worth to notice that the entrained
ABL wind contributes to the random peaks of radial velocity previously observed in the
time histories (Fig. 4.9a) and vertical profiles (Fig. 4.10).

The entrainment of the approaching ABL wind is also detailed in Figure 4.15 by means
of contours made through a horizontal plane at z = 0.20 m, for the same time instances
(τ) and considering the trace-particle injection level at z = 0.30 m (and R/D = 2.5). At
τ = 0.2625, when the downburst is not yet released, the flow field on the left side (i.e.
closer to the ABL inflow) shows larger velocities than the right side, where the ABL-like
wind barely propagated. This confirms that testing chamber shape has a big influence on
the ABL propagation, since the velocity changes across the chamber in accordance with
the varying horizontal cross-section of the facility, as shown also by contours from τ =
0.2625 up to τ = 4.7625. At τ = 4.7625, once the downburst is released and approaches
the bottom surface of the chamber, a stagnation region arises (blue region with near-
zero velocity) and particles could not propagate forward anymore. At τ = 5.8875, the
PV starts propagating radially, also towards the ABL, as shown by the entrainment of
particles into the PV across the gust front. The entrainment of the ABL flow into the
gust front leads to a wiggling motion (τ = 5.8875 – 10.3875) around the PV in the current
visualization before finally being advected towards the lateral walls (τ = 11.5125 onwards)
caused by the PV propagation. Eventually the entire set of traced particles gets redirected
in lateral direction, indicating that the approaching ABL flow does not simply by-pass
the downdraft and PV, and propagate further downstream (towards α = 180° direction).
This flow pattern however cannot be entirely generalized to the full-scale event due to
the limited width and height of the approaching ABL-like wind in the WindEEE Dome.
Nevertheless, it clearly provides a qualitative indication about the larger-scale interaction
of the two wind fields at the full-scale.
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Figure 4.14: Contours of normalized wind velocity made through a vertical plane passing tho-
rugh α = 0° (left) and α = 180° (right) for a selected set of time instances (τ). The entrainment
of the approaching ABL-like wind into the PV is shown with the trace-particle visualization
technique through red dots and lines.
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Figure 4.15: Contours of normalized wind velocity made through a horizonal plane at z = 0.20
m (z/Zmax ≈ 2.0) for a selected set of time instances (τ). The entrainment of the approaching
ABL-like wind into the PV is shown with the trace-particles visualization technique through red
dots and lines.

4.6 Trajectory and magnitude of the primary vortex

4.6.1 Convective velocities of the primary vortex

The flow asymmetry induced by the ABL-like wind development causes the PV to prop-
agate across the chamber at different pace depending on the azimuthal locations (α).
To better illustrate such a propagation throughout the testing chamber, the convective
velocities of the PV (UPV) are plotted in Figure 4.16 across seven azimuthal locations (α
= 30°, . . . , 180°). The approach was based on tracking the radial locations (R/D) of the
radial velocity peaks associated with the PV passage at the level z = 0.1 m. This height
z of 0.1 m was selected based on the height (Zmax of 0.099 m) where the maximum radial
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velocity was observed in LES simulations. Hence, the UPV was evaluated based on the
spatial distance between subsequent radial velocity peaks and their interval time. Finally
these output data were fitted in order to provide a smoother representation and observe
the general trend for each α. In Figure 4.16, the x-axis shows the radial distance R from
the location of the theoretical touchdown location (in the chamber center) normalized by
the downdraft diameter D; the y-axis shows the convective velocities (UPV) normalized by
the maximum convective velocity (UPVmax). An additional line (in magenta) representing
the isolated vertical jet based on the LES simulation case study (Chapter 3) was also
presented in Figure 4.16, where the UPV was normalized by its corresponding UPVmax . As
it represents the propagational characteristic of a downburst without the presence of the
cross-flow, it demonstrates the differences caused by the presence of the ABL-like wind.

The UPV/UPVmax values for α smaller than 90° are significantly lower with respect to
the corresponding values observed for α locations where the PV is not facing the ABL
flow directly (e.g. at α = 120, 150 and 180°). At α = 0°, the PV propagates with a low
velocity, showing a maximum value at about R/D = 1.1. However, the value is about only
40% of the maximum value registered for α = 150°. The UPV exhibits the acceleration
phase (up to R/D ≈ 1.1), followed by the gradual deceleration, which was in part already
discussed in Section 4.5. For α = 30°, 60° and 90°, the UPV/UPVmax follows a similar trend
with an increasing magnitude up to about R/D = 1.25, 1.5 and 1.75, respectively. The
highest UPV/UPVmax values are associated to the azimuthal locations not directly facing
the ABL flow (i.e. α = 150 and 180°), which also tend to have more complex dependence
on spatial coordinate.

Figure 4.16: Spatial dependence of the normalized convective velocity (UPV/UPVmax) of the
PV for selected azimuthal locations (α).
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4.6.2 Trajectories of radial velocity maxima umax

The trajectories (in normalized spatial coordinates) of radial velocity maxima (umax)
occurring at selected α locations across the testing chamber are presented in Figure 4.17.
Hereby, the x-axis shows the radial distance R from the theoretical touchdown location
in the center of the chamber normalized by the downdraft diameter D; while the y-
axis represents the height (zmax) of the recorded radial velocity maxima observed at the
considered azimuthal location α (normalized by the height Zmax associated with overall
radial velocity maximum observed in LES simulations). As the PV descends from upper
levels, the umax associated with corresponding α location is generally moving downwards.
Only for α = 90° (i.e. direction perpendicular to the ABL flow), umax was found to
monotonically decrease in the range of height (z) observed. At other α locations more
complex trajectories are found, either due to the ABL entrainment (e.g. at α = 0°, 30°
and 60°) or due to the breakdown of PV structure (e.g. at α = 120°, 150° and 180°).
The oscillatory characteristics of the PV at the colliding front between the two flows (at
α = 0° and α = 30°) is also difficult to track. This is due to the relative balance between
two opposing flows followed by sporadic bursts associated with trailing ring vortices (and
entrained ABL wind) making the umax to occur at locations upstream and downstream of
the PV core, hence denoted with dashed lines. Although a clear understanding about the
general spatial positioning of umax may be difficult due to high complexity of the flow, it
is indicative that the radial velocity maxima generally tends towards higher levels after
the initial ocurrence at lower levels.

Figure 4.17: Trajectories of radial velocity maxima (umax) associated with the PV propagating
across the testing chamber height (z/Zmax) at various azimuthal locations (α).
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4.7 Conclusions and future work perspectives

This study aimed at numerically (CFD) reproducing previously experimental tests per-
formed at the WindEEE Dome on the interaction between a vertical downburst wind and
an approaching ABL-like wind. Three of the most common CFD approaches (URANS,
SAS and LES) were used to accurately reproduce such an interaction inside the WindEEE
Dome testing chamber. Hence, the CFD results were validated with the measured data
in terms of radial velocity time histories, turbulence energy spectra (LES) and vertical
profiles of radial velocity.

The novel contribution of this study is constituted of the detailed break-down of
the interaction between the opposing flows (downburst and ABL), vortex structures and
their impact on vertical profiles of radial outflow velocity. The presence of the ABL was
found to cause highly pronounced asymmetries in the flow depending on its direction of
propagation relatively to the downburst outflow. It was found that at the colliding front
between the two flows a stagnation region arises, which opposed the primary vortex (PV)
propagation and consequently created the stagnation region leading to the formation of a
standing-vortex like structure. Emphasized levels of ABL entrainment by the PV in terms
of both vertical and horizontal plane was also found. The numerical results presented
here suggest that approaching ABL-like wind is “absorbed” by the PV rather than being
directly deflected towards lateral sides. The entrained ABL contributes to random radial
velocity peaks, since the rotational field of the PV advects it around the vortex core into
gust-prone region. It is worth to notice that significant levels of downdraft inclination
were also found to be caused by the ABL-like wind development throughout the whole
testing chamber.

A well-defined PV was observed (at α = 0°) azimuthal location (i.e. at the colliding
front with the ABL wind. Such well-structured vortex was supported by the ABL wind
above the vortex core which is aligned with the reverse flow of the PV. The exact opposite
scenario was found at α = 180°, where the ABL wind vanishes the reversal flow of the
PV contributing to its rapid breakdown. The counter-rotating secondary vortex (SV)
was observed at α = 180° for a short lifetime. The SV contributed to destabilize the PV
leading to its collapse. The maximum outflow velocities were observed at α = 180°, while
the characteristics of the PV convective velocities indicated faster rate of propagation at
azimuthal locations α greater than 120°. The trajectories or radial velocity maxima across
various azimuthal locations were also evaluated, and they indicated the umax initally occur
at lower levels (during the descending phase), before gradually moving to higher levels.

This work was performed under the ERC Project “THUNDERR” and at the wider
perspective tends to elaborate on the critical thunderstorm-related wind loading of struc-
tures. A detailed analysis of downburst flow characteristics at the reduced-scale exper-
imental level was performed for a particular momentum ratio of two flows. Regardless
the reduced scale, it still provides the qualitative insights about the underlying interac-
tion of downburst with the ABL winds which are representative of the event at the full
scale. In that perspective, the CFD reconstruction of experimental tests performed in
the WindEEE Dome which consider the storm motion will be performed (i.e. inclined
downburst). In particular, two scenarios considering the inclined downburst will be inves-
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tigated, namely with and without the presence of ABL winds. In the spirit of this work,
these case studies will likewise provide the full-field data and enhance the understand-
ing of experimental tests. Moreover, by encompassing all possible contributions to the
downburst field that might occur in the full scale (isolated downburst, ABL winds and
storm motion), a full-scale thunderstorm downburst event will be reproduced by CFD
technique. The full-scale event will be selected from the THUNDERR repository, and
will certainly provide the highly-valuable resource of downburst event from the full scale
in high resolution to support the recordings.
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Conclusions
CHAPTER V

5.1 Summary of the main findings

Non-synoptic wind events such as thunderstorm downbursts are arguably receiving in-
creasing attention within the Wind Engineering (WE) community in the past decades.
That is due to the profound differences of downburst characteristics with respect to more
common synoptic, atmospheric boundary layer (ABL) winds, which became a de facto
standard type of wind action for the structural design. Although the approach based on
ABL winds (Davenport, 1961) is certainly used for almost all WE applications world-
wide, it cannot be adopted for regions where the climatology is strongly characterized
by the occurrence of thunderstorms (Solari, 2014). While neutral ABL conditions can
be described by a logarithmic velocity profile increasing with height (Stull, 1988), the
downburst can be described by a nose-shaped velocity profile. These two profiles show
an opposite trend which translates into an underestimation of design wind loading by
the current codes (which are based on ABL winds) in case of a downburst event. This
can in turn lead to fatal consequences for low-rise and mid-rise structures as reported by
Repetto et al. (2018).

With the aim to extend the current state-of-the art on thunderstorm downbursts, an
European Research Council (ERC) grant was awarded to Professor Giovanni Solari as the
Principal Investigator for the Project THUNDERR – “Detection, simulation, modelling
and loading of thunderstorm outflows to design wind-safer and cost-efficient structures”
(THUNDERR, 2017; Solari et al., 2020). THUNDERR was structured around two main
objectives, namely Thunderstorms and Structures. While the former objective placed its
focus on full-scale monitoring, reduced-scale laboratory experiments and Computational
Fluid Dynamics (CFD) simulations, the latter aimed to investigate the dynamic response
of structures on thunderstorm downbursts. The research work presented in this thesis was
an integral component of the Thunderstorms objective aiming to support the reduced-
scale laboratory experiments performed in WindEEE Dome (Hangan et al., 2017) through
CFD technique by providing the full-field flow representation. In that regard, two selected
experimental campaigns were reconstructed: (i) an isolated vertical downburst, and (ii)
a vertical downburst immersed inside an approaching ABL-like wind. The experimentally
reconstructed downburst case studies were analyzed by means of unsteady Reynolds-
Averaged Navier-Stokes (URANS), Scale-Adaptive Simulations (SAS), and Large-Eddy
Simulations (LES).

The selected downburst case studies were analyzed in-depth in their corresponding
chapters, while this section will summarize the main findings and draw conclusions.
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5.1.1 Isolated vertical downburst: URANS and SAS simulations

The CFD reconstruction of the reduced-scale experimental tests of an isolated vertical
downburst (Burlando et al., 2019; Canepa et al., 2021a,b) were presented in Chapter 2.
URANS and SAS simulations were performed for two specific WindEEE Dome geome-
tries namely simplified and detailed geometry. The simplified geometry simulations were
used to identify the best-performing set of computational settings. The URANS results
indicated the k − ω SST turbulence model as the best-performing among other k − ε and
k − ω models tested. Moreover, k − ω SST model provided the most representative ve-
locity time history which realistically represents the radial velocity peak associated with
the passage of the primary vortex, while still resolving the fluctuations in the plateau
part of the signal. Therefore the k − ω SST was adopted as the turbulence model for the
simulation of the detailed geometry. On this geometry URANS simulations and k − ω
SST turbulence model-based SAS simulations were performed and results were compared
to experimental data. The results were validated with the experimental data based on the
radial velocity time histories, radial and vertical profiles, and showed good agreement in
terms of the slowly-varying mean radial velocity. The radially propagating primary vor-
tex ring and counter-rotating secondary vortex were also observed by means of contours
made at vertical planes through the entire computational domain. The secondary vortex
was found to be detached from the bottom surface, hence contributing the complex flow
structure at higher R/D locations. Periodic shedding of trailing ring vortices was also
detected associated with the higher level of wind shear aloft. The superposition of these
vortical structures was responsible for the temporal variation of the characteristic nose-
shaped vertical profile of radial velocities. In general, both URANS and SAS simulations
provided the full-field flow representation greatly supportive to experimental tests. While
generally both URANS and SAS provided similar results, a greater degree of resolved
turbulent structures was observed at higher radial R/D locations with SAS simulations
suggesting better overall reliability than URANS simulations. However, both URANS
and SAS time histories reported a secondary peak after the primary vortex passage, con-
versely not observed in simulations performed with simplified geometry. This secondary
peak is likely associated with the shape of the bell-mouth inflow nozzle which leads to
the unsteady separation of vortices from the curved surface of the bell-mouth. However,
the secondary peak was not observed in the experimental tests. This is an indication that
the URANS and SAS approaches are unable to fully dissipate such vortex structure. On
the other hand, the separation occurring at the curved surface of the bell-mouth inflow
nozzle is found to affect the realistic downburst reconstruction in the WindEEE Dome.
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5.1.2 Isolated vertical downburst: LES simulations

The experimental campaign of the isolated vertical downburst, investigated with URANS
and SAS simulations (Chapter 2), was also analyzed by means of the LES simulations in
Chapter 3. Hereby, high-resolution (16.5 million hexahedral cells) LES simulations were
performed with the particular focus to investigate the dynamics of ring vortices (primary
vortex, secondary vortex and trailing ring vortices) while resolving the majority of the
turbulence energy spectrum. The LES results were compared with the experimental data
in terms of radial velocity time histories, vertical profiles and turbulence energy spectra.
In general, a very good agreement between simulated and measured data was found. The
turbulence energy spectrum comparison however showed a slight misalignment in the
inertial sub-range, with LES spectra being more in line with the theoretical Kolmogorov’s
slope of -5/3 compared to the experiments. Particular focus was placed on the interaction
of vortical structures in the perspective of vertical profiles of radial wind velocity. In that
regard, the passage of the primary vortex, secondary vortex and trailing ring vortices were
found to have significant impact on the shape of vertical profiles of radial velocity, leading
to the nose-shaped profile responsible for downburst-induced damage.

LES simulations were further used to provide non-dimensional flow characteristics
that might be of interest for downburst analytical modeling. In that regard, the spatial
evolution of the convective velocity of the primary vortex was evaluated with three distinct
regions: (i) the speed-up region (R/D < 1.25), (ii) the slow-down region (1.25 < R/D
< 2.29), and (iii) the deflection region (R/D > 2.29) that is characterized by the vortex
breakdown. Furthermore, the trajectory of the radial velocity maxima was evaluated.
The trajectory indicated that the height (zmax) of the maximum outflow velocity (i.e. the
nose of the vertical profile) increases with the traveled distance (to values of z/Zmax = 7.5
at R/D = 1.8) after producing strongest wind gusts at R/D = 1.15 and Zmax = 0.0664
m. Next, the role of the trailing ring vortices was further analyzed. In that regard, the
trailing ring vortices were found responsible for the generation of localized wind gusts.
In particular, the “swinging motion” observed in the vertical profiles of radial velocity
were found to be an implication of the passage of periodically shed trailing ring vortices.
Trailing ring vortices were also found to be the cause of continuous localized gusts at
radial locations in the range 0.8 < R/D < 1.8, which occur after the passage of the
primary vortex. Finally, the primary vortex structure was analyzed for an isolated time
step during the maximum radial velocity occurrence. The radial velocity maximum was
found to be located at the upstream location (R/D = 1.15 and Zmax = 0.0664 m) with
respect to the primary vortex core (spaced by 0.1D), while the vortex core was found at
the height of 10Zmax. Overall, it was found that LES is able to provide the full-field flow
representation of vertical downburst flow in the WindEEE Dome with higher accuracy
than URANS and SAS approaches. However, such an improvement inevitably comes at
the expense of greatly increased amount of required computational resources.
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5.1.3 Vertical downburst immersed in an ABL-like wind

The interaction between the vertical downburst and the background ABL-like winds was
analyzed through URANS, SAS and LES approaches by reproducing the experimental
campaign performed in the WindEEE Dome (Chapter 4). When compared to the ax-
isymmetric behavior of theoretically isolated vertical downburst, the presence of the ap-
proaching ABL-like wind was found to impose a substantial degree of asymmetry in the
flow. Firstly, a notable inclination of the downdraft was observed making the downdraft
to lean towards the along-ABL direction. The asymmetric flow behavior is greatly affected
by the momentum ratio of the two flows and the direction of ABL-like wind propagation
relatively to the downburst-related outflow. These features in turn cause several macro-
scopic flow characteristics to change depending on the azimuthal location α. In that
regard, the most significant differences were observed between α = 0° (at the colliding
front between the two flows) and α = 180° (i.e. where ABL and downburst propagate in
the same direction). The colliding front between the two flows (α = 0°) brings about a
the stagnation region ahead of the propagating primary vortex. This in turn slows down
the primary vortex propagation, affects its convective velocity characteristic and subse-
quently converts it into a standing-vortex like structure. Consequently, the rotational flow
associated with the generated primary vortex at the colliding front (α = 0°) was found
to cause significant degree of ABL entrainment. The ABL entrainment was observed in
both vertical and horizontal planes, suggesting that ABL wind is likely absorbed by the
primary vortex rather than just deflected towards the lateral direction. The entrained
ABL flow in turn gets advected by the primary vortex and funneled through the shear
layer (of the downdraft) straight underneath the vortex core giving its contribution to
radial velocity peaks.

Conversely, a well-defined primary vortex structure such as the one observed at α =
0° was not found in the part of the domain where ABL and downburst share the same
direction of propagation (α = 180°). The ABL wind above the primary vortex are of the
opposite direction to the reverse flow above the vortex core which makes the preservation
of the primary vortex structure unsustainable. This opposite flow direction in turn leads
to the rather rapid breakdown of the primary vortex concurrent with the strongest radial
outflow velocities observed for all radial positions. While the counter-rotating secondary
vortex has not been observed at α = 0°, it was identified at α = 180°. However, its life-
cycle was found to be rather short. Nevertheless, the counter-rotating secondary vortex
was found to provide its contribution to the instability of the primary vortex that in
turn caused its collapse. Although a qualitatively similar flow field was observed with
the three CFD approaches, a notable difference was found considering the radial velocity
maxima. In particular, both URANS and SAS overestimated the radial velocity maxima
with respect to LES and experimental data. Nevertheless, all CFD approaches suggest
the radial velocity maximum during the event to take place at α = 180° (at about R/D =
1.37 and Zmax = 0.099 m). This is in line with similar numerical studies published in the
literature which reported highest radial velocities at α = 180° (e.g. Mason et al., 2010).
However, it is worth noticing that the experimental tests performed in the WindEEE
Dome suggest an arguably different location (α = 30° and R/D = 0.75). Although
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the radial velocity maxima found at various α azimuthal locations with LES simulation
do not substantially differ from each other, the opposite location of the radial velocity
maxima might be caused by the specific geometrical feautures of the WindEEE Dome.
In that regard, several aspects were noted. Firstly, the ABL-like wind reconstruction
in WindEEE yields a rather straight-wind like vertical profile due to the fact that no
passive devices (e.g. roughness elements and vortex generators) are adopted to develop
the profile. Moreover, the expanding cross-section of the testing chamber makes the
vertical and horizontal ABL profile to continuously change (slows down as it propagates).
Furthermore, the ABL profile development through the testing chamber was found to
be influenced (especially in upper levels) by the protruding bell-mouth, producing a flow
field highly disturbed even before the downburst release.

Overall, the CFD techniques provided an accurate full-field representation of the
WindEEE Dome experimental tests which would otherwise not be possible. The sim-
ulations aimed to address the physical characteristics of flow under such scenario and
demonstrated its strong potential to be employed for investigation of other downburst
scenarios in the future.

5.2 Future work perspectives

This thesis was an integral component of the Project THUNDERR (2017) and it focused
on the CFD reconstruction of selected experimental tests to provide the full-field repre-
sentation of severe thunderstorm downbursts in the perspective of interests for the wind
engineering community. Downbursts can theoretically take form of a number of differ-
ent scenarios: (i) isolated vertical downburst, (ii) thunderstorm downburst immersed
in the background ABL-like wind, (iii) inclined thunderstorm downburst reproducing
the impact of the storm motion, and (iv) inclined thunderstorm downburst immersed in
the background ABL-like wind. Despite the fundamental similarities between them due
to the underlying downburst-related flow features, the additional contribution of ABL
winds and/or storm motion causes profound differences in the flow field of each scenario
when compared to the base case of the isolated downburst. While the work presented in
this thesis covered the former two scenarios (isolated vertical downburst and downburst
immersed in the approaching ABL-like wind flow), the future research will continue on
the foundations of the THUNDERR project and will focus on the latter two scenarios
which consider the influence of the parent storm motion. Therefore the reduced-scale
experimental tests of the inclined downburst (both with and without the presence of the
ABL-like winds) will be reconstructed in high resolution by means of the CFD technique.
Through such a systematic approach it will be possible to characterize the flow differ-
ences between individual downburst scenarios, supplement the experimental campaign
with high-resolution full-field representations, and possibly identify the worst scenario for
the structural loading. This approach will additionally address the impact of WindEEE
Dome-specific geometrical features (e.g. inflow nozzle, expanding cross-section of the
chamber) on the reliability of reduced-scale reconstruction of various downburst scenar-
ios.
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Finally, further research steps aim to expand beyond the current scope of downburst
analysis at the reduced scale towards the full-scale event reconstruction. In that per-
spective, a selected full-scale thunderstorm event recorded by the THUNDERR wind-
monitoring network will be reconstructed by means of CFD technique under the assump-
tion of an impinging jet inflow. However, in a realistic thunderstorm cloud the coexistance
of (i) the high level of convection, (ii) the complex cloud microphysics (which commonly
causes strong precipitation such as heavy rain and hail), and (iii) the downdraft outflow
(caused by the density gradient), makes the impinging jet a rather approximated model.
Despite that, the impinging jet approach has been extensively used in both experimental
and numerical investigations of downburst winds, due to the ease of its practical ap-
plication and due to its capability to reproduce near-surface macroscopic flow patterns
generally representative of the ones observed in full-scale. However, its applicability to
represent the full-scale downburst event in the perspective of WE interests has not yet
been properly validated. In that regard, the measured full-scale downburst data (i.e.
ultrasonic anemometers and LiDAR profilers) will be compared with the results provided
by the impinging jet CFD model, in order to understand whether this latter is capable
to provide a physically meaningful downburst flow field. Finally, a sub-cloud simulations
which make use of the cooling functions (Mason et al., 2009; 2010) to impose the down-
draft will be considered as well in addition to the widely adopted impinging jet approach.
The numerical reconstruction of the recorded full-scale event will demonstrate the current
capabilities and/or limitations of state-of-the-art numerical techniques to reconstruct the
full-scale thunderstorm events, and additionally enrich the scientific literature by provid-
ing a highly valuable resource of high-resolution thunderstorm data.
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