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In the present study, the Reynolds effects on the flow fields of tornadoes in the range from 1.6 x 10° to 1.6 x 10°
are systematically investigated. Large eddy simulations are adopted. Representative parameters including
instantaneous Q value, mean velocities, root mean square of velocity fluctuations, skewness and kurtosis of the
velocities, as well as the momentum budget is systematically investigated. It is noteworthy that if Re is sufficiently
high, the major balance in the momentum budget between the radial pressure gradient and the centrifugal force
even will be reached even at the elevation close to the ground. Furthermore, the ratio between the height and the
radius of the location where the tangential velocity is peaked exhibit an almost linear relationship with Re

—1/3, of

which the slope decreases with the rise in the swirl ratio.

1. Introduction

Extensive knowledge of the flow fields in the tornado-like vortices as
a function of swirl ratio, S, have been obtained experimentally [Ward
(1972); Wan and Chang (1972); Church et al. (1979); Baker (1981);
Mitsuta and Monji (1984); Monji (1985); Haan et al. (2008); Matsui and
Tamura (2009); Tari et al. (2010), etc.] and numerically [Rotunno
(1977); Wilson and Rotunno (1986); Nolan and Farrell (1999); Lewellen
et al. (1997); Lewellen et al. (2000); Hangan and Kim (2008); Ishihara
et al. (2011); Ishihara and Liu (2014), etc.]. Swirl ratio is defined as
S =1TIry/2Qh, where I is the background circulation, ry is the character-
istic radius usually corresponding to the radius of the updraft region, h is
the height that usually corresponds to the depth of the inflow layer and Q
is the volume flow rate per unit axial length. Therefore, the swirl ratio
can be seen as the ratio of rotation moment to the radial moment. When
using the guide-vanes at the bottom of the tornado simulator to provide
the swirling of the flow, the swirl ratio can be simplified as S = tan(6)
ro/2h, where 0 is the angle of the guide vanes. As increasing the swirl
ratio, the centrifugal force will increase and, as a result, the expansion of
the tornado will occur [Davies-Jones (1973)]. Various developments of
the tornado-like vortices as a function of swirl ratio have been examined
[Hangan and Kim (2008); Tari et al. (2010); Liu and Ishihara (2015a,
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2015b); Kashefizadeh et al. (2019); Yuan et al. (2019), etc.]. As the value
of the swirl ratio is increased, the vortex goes through various stages, as
depicted in Fig. 1. When the swirl ratio is small, there is no concentrated
vortex at the surface, see Fig. 1a. For larger values, a concentrated vortex
does appear at the surface, and at some height above it, there is a vortex
breakdown where the flow changes from a single-celled vortex to a
multi-celled vortex. As S is further increased, the altitude of the vortex
breakdown decreases [Church et al. (1979), Church et al. (1979)]. This
state has been referred to as a “drowned vortex jump” (DVJ). When S is
further increased, the vortex breakdown reaches the surface and the
vortex changes to a “two-celled’” structure, Fig. 1c, where there is a
downward recirculation in the vortex core and the radius of maximum
winds substantially increases [Ward (1972); Matsui and Tamura (2009);
Tari et al. (2010), etc.]. Still larger values of S result in the appearance of
multiple vortices rotating around the vortex core as shown in Fig. 1d
[Mitsuta and Monji (1984); Monji (1985), etc.].

With the advancement of the measuring techniques and the
enhancement of the computers performance, numerous findings have
been achieved. The researches about the tornado in the area of wind
engineering primarily cover four aspects, including the flow fields in the
near ground boundary layer [Wan and Chang (1972), Rotunno (1977),
Church et al. (1979), Mitsuta and Monji (1984), Wilson and Rotunno
(1986), Nolan and Farrell (1999), Lewellen et al. (1997, 2000), Lewellen
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Nomenclature

Lowercase
aspect ratio

d distance to the closest wall

d. depth of the convergence flow

h height of the inlet layer

hymax height of the location maximum tangential velocity occurs
P filtered pressure

To radius of the updraft hole

T radius of the exhaust outlet

TPymax radius of the location maximum tangential velocity occurs
(u,v,w) r.m.s of the radial, tangential and vertical fluctuations

1 filtered velocity

us friction velocity

Umax maximum radial velocity fluctuation

(x,y,2) Cartesian coordinates

Capitals

An radial advection term in radial momentum budget

Agy vertical advection term in radial momentum budget

C, centrifugal force term in radial momentum budget

Cs Smagorinsky constant

D, diffusion term in radial momentum budget

Kuy, kurtosis of the fluctuating velocities

L SGS mixing length

P, radial pressure gradient term in radial momentum budget
Q flow rate

Re Reynolds number

S swirl ratio

Sky, skewness of the fluctuating velocities
Sy rate-of-strain tensor

T, turbulent force term in radial momentum budget
(U,V,W) mean radial, tangential and vertical velocities
Wo velocity at the outlet

Greek symbols

At time step size

At* convective time units

Ax; grid size

I Kronecker delta

On distance between cell and wall

0 inflow angle

K Kérméan constant

A volume of a computational cell

u viscosity

U SGS turbulent viscosity

p density of the flow

Tijj SGS stress

Abbreviations

CFL Courant Friedrichs Lewy

LES large eddy simulations

PDF probability density function

SGS subgrid-scale

TKE turbulence kinetic energy

Fig. 1. Illustrations of four stages as the swirl ratio is increased from zero: (a)
single celled vortex; (b) surface vortex with vortex breakdown above the sur-
face; (c) two celled vortex; and (d) multi vortex with stagnant core.

and Lewellen (2007), Haan, et al. (2008), Kuai et al. (2008), Tari, et al.
(2010), Zhang and Sarkar (2012), Lombardo, et al. (2015), Liu and Ish-
ihara (2015a), Kim and Matsui (2017), Refan and Hangan (2018), Egu-
chi, et al. (2018), Liu, et al. (2018), Gairola and Bitsuamlak (2019),
Ashton, et al. (2019)], the effects exerted by the tornado translation and
the ground roughness [Natarajan and Hangan (2012); Sabareesh et al.
(2013); Liu and Ishihara (2016); Wang et al. (2017)], the
tornado-induced wind loads on structures [Hu et al. (2011); Yang et al.
(2011); Rajasekharan et al. (2012); Rajasekharan et al. (2013); Case et al.

(2014); Strasser et al. (2016); Wang et al. (2016); Liu and Ishihara
(2015b); Feng and Chen (2018); Cao et al. (2018); Razavi and Sarkar
(2018); Cao et al. (2019)], as well as the tornado-induced debris [Mar-
uyama (2011); Zhou et al. (2014); Baker and Sterling (2018)]. Most of
the researches are conducted using the experimental tornado simulators,
in which three types of tornado simulator have been developed. Ward
type simulator was developed by Ward (1972), providing the swirling of
the flow by the rotating screen or the guide vanes mounted on the
ground. [owa State University (ISU) type simulator was designed by Haan
et al. (2008), swirling the flow with the use of the guide vanes mounted
on the top of simulator. Furthermore, WindEEE type simulator developed
by Refan et al. (2014) swirls the flow through the fans surrounding the
inlet.

The effects of Reynolds number have been investigated by Monji
(1985), in which the distinct dependency of the types of the tornado in
the low Re region (Re =L*-U*/v < 3.0 x 104) is found through a Ward
type simulator, where, L* and U* are the characteristic velocity and
length, respectively, v = pu/p is the kinematic viscosity, u is the viscosity,
p is the density of the fluid. Refan and Hangan (2016, 2018) analyzed the
tornadoes using WindEEE tornado simulator with radial Reynolds num-
ber Re; = Q/(2mw) ranging from 1.6 x 10 to 2.0 x 106, where, Q is the
flow rate per unit axial length. Besides, Re; = 4.5 x 10* is considered as
the critical value beyond which the surface static pressure is
quasi-independent of Re;. Tang et al. (2018) experimentally studied the
Reynolds effects on the tornado-like vortices in a range from
Re; =2.39 x 10° to Re, =3.91 x 10°. However, the mentioned exami-
nations primarily considered the macro parameters, such as maximum
tangential velocities, maximum radial velocity, or surface pressure.

In this study, large eddy simulations (LES) were conducted and the
tornadoes with S=1.0 and S=4.0 were modeled. On the one hand,
S$=1.0 is the transitional stage sensitive to the variation of the flow
conditions. On the other hand, S = 4.0 has been observed as the case of
one full scale tornado according to the study by Liu and Ishihara (2015a).
For the Reynolds number, four values ranging from Re =1.6 x 10° to
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Fig. 2. Configurations of (a) the computational domain and (b) the horizontal mesh system.
Re = 1.6 x 10° were selected.

The rest of this paper is organized as follows. Section 2 provides
detailed introduction of the numerical model. The results of the simu-

Table 1
Parameters of the tornado simulator.

Height of the inlet layer: h 200 mm lations are presented in section 3. The instantaneous flow fields visual-
Radius of the updraft hole: r 150 mm ized by Q-criterion are presented to develop a general idea of the effects
Radius of the exhaust outlet: r, 100 mm from S and Re, followed by the presentation of the mean and fluctuation
Radius of the convergence region: r; 1000 mm of the velocities. The skewness and kurtosis reflecting the properties of
Velocity at the outlet: Wy 9.55ms ! o . . .. .
Total outflow rate: Qp 0.3m%/s probability density function (PDF) of the velocities are examined. Sub-
- - sequently, to clarify the major contributions of the averaged flow fields
Table 2
Summary of the boundary conditions.
Locations Boundary type Expression
Outlet of the simulator Outlet 0i;/on = 0, dp/on=0, w =9.55ms !
Surrounding walls of the simulator Non-slip wall op/on=0,1; =0
Inlet of the chamber Velocity inlet i; determined by Eq. (8), dp/on =0
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Fig. 3. z' as a function of radial distance for refined grids, heights of the wall-attached grid equals to (a) 0.1 mm, (b) 0.15 mm, (c) 0.3 mm, and (d) 1.0 mm.

Table 3
Summary of numerical schemes.
Time discretization scheme Second-order implicit scheme Cs number 0.032
Space discretization scheme FVM second-order central difference scheme SGS model Smagorinsky-Lilly
Non-dimensional time step size: AtWy/2ry 0.003 CFL number: <2
AtSi/Ax;
Turbulence model Large eddy simulation Velocity-pressure decoupling method SIMPLE

Table 4

Case settings.
Case name Swirl ratio Reynolds number Radial Reynolds number Z + range Tymax Rymax

S Re Re, (mm) (mm)

R3S1 1.0 1.6 x 10° 1.3 x10% [0,0.006] 25 /
R4S1 1.0 1.6 x 10* 1.3x10° [0,0.045] 14 15.8
R5S1 1.0 1.6 x 10° 1.3 x10* [0,0.212] 21 8.8
R6S1 1.0 1.6 x 10° 1.3x10° [0,0.721] 29 7.1
R3S4 4.0 1.6 x10° 1.3 x10% [0,0.009] 44 22.0
R4S4 4.0 1.6 x 10* 1.3x10° [0,0.053] 46 11.0
R554 4.0 1.6 x 10° 1.3x 10* [0,0.347] 36 45
R6S4 4.0 1.6 x 10° 1.3x10° [0,1.482] 64 4.3
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S=1.0 §=4.0

Fig. 4. Iso-surfaces of Q values for (a) R3S1, (b) R3S4, (c) R4S1, (d) R4S4, (e) R5S1, (f) R5S4, (g) R6S1, and (h) R6S4. The values of Q for plotting the iso-surfaces in
the cases of S=1.0 are £20000, and in the cases of S=4.0 are £50000. The iso-surfaces are further colored by the instantaneous tangential velocities.
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Fig. 5. Instantaneous contour of Q values on the vertical slice crossing the center of the tornado simulator for (a) R3S1, (b) R3S4, (c) R4S1, (d) R4S4, (e) R5S1, (f)

R5S4, (g) R6S1, and (h) R6S4.

and the turbulence, the momentum budget are investigated. Finally, the
effects of the S and Re on the similarity parameter are summarized.

2. Numerical model
2.1. Governing equations

In the LES strategy, large eddies are explicitly resolved, while the
small eddies are parameterized by SGS models. The governing equations
are usually obtained by filtering the time-dependent Navier—Stokes
equations in Cartesian coordinates (x, y, 2):

6pﬁ, _
a—xl_—O @

ot 6xj n 6xj

axi Ox Cj

%+0puiuj 0 (”au,) op O f @

“ag Moy

where #; and p are the filtered velocity and pressure, respectively; u is the
viscosity; p is the density; and 7 is the SGS stress. To close the equations
for the filtered velocities, a model for the anisotropic residual stress
tensor 7; is needed, which is obtained as:

- 1
T = —Zﬂ,S,‘j + §Tkk5u (3)

o 1[0 oy

where y, denotes the SGS turbulent viscosity; Sij refers to the rate-of-
strain tensor for the resolved scale, and §; is the Kronecker delta. The
Smagorinsky-Lilly model is used to parameterize the SGS turbulent vis-
cosity [Ferziger and Peric (2002)] as:

p,=pLY|S| = pL2\/25;5; (5)

Ly=min(kd, C,A'?) (6)

where L; stands for the SGS mixing length; « represents the von Karman
constant (= 0.42); d is the distance to the closest wall, and A is the volume
of a computational cell. Here, C; denoting the Smagorinsky constant is set
to a value of 0.032 following the study by Liu and Ishihara (2015a).

When the cells are in the viscous sublayer, the shear stresses are ob-
tained from the viscous stress-strain relation:

i pusd,
T

)

where u- is the friction velocity, y is the viscosity and &, is the distance
between the cell center and the wall.
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Fig. 6. Instantaneous contour of Q values on the horizontal slice with a height of 0.1 m for (a) R3S1, (b) R3S4, (c) R4S1, (d) R454, (e) R5S1, (f) R5S4, (g) R6S1, and (h)
R6S4. The dashed circles indicate the sub-vortex and the solid lines shows the “swaths™ around the tornado core.
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2.2. Computational domain and mesh

A Ward-type simulator is employed, of which the configurations are
illustrated in Fig. 2a, according to the experiment by Matsui and Tamura
(2009). The height of the inlet layer, h, and the radius of the updraft hole,
ro, are set as 200 mm and 150 mm, respectively. The flow rate Qo
ariW, = 0.3 m® s7!, where r,=250mm denotes the radius of the
exhaust outlet and Wy =9.55ms ! represents the velocity at the outlet.
The geometrical parameters are listed in Table .1.

For the grid system of the tornado simulator, fine mesh is adopted in
the convergence region, that is split into five regions as illustrated in
Fig. 2b. Close to the center of the convergence region, an area with a
square shape is considered to exhibit a horizontal resolution of 2 mm.
This square shape has the size of 0.6 m, two times that of the diameter of
the outlet of the updraft hole. The horizontal grid size from the boundary
of this square-shape area to the outlet of the convergence region is
enlarged at a ratio of 1.1. In the vertical direction, the grids attaching to
the ground exhibited a vertical size of 0.05 mm and grow as a ratio of 1.1
until the vertical size reaches 2 mm. Besides, the uniform vertical dis-
tribution on this grid at a size of 2 mm is adopted, as illustrated in Fig. 2a.
The total grid number is 8.3 x 10°, ten times that of the grid number in
the study by Liu and Ishihara (2015a,2015b).

2.3. Boundary conditions

The velocity profiles at the inlet are defined as:

(8)

Vys = —listan(6)

where s and v,; denote radial velocity and tangential velocity at r =rs,
respectively; n is 7; the reference velocity U; and height z; are set as
0.24ms ' and 0.01 m, respectively, 0 represents the inflow angle, that is
variable to change S. At the outlet, the outflow boundary condition is
used, where the gradients in pressure and velocities are set to zero. The
boundary conditions are listed in Table 2.

2zt = Azu-/v as a function of radial distance for refined grids (the

10

heights of the wall-attached grid are 1.0 mm, 0.3 mm, 0.15mm and
0.1 mm in the refined mesh systems) are provided in Fig. 3. From Fig. 3 it
is clear that for the finest grid system, z" is larger than 1 only in R6S4.
The region z* > 1 is limited in 0.6rymax < 7 < 1.4 r'ymax, Where rymay is the
radial distance of the location of the maximum tangential velocity.
Further refining the mesh can hardly be afforded due to our limited
computational resources. Considering the fact that the results of the
finest mesh and the second finest mesh are almost same, we can say that
the flow fields in tornado is not sensitive to z" if 27 < 2, and 0.1 mm
should be enough for the heights of wall-attached grid in the present LES.
The summery of the numerical schemes is listed in Table 3.

2.4. Method changing Re

In the study by Monji (1985), the rich experimental data were pro-
vided. In order to do the direct and clear comparisons with experimental
data by Monji (1985), we decided to use the same definition of Reynolds
number as Monji (1985). Therefore, 2ry and W are taken as the repre-
sentative length, L* = 2ry, and the representative velocity, U* = W,
respectively. Thus, Re is expressed as:

Re = ZFO'W()/‘L), (9)

Where, v = u/p denotes the kinematic viscosity. In the numerical simu-
lation, the code solving the governing equations is in the dimensionless
form normalized by L* and U*:

o,

i

ot

Oi it, 1

. I B
ox;

(10)

where, il, = /W0 X} = x;/2r0, and t* = tW0/2r0. Thus, Re in the
governing equation Eq. (10) can be easily changed. This method has been
widely adopted to numerically examine the Reynolds effects in the other
problems, including the studies by Min and Choi (1999) and Zeng et al.
(2005).

However, if the Reynolds number is set to be sufficiently high, the
SGS turbulent viscosity, y,, in LES will be significant, thus making the real
Reynolds number of the modeled flow fields less than that from the
setting. Accordingly, the significance of the SGS turbulent viscosity
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Fig. 10. Distributions of the time-space averaged
tangential velocity on the vertical slice crossing the
center of the tornado (a) R3S1, (b) R3S4, (¢) R4S1,
(d) R4S4, (e) R5S1, (f) R5S4, (g) R6S1, and (h) R6S4.
The pink dashed lines show the depth of the
convergence flow determined by the locations with
0.1 Uy, and the dark dashed lines indicate the lo-
cations the time-space averaged tangential velocity
peaks. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web
version of this article.)
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model should be verified in advance.

The way to quantify the relative significance of the SGS turbulent
viscosity is to compare it with that of the fluid viscosity. For the cases
with the highest Re, y, is found to be only 5% of u, suggesting that the
decrease in Re due to the additional SGS turbulent viscosity is negligible.

2.5. Case settings

Eight cases with two swirl ratios S=1.0 and 4.0, and four
Re=1.6 x10°% 1.6 x10%, 1.6 x 10°, and 1.6 x 105 are considered,
where the height at which the swirl ratios are evaluated is 0.05 m. The
further increase in the Reynolds number will lead to significant increase
of SGS viscosity, thereby significantly decrease the real Reynolds number
of the fluids. The way to reduce the importance of SGS viscosity is to
refine the grid, which is however not affordable based on the computa-
tional capability of the authors, therefore Re =1.6 x 10° becomes the
upper limitation of our tornado simulations. The case settings are sum-
marized in Table 4, where the hypqy is the height at which the maximum
tangential velocity, Vinax, occurs.

3. Results and discussions
3.1. Instantaneous flow fields

The instantaneous flow fields are illustrated to present a general
image of the characteristics in the tornados. The technology of Q-crite-
rion is employed to visualize the flow fields. Q quantifies the relative
amplitude of the rotation rate and the strain rate of the flow.

0 =1/2(8;8; — 2;9;), 1n
where Sij = 1/2(0ﬁi /()x, — 0{1}‘ /0Xi) and .Qij = 1/2(6{1{ /0.)(] +0ﬁj /0Xi)
denote the antisymmetric and symmetric components of the velocity-
gradient tensor, respectively, of the velocity-gradient tensor. Therefore,
S;j and Q; represent shear strain and rotation of the flow, respectively.
Fig. 4 gives the three-dimensional view of the flow in the tornado-like
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vortices. When S=1.0, two iso-surfaces with Q=20000 s2 and

Q=-20000 s~ 2 are plotted; when S=4.0, two iso-surfaces with
Q=50000 s2 and Q= -50000 s~2 are drawn. The iso-surfaces of Q
values are further colored by the instantaneous tangential velocities.

For S = 1.0, the vortex attributed to the flow rotation does not break
into the turbulence eddies in R3S1 (Fig. 4a) whose Q iso-surfaces exhibit
a cup-shape. Note that the Q iso-surfaces exhibit some wavy-spiral
structures, which should be attributed to the fact that in the very cen-
ter of the core, the vertical and tangential velocities are large, providing
large velocity shear at the boundary of the tornado core. With the rise in
Re, the viscous force of the fluids turns smaller than the inertial ones. As a
result, failing to hold the clear wavy-spiral structure, the fluids break into
eddies with smaller sizes. Notably, the wavy-spiral structure is clearly
observed at the very beginning when R4S1 was being modeled (Fig. 4c),
whereas this wavy-spiral structure suddenly broke as the modeling
advanced. In addition, there exist an interesting phenomenon in R4S1. In
the core region close to the ground, identification of the wavy-spiral
structure remains possible, suggesting that the flow close to the ground
for R4S1 is similar to that of R3S1 at the low elevation. Increasing Re to
R5S1 (Fig. 4e), the wavy-spiral structure close to the ground found in
R4S1 vanishes.

When S =4.0, the single-celled vortex found at S=1.0 cannot be
observed even under the lowest Reynolds number Re=1.6 x 10°.
However, similar to R4S1, the turbulent flow fields of R3S4 are charac-
terized by some elongated streaky structures surrounding the major core
of the tornado, as presented in Fig. 4b. These elongated eddies further
break into small vortices as increasing Re to R4S4 (Fig. 4d), R5S4 (Fig. 4f)
and R6S4 (Fig. 4h), respectively. In the very central part of tornado core,
the flow is calm, covering larger area with larger Re.

The overall view of the turbulence structures can be well presented by
Q iso-surfaces; whereas the flow at the inner part of the tornados is
difficult to present. Therefore, the distributions of Q on a vertical slice
passing through the tornado simulator center, and on a horizontal slice
passing through z = 0.15 m, are also plotted as shown in Fig. 5 and Fig. 6,
respectively.
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Fig. 12. Distributions of the time-space averaged

(b)  vertical velocity on the vertical slice crossing the
center of the tornado (a) R3S1, (b) R3S4, (¢) R4S1,
(d) R454, (e) R5S1, (f) R554, (g) R6S1, and (h) R654.
The pink dashed lines show the depth of the
convergence flow determined by the locations with
0.1 Upax, and the grey dashed lines indicate the lo-
cations the time-space averaged vertical velocity
peaks. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 5 (a) displays positive Q in the center and negative Q at the corner
of R3S1. Increasing Re to R4S1 (Fig. 5¢), Q close to the ground exhibits
similar distributions with that of R3S1. Nevertheless, this similarity only
maintains up to z = 0.04 m, above which the positive and negative Q are
mixed. From the later discussion of the turbulence statistics, the vertical
velocity of R4S1 tornado is found to be much large significantly close to
the ground. However, it suddenly decreases to nearly zero, and thus a
stagnation point is formed, dividing the flow in R4S1 into two regions:
one-celled tornado close to the ground and two-celled tornado above the
stagnation point. Increasing Re to R5S1 (Fig. 5e) and R6S1 (Fig. 5g), the
stagnation point moves upstream and touches the ground. Stopped by
such touch-down stagnation point, the convergence flow close to the
ground then moves upward and outward. The sudden change in the di-
rection of the convergence flow near the ground generates large flow
shear, and then much turbulence around the corner is generated.

Under high S = 4.0, whenRe = 1.6 x 103, the similar flow structure as
R4S1 can be found, as illustrated in Fig. 5b. Further increasing Re to R4S4
(Fig. 5d), the near-ground convergence flow cannot meet at the tornado
center, whereas it gets stopped by a stagnation ring due to the further
upstream motion of the stagnation point. Moreover, the funnel shape
found in R3S4 almost disappears. More obvious near-corner outward
motion of the convergence flow is observed with Re rising to R554
(Fig. 5f) and R6S4 (Fig. 5h).

The sub-vortex and the “swaths” in the tornadoes are found and
shown in a clearer manner on the slice of z=0.15 m, as shown in Fig. 6,
where the sub-vortex and the “swaths” around the tornado core are
presented by dashed circles and solid lines, respectively. It is clear that
the sub-vortex can only appears in the central calm flow region. Obvi-
ously, three sub-vortices can be identified in R5S1 and R6S1, and about
five swaths in R5S84.

3.2. Mean velocities

The mean vectors on the vertical slice crossing the center of the tor-
nado simulator are shown in Fig. 7. The dashed lines superimposed on
Fig. 7 represent the depth of the convergence flow, d,, connecting the
locations with one tenth of the maximum radial velocity, Upax. It can be
identified that for all the cases except for the single-celled vortex R3S1,
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the maximum vertical velocity, Wp,ay, shows a growing trend as Re in-
creases. It is noteworthy that the vectors plotted in this study are based
on the time-azimuthal averaged flow fields. If the flow fields are only
averaged in time, the inner radial velocity will hardly be zero, especially
in the cases R5S1 (Fig. 7e) and R6S1 (Fig. 7g), which may be explained by
the unstable stagnation point at this stage, as has been discussed in detail
by Ashton et al. (2019). Furthermore, lower d_ is found with the rise in Re
or S. However, in the outer region of the tornado, d. is found to be only
controlled by S.

The distribution of the time and spacing averaged radial velocity, U =
(1), is shown in Fig. 8, where the negative and positive U represents
inward and outward motions of the flow respectively. For S=1.0, the
maximum outward radial velocity reaches 4ms™! at Re=1.6 x 10°.
Since the outward radial velocity is primarily caused by the direction
variation of the inward flow close to the ground and that the sum of the
mass flux should be zero, the outward radial velocity should experience a
decrease due to the expansion of the tornado with the increase in Re, i.e.,
4ms~! at R4S1 (Fig.8 ¢), 1 m s ! at R5S1 (Figs. 8 €) and 0.8 ms™! at
R6S1 (Fig. 8 g). In addition, the area covered by positive radial velocity
shows an ellipse shape with major axis tilted; the angle between the el-
lipse major axis and the x axis tends to be a constant scatting around 20°.
The maximum inward radial velocity is found not sensitive to Re after the
vortex core breaks, which are all about 6.5 ms™ ' in the cases of R4S1
(Fig. 8 ¢), R5S1 (Fig. 8 e) and R6S1 (Fig. 8 g). However, due to the up-
stream motion of the stagnation point, the layer with inward radial ve-
locity is compressed for larger Re.

At S = 4.0, the features found in the low swirl cases remain true. On
the one hand, the maximum inward radial velocity is nearly constant,
reaching about 8 m s™!. On the other hand, the layer with inward radial
velocity becomes thinner with the increase in Re. In addition, the
sensitivity of the maximum outward radial velocity to Re found in the
low swirling cases still holds for the high swirl cases, in which it de-
creases from 4.5ms ' in R3S4 (Fig. 8 b) to about 1.5 ms~! in R6S4
(Fig. 8 h). However, the ellipse shape of the area with positive radial
velocity is distorted as Re increases to 1.6 x 10°. By connecting the lo-
cations of the peak positive radial velocities, the curve is not a straight
line anymore, revealing the more difficult penetration of the convergence
flow to the corner of the tornado for larger Re.
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0.15 Fig. 14. Distributions of the space averaged r.m.s. of
the fluctuations of the radial velocity on the vertical
slice crossing the center of the tornado (a) R3S1, (b)
R3S4, (c) R4S1, (d) R4S4, (e) R5S1, (f) R5S4, (g)
R6S1, and (h) R6S4. The pink dashed lines show the
depth of the convergence flow determined by the
locations with 0.1 Upnay, and the grey dashed lines
indicate the locations the time-space averaged verti-
cal velocity peaks. (For interpretation of the refer-
ences to color in this figure legend, the reader is
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The radial profiles of U are shown in Fig. 9 in a more quantitative
manner. Two elevations are selected, with one at z=0.15m, which can
be considered as the cyclostrophic balance region, i.e., the centrifugal
force balances with the pressure gradient forces, and the other hypqy. The
height with maximum tangential velocity is selected given that the
tangential velocity is the major component in the tornado-like vortices
[Kuai et al. (2008) and Hangan and Kim (2008)]. At hynqy, the negative
radial velocity is strengthened for all of the cases. Furthermore, the
location of the peak positive radial velocity moves outward with
increasing Re.

Fig. 10 illustrates the distribution of mean tangential velocity, V=
(v). Except the single-celled vortex R3S1, the maximum tangential ve-
locity, Vimax in all of the cases occurs at the corner of the tornadoes and
gets larger with the increase in S. However, Vi,ox does not show large
variations as a function of Re. The flow in R4S1 (Fig. 10 c) is a typical
transitional stage from the single-celled vortex to the two-celled vortex,
as discussed in detail by Liu et al. (2018). From Fig. 10f, R554 seems to be
also a transitional stage to the multi-celled vortex. For one thing, Viay is
the largest for R5S4; for another, in the cyclostrophic balance region, the
mean tangential velocity peaks in a very narrow region compared with
the other three cases at S = 4.0. In addition, according to the plotting of Q
values, obvious “swaths” are only identified in R5S4. At z = hymq the
tangential velocity peaks at almost the same radial locations, as sug-
gested from the illustration of the radial profiles of V in Fig. 11. Inter-
estingly, at z=0.15m, two peaks on the radial profiles of tangential
velocity can be identified at R4S4 and R6S4.

The strong acceleration of the mean vertical velocity, W= (w), is
found at the central core of R3S1 (Fig. 12a) and the near ground corner of
R4S1 (Fig. 12¢). The magnitudes of the maximum vertical velocity, Wpax,
in R3S1 and R4S1 are almost the same, nearly 16 ms™'. After the tor-
nado reaching the stages after vortex breakdown, the near corner peak
vertical velocity is approximately a constant scatting about 2.5ms "
Moreover, the negative vertical velocity seems only occur at the high
swirl cases, and with abruptly a constant —0.5ms ..

The plotting of the radial profiles of W reveals that the locations of the
peak W at both z=0.15m and 2 = hy;;,q,, move outward slightly with the
increase in Re, but this expansion is limited especially for the stages
safely after the vortex breakdown stage, as shown in Fig. 13.
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3.3. Fluctuations

The wandering motion of the tornado core has been observed in the
studies by Ishihara and Liu (2014), Liu et al. (2018), and Ashton (2019).
Due to this wandering motion, the center the simulator will experience
large and small velocities periodically, generating large fluctuations of
the velocities. If we can find the tornado center at each time step and
translate the numerical data to the coordinate determined by the tornado
center instead of the simulator center, it is possible to calculate the mean
velocities as well as the root mean square (r.m.s.) of the velocities respect
to the tornado center. However, the distance from the tornado center to
the simulator center is not a constant at each time step and at each
elevation. It is also difficult to determine the tornado center in the
instantaneous flow fields. In addition, using the fixed coordinate deter-
mined by the tornado simulator is also from the consideration that, in the
real application of wind engineering, the wind-resistant structures are
fixed. The wind-resistant structures can experience the large fluctuations
of the velocities due to the wandering motion of the tornado. This large
fluctuation of the wind is important to evaluate the dynamic response of
the structure. If the properties of the wandering motion of the tornado
can be clarified, it will be possible to find a relationship between the
turbulence statistics determined using these two coordinates, which will
be helpful for building the tornado flow field model. In the future, this
issue will be studied. In the present study, we decided to use the tradi-
tional method and the fixed coordinate to determine the turbulence
statistics, just like the study by Tari et al. (2010).

Root mean square of the velocity fluctuations based on the fixed co-

S (i@ — (i;))? /n. The radial velocity fluc-

tuation u is depicted in Fig. 14 using contours and Fig. 15 using profiles.
Except for the single-celled tornado R3S1 (Fig. 14a), the radial velocity
fluctuations exhibit about the same level at a certain swirl ratio. In the
cases of S=1.0 and S =4.0, the maximum radial velocity fluctuation,
Umax, Scatters around 3 m s !and 45 m s’l, respectively. Similar distri-
bution of u in between R4S1 (Fig. 14c) and R3S4 (Fig. 14b) is found. As
increasing Re, two regions with large u (one is in the central core of the
tornadoes; the other is near the ground whose location almost coincides
with that of the inversion point of U) are clearly identified in R551, R6S1,
R4S4, R554 and R6S4.

ordinate is defined as u; =
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0.15 Fig. 16. Distributions of the space averaged r.m.s. of
the fluctuations of the tangential velocity on the
vertical slice crossing the center of the tornado (a)
R3S1, (b) R3S4, (c) R4S1, (d) R4S4, (e) R5S1, (f)
R554, (g) R6S1, and (h) R6S4. The pink dashed lines
show the depth of the convergence flow determined
by the locations with 0.1 Upay, and the grey dashed
lines indicate the locations the time-space averaged
. vertical velocity peaks. (For interpretation of the
0.05 051 YASEER | © references to color in this figure legend, the reader is
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The distributions of tangential velocity fluctuation v are similar with
those of u, as shown in Fig. 16 and Fig. 17. Most interestingly, at r=0, u
equals to v, probably due to the unstableness of the tornado core moving
around the center of the simulator. This organized wandering of the
tornado core yields nearly the sinusoidal curve with the same amplitude
and period for & and v, as discussed by Ashton et al. (2019). Therefore, in
the present LES, the same value of u and v further confirms that the
organized wandering of the tornado core will occur no matter how large
Re is.

Figs. 18 and 19 show the distribution of the vertical velocity fluctu-
ation, w. For S =1.0, w at 2 =0.15 is peaked at about r = 0.015 m, except
the single-celled tornado R3S1. This trend still holds for higher Reynolds
number cases R5S1 and R6S1 as suggested in Fig. 18e, g. Interestingly, at
S =4.0, almost the same peak values of w in the cyclostrophic balance
region are found for different Reynolds numbers. However, the situation
becomes complicated for z = hypqy. Firstly, the same peaks found in the
cyclostrophic balance region are not preserved at 2 = hymqy. Secondly, at
2 = hymax, additional regions with high w can be identified at about
r=0.02m for R4S4 (Fig. 18 d) and R5S54 (Fig. 18 f). In addition, nearly
zero w is observed for R6S4 (Fig. 18 h). Importantly, extraordinary en-
ergetic vertical fluctuations in R4S1 (Fig. 18 c) and R3S4 (Fig. 18 b)
locating at around the stagnation point can be clearly identified. In fact,
the mechanism of the peak w for R4S1 and R3S4 (near vortex breakdown
stage) is different from that of R551, R6S1, R4S4, R5S4, and R654 (safely
after vortex breakdown stage). The major contribution of the large w for
the former two cases is from the vertical vibration of the unstable vortex
bubble; while that of the latter cases results from the horizontal vibration
of the tornado core and the large wind shear.

3.4. Skewness and kurtosis

PDF of the fluctuating velocities is vital to the examination of the gust
wind in the tornado-like vortices, which is also important for the eval-
uation of tornado-induced dynamic loads on structures. Skewness and
kurtosis are applied in the present study to examine the PDF shape of the
fluctuating velocities, the skewness of u; is expressed as:
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Sk =1 [u”, (12)

which indicates the symmetry of PDF of u;. It is noteworthy that the
skewness of any univariate normal distribution is 0. Also, the kurtosis of
u; is formulated as:

4
Ku,, =u; /ui s

(13)

Which denotes the peakedness of the sampled events. Note that the
kurtosis of any normal distribution is 3. Furthermore, the kurtosis should
never be less than 1 but reach 1.8 once the PDF is uniform. In the
following discussion about skewness and kurtosis, the data of the
tangential velocity will be provided.

Since skewness and kurtosis require higher order terms in the ex-
pressions, their distributions become not as smooth as those of mean
velocities and the fluctuations, as shown in Fig. 20 and Fig. 21. AtS=1.0,
particularly large Sk, are found in R3S1 (Fig. 20a) due to the almost zero
fluctuation in the flow fields. Increasing Re to R4S1 (Fig. 20c), much
large negative Sk, is found at the boundary of the vortex bubble in R4S1,
and the area with negative Sk, experiences a shrink with increasing Re as
observed in R5S1 (Fig. 20e) and R6S1 (Fig. 20g).

However, for the cases with S = 4.0, the area with negative Sk, in the
near corner region becomes much smaller compared with those with
S =1.0. Moreover, for all the cases after the vortex breakdown stage, Sk,
decreases significantly as the flow moves to the tornado center, and
almost reaches zero at r=0.

The kurtosis of the tangential velocity forms a similar shape with the
skewness (Fig. 21). Except R3S1 and R4S1, in most of the regions, Ku,
scatters around 3. When moving to the center of the tornado, Ku, de-
creases close to 1.8, implying a uniform distribution of PDF. In addition,
the negative Sk, and Ku, primarily locate at the place where W reaches its
peak values.

3.5. Momentum and turbulent kinetic energy budget

The momentum budget is useful to understand the major contribution
in the force balance of the fluids and can be further applied to simplify



Z. Liu et al. Journal of Wind Engineering & Industrial Aerodynamics xxx (Xxxx) Xxx

0.15 Fig. 18. Distributions of the space averaged r.m.s. of
the fluctuations of the vertical velocity on the vertical
slice crossing the center of the tornado (a) R3S1, (b)
R3S4, (c) R4S1, (d) R4S4, (e) R5S1, (f) R5S4, (g)
R6S1, and (h) R6S4. The pink dashed lines show the
depth of the convergence flow determined by the
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the governing equations, making it possible to provide an analytical
model of the mean flow fields. The momentum budget of the Reynolds
averaged flow fields in the cylindrical coordinates in radial direction can
be formulated as:

2
pU LV
or r
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The left-hand side consists of the radial advection A, the vertical
advection Ay, and the centrifugal force C;; the right-hand side includes
the radial pressure gradient P,, turbulent force T, and diffusion D,,. In the
cyclostrophic balance region, the momentum balance is just in between
the radial pressure gradient and the centrifugal force; hence, only the
momentum budget at hyyqy is provided as shown in Fig. 22.

For S=1.0, at the single-celled vortex stage R3S1 (Fig. 22 a), the
major balance is almost in between P, and C,. As increasing Re to R4S1
(Fig. 22 c), the contribution from A,, becomes stronger; while at R5S1
(Fig. 22 e), Az is even larger than P,. Further increasing Re to R6S1
(Fig. 22 g), Ay, decreases and the major balance appears again in between
Cr and P,.

The trend of the cases S = 4.0 is similar to that of the cases S =1.0. At
low Re (R3S4, R4S4, in Fig. 22 b, d, respectively), C, P, and A, indicate
the main balance. However, when Re is sufficiently high (R5S4, R6S4, in
Fig. 22 f, h, respectively), the contribution from A,, almost disappears,
suggesting the similar distribution to that found in the cyclostrophic
balance region.

The wall shear will directly affect the advection terms in the mo-
mentum balance. And from the plotting of the momentum balance, it is
clear that the advection term A, is much stronger than A,. Therefore,
the ratio between the advection term Ay, to the centrifugal term C, is
calculated and plotted in Fig. 23. It can be found that the wall shear is
important for the tornado with small swirl ratios, as increasing the swirl
ratio, the wall shear become less important. In addition, increasing the
Reynolds number will also shrink the region with large wall shear effects.
For the cases R6S1, R554, and R654, the region with obvious wall shear
effects almost dismisses. Therefore, it is safe to state that when the swirl
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ratio or the Reynolds number is sufficiently high, the major balance be-
tween the radial pressure gradient and the centrifugal force will be
reached balance, expressed as:

V2 1 0P

P 557 (15)

3.6. Similarity parameter

Monji (1985) plotted the variations of the vortex type as a function of
Re and S. Furthermore, the curve of Re versus S for each type of the
vortex was found to follow an exponential function. The exponent of the
function increases as the tornado changes from one-celled type to the
multi-celled type. In addition, as has been observed by Fiedler (2009),
the effects of S on the tornado-like flow fields are comparable to those of
Re™ /3. Therefore, the types of the tornado-like vortex plotted in Monji
(1985) are re-plotted together with the simulated tornadoes in the pre-
sent LES and the data in the study by Matsui and Tamura (2009) as a
function of Re™'/3 (x axis) and S (y axis) in Fig. 24, where the solid
straight lines are the curves fitting the types of tornadoes adapted from
the plotting in Monji (1985). It can be clearly found that, the relationship

between Re™'/3 and S in each group of the tornadoes almost follows the
expression:
S:a+bRe_1/3, 1e)

Where, the constant a and the slope b tend to be increased as the tornado
changes from one-celled type to multi-celled type. From the above dis-
cussion of the present LES, R3S1 has been found to be a single-celled
tornado, R4S1 and R3S4 are found to be the transitional ones, R5S1,
R6S1, and R4S4 are the tornadoes with about three sub-vorices, and
R5S4 and R6S4 are multi-celled ones, showing the similar trend with that
by Monji (1985). The discrepancies may result from the different con-
figurations of the tornado simulators. Some non-linear trends in R5S4
and R6S4 should be the indication that the S(Re) relationship is limited to
a narrow Reynolds range. Choosing the popper scaling may remove the
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Fig. 20. Distributions of the space averaged skew-
ness of the tangential velocity on the vertical slice
crossing the center of the tornado (a) R3S1, (b) R354,
(c) R4S1, (d) R4S4, (e) R5S1, (f) R554, (g) R6S1, and
(h) R6S4. The pink dashed lines show the depth of
the convergence flow determined by the locations
with 0.1 Upax, the dark dashed lines indicate the
locations the time-space averaged tangential velocity
peaks, and the grey dashed lines indicate the loca-
tions the time-space averaged vertical velocity peaks.
(For interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)
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Fig. 21. Distributions of the space averaged kurtosis
of the tangential velocity on the vertical slice
crossing the center of the tornado (a) R3S1, (b) R354,
(c) R4S1, (d) R4S4, (e) R5S1, (f) R554, (g) R6S1, and
(h) R6S4. The pink dashed lines show the depth of
the convergence flow determined by the locations
with 0.1 Unay, and the grey dashed lines indicate the
locations the time-space averaged vertical velocity
peaks. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 22. Radial distributions of momentum budget at the height of h,,qx (a) R3S1, (b) R3S4, (c) R4S1, (d) R4S4, (e) R5S1, (f) R5S4, (g) R6S1, and (h) R6S4.
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Fig. 23. Distributions of the A,,/C, on the vertical slice crossing the center of the tornado (a) R3S1, (b) R3S4, (c) R4S1, (d) R4S4, (e) R5S1, (f) R5S4, (g) R6S1, and
(h) R6S4.
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If k can be set by 1/S in an appropriate manner, Eq. (17) should be
very useful in the experiments to ascertain S or Re when finding the
tornado-like vortices comparable to those in the real situation. Therefore,
it should be valuable for the researchers to enrich the diagram in Fig. 25
(b) together.

4. Conclusions

To examine the effects of Reynolds number on the flow fields in
tornadoes, eight tornado-like vortices with S$S=1.0-4.0 and
Re =1.6 x 10%-1.6 x 10° are numerically modeled by LES. The findings
in the present LES are summarized below.

1. For a certain S, the area with obvious turbulence does not signifi-
cantly vary with Re. The depth of the convergence flow is found to be
lower as increasing Re.

2. The penetration of the outer convergence flow to the corner of the
tornado tends to be much more difficult, and the location of the peak
positive radial velocity is moved outward with the increase in Re.

3. In the outer-core region, the radial fluctuation almost increases lin-
early with Re. In addition, organized motion of the tornado core is
observed no matter how large Re is.

4. If Re is sufficiently high, the major balance between the radial pres-
sure gradient and the centrifugal force even in the region very close to
the ground will be reached.

5. hymax/Tymax Shows almost a linear relationship with Re /3, Besides,
Rymax/Tymaxe (Re ™3 decreases in the slope of its curve with increasing
in S.

a S
® s ona 1.0 40
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R 0.040 1.133 0.240
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Fig. 25. Variations of Aymax/Tymax as a function of S and Re, (a) table for hymax/Tymax, and (b) diagram for hymax/Tymax. The colors in the table indicate the level of hyyay/
T'vmax- (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

non-linear trend in the S(Re) curve, which is worth doing experimental or
numerical examinations in the future. In addition, the ground roughness
condition [Liu and Ishihara (2016)] as well as the aspect ratio will also
have the influence to the flow fields of the tornadoes [Tang et al. (2018)],
and further examinations about the effects from these two issues to the
S(Re) curve should be carried out in the future.

The macro parameter, hymax/Tymax, as a function of S and Re is shown
in Fig. 25, where Fig. 25a is the matrix of hymgx/Tymax versus S and Re /3,
and Fig. 25b is the diagram of hymax/Tymax With x axis being Re V3. hymax/
vmax has been considered as the key parameter to find the counterpart in
between the modeled tornadoes with those in full scale, see the study by
Refan et al. (2014), and Refan and Hangan (2016). In Fig. 25b,
hymax/Tymax €xhibits almost a linear relationship with Re /3 except the
single-celled tornado. In addition, with increasing S, the slope of the
curve Aymax/Tymax versus Re /3 decreases. Thus, a formula determining
the relationship between hymqx/Tymax, S and Re can be expressed as:

Tomad Fomax = k Re ™3, where k o« 1/S, a17)
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