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Abstract

A numerical model was developed using the Unsteady
Reynolds—Averaged Navier—Stokes (URANS) method to study
the structure, dynamics and flow patterns of buoyancy vortices.
Radial vanes and a centrally heated plate produces a buoyancy
force for developing a vertical vortex. The effect of grid ele-
ment size on the accuracy of the numerical model was investi-
gated. In addition, different configurations of heat fluxes and
radial vane angles were studied to examine the dynamics of the
the vortex. Increases in the maximum temperature and pressure
difference occur when the heat flux input is increased. However,
the heat flux does not significantly affect the swirl ratio. A 30°
vane angle relative to the radial direction led to the highest swirl
ratios, while 45° showed the highest temperature and pressure
differences. The range of the swirl ratios observed represents a
single-cell vortex.
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Introduction

Buoyancy vortices like dust devils are well-formed low pressure
vortices originating from rotating unstable near-surface heated
air, and are commonly observed in the turbulent convective
boundary layer of the Earth and Mars atmospheres [14]. The
width and height of buoyancy vortices range from small (less
than a metre wide and a few metres tall) to large (greater than
10 m in width and more than 1000 m tall). The duration and in-
tensity of buoyancy vortices can vary significantly. Dust devils
and tornadoes are comparable vortices as both are weather phe-
nomena consisting of a vertically oriented swirling flow. How-
ever, tornadoes are much larger and originate from the over-
lying thunderstorm, while dust devils are mainly generated by
local instabilities on the heated ground surface. Most of the
available research on buoyancy vortices has focused on struc-
ture types, prediction, loading on buildings, property damage or
particle movement within vortices, but recently the potential of
exploiting the buoyancy vortex kinetic energy to generate power
is being investigated(e.g. [4, 5, 7, 13]).

Gaining a better understanding of the origin, the formation pro-
cess and flow behaviour within buoyancy vortices is of great
importance in many fields. Although there have been a few
Doppler radar in-field measurements of these flows, the dynam-
ics and flow behaviour of dust devils and tornadoes are compli-
cated. In addition, full-scale and laboratory measurements have
limitations related to the duration of the vortex, vortex path, and
capturing all aspects of the flow particularly measuring the ve-
locity close to the ground, i.e. below 20 m height in full-scale
measurements [9]. Therefore, numerical techniques can be ex-
tremely beneficial in simulating and investigating the flow pat-
terns and effects of various parameters on these flows in detail.

Hangan and Kim [3] simulated the structure of a 2D tornado
using an unsteady Reynolds—averaged Navier—Stokes (RANS)

method and investigated the formation of the vortex. The simu-
lations showed that there is a single to two cell transition, called
vortex breakdown, when the swirl ratio, defined in equation (1),
is increased to approximately 0.4.
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where u,,, is the tangential velocity and w the vertical velocity.
Swirl ratio is a parameter defining the characteristics and inten-
sity of the vortex, and it mostly ranges from 0.2 to 1 [2]. Lower
swirl ratios often represent a single-cell vortex, and higher swirl
ratios are associated with a two-cell vortex.

Ishihara et al. [6] showed similar results when modelling a
Ward-type laboratory vortex chamber using Large-Eddy Sim-
ulations (LES). A lower swirl ratio occurs with a one-cell vor-
tex, whereas a two-cell vortex can be obtained by increasing
the swirl ratio, which results in a characteristic downdraft in the
centre of the vortex. The LES results showed reasonable agree-
ment with the experimental results.

In the first computational study of its kind, Kanak [8] compared
LES results of a large scale dust devil with observations, which
showed reasonable agreement. In addition the possibility of a
vortex formation in the convective boundary layer was investi-
gated and showed a cellular convective pattern with vortex clus-
ters. Kanak’s [8] velocity profile of a vortex showed similarities
with the analytical Rankine and Burgers—Rott model [10]. Also,
other fine scale structures were simulated like spiral bands and
inflow jets. The accuracy of such simulations are limited by the
near ground boundary conditions and by higher wind speeds
which occur often in dust devils.

Natarajan [12] investigated vortex flow characteristics by sim-
ulating the Ward-Type Tornado Vortex Chamber and Atmo-
spheric Vortex Engine. Different RANS turbulence models and
also LES models were applied to investigate the effects of the
surface roughness on the vortex. The k-¢ turbulence model was
chosen to investigate the available mechanical energy in the At-
mospheric Vortex Engine. The results revealed that the main
parameter affecting the mechanical energy is the temperature
difference between the core and the ambient temperature. At-
mospheric stratification was neglected and the model showed
limitations in capturing the curvature of the vortex, particularly
for higher swirl ratios, which suggests a need for a more accu-
rate approach such as simulations using Reynolds Stress Models
or LES.

Natarajan [12] did not study the physics of the vortex and
only verified the Atmospheric Vortex Engine concept, and
also he did not validate the results. In addition, the effects of
vane angles and input heat fluxes on the characteristics of the
buoyancy vortices were not investigated.



Due to the complexity of the simulation of buoyancy vortices
and in an attempt to develop a more accurate numerical model
of buoyancy vortices, this study aims to:

* Numerically model a buoyancy vortex flow based on the
experiments carried out by Mullen and Maxworthy [11].

* Investigate the effects of mesh element size on the accu-
racy of the numerical model. Also validate the numerical
model with a previously published experimental study and
discuss the discrepancies between the numerical and ex-
perimental results, and the potential sources of these dif-
ferences.

« study the effects of vane configurations and arrangements,
and input heat flux on the generated buoyancy vortex.

Methodology

Computational Domain

The geometry and computational domain were selected based
on the experimental setup of Mullen and Maxworthy [11]. Fig-
ure 1 shows a schematic diagram of the computational domain
along with the vanes and a hot plate located at the centre of the
box. The box has a cross-section of 3 x 3 m and a height of 2.5
m. The diameter of the hot plate and the height of the vanes are
0.9 m and 1.8 m, respectively.

The effects of various vane angles, relative to the radial direc-
tion (namely 30°, 45°, 60°, and 75°) on the velocity and tem-
perature profiles are investigated. In addition, the influence of
the input powers of 778, 1058, and 1382 W, corresponding to
heat fluxes of 1.2x10%, 1.6x10%, and 2.1x103 W/m?, on the flow
patterns is also investigated.

The boundary conditions of the computational domain are
shown in Figure 1. The input heat flux has a Gaussian distribu-
tion and is located at the bottom of the domain from a circular

and around the vane surfaces a much finer mesh was generated,
where at some locations tetrahedral elements were required to
ensure the vane geometry was resolved.

A mesh dependence study was conducted out using the method
proposed by Celik et al. [1], that determines the grid-
convergence index (GCI). For this purpose, three different grid
sizes with a total number of elements of approximately 50, 20,
and 6 million, corresponding to average cell sizes of 0.0077 m,
0.0103 m, and 0.0153 m, were used. As recommended by Ce-
lik et al. [1], the grid-refinement factor was maintained greater
than 1.3. In addition, iterative convergence was achieved by en-
suring that the residuals were at least below 109, The values
of velocity and temperature across the radius of the vortex ob-
tained from the three grid sizes along with the corresponding
error values are reported in the Results section.

Numerical Method

The 3D, transient, non-isothermal simulation was conducted
utilising the open-source, OpenFOAM software by solving the
RANS equations. For this preliminary study, only the k-¢ turbu-
lence model was used to evaluate its performance in modelling
the buoyancy vortices and to compare with experimental results.
For both advection and turbulence terms of the governing equa-
tions, the first-order upwind scheme was used.

Results and Discussion

Mesh Dependency Investigation

The numerical simulation was carried out with three grid sizes,
fine (N1), medium (N2) and coarse (N3) for a power input of
778W and vane angle of 45°. To investigate mesh dependency,
the value of the swirl ratio S, (equation (1)), for each grid size
was obtained, and by using S, the apparent order of accuracy (p)
of the numerical method, extrapolated value ¢2l, and relative
errors (2! and ¢2),) were computed and are reported in Table 1.
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Figure 1. Boundary conditions of the computational domain.

Computational Mesh

OpenFOAM software with a user-defined method, called Snap-
pyHexMesh, was used to generate mesh elements in the compu-
tational domain. The elements are predominately hexahedral,
particularly far from the vanes. At the centre of the domain

13%, 8%, and 9% respectively, and these are within an accept-
able range. As the relative error between the medium and fine
mesh is very low, the results from the medium grid have been
used for the further analysis.

Validation

Profiles of the radial temperature difference from ambient (AT)
across the vortex at three different heights and three power
inputs obtained were compared with the experimental results
of Mullen and Maxworthy [11]. Reasonable agreement was



achieved between the numerical and experimental results. Fig-
ure 2 compares the numerical and experimental results of the
radial temperature profiles for a input power of 778 W and a
vane angle of 45°. The plot is normalised by the ambient tem-
perature of 294.15 K and the radius R of the hot plate.
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Figure 2. AT comparison between numerical model and experiment at
different heights [11].

Both the experimental and numerical results show a decrease
in temperature difference with height, with a peak at the vortex
core. Mullen & Maxworthy [11] measured a slightly higher
peak and steeper temperature gradients. These differences
could be due to the measurement techniques and experimen-
tal errors, and also the modelling assumptions. In addition, the
experiment introduced suction at the top of the domain which
was not modelled numerically.

Effects of Heat Flux and Vane Angle

The effects of the input power and the vane angle on the flow
pattern were investigated using three different input powers
(778W, 1058W, 1382W) and four vane angles (30°, 45°, 60°,
and 75°). The patterns of four parameters, namely (AT), pres-
sure difference from ambient (Ap), tangential and vertical ve-
locities (#;4, and w), across the vortex at three different heights
under the 12 cases, were investigated.

Figure 3 shows the trend of these parameters across the vortex
for power and vane angle of 778 W and 45° respectively at three
different heights.
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Figure 3. Temperature difference, pressure difference, tangential and
vertical velocities across the vortex at a power and vane angle of 778W
and 45°, respectively.

The temperature is non-dimensionalised again by the ambi-
ent temperature and the velocities by their maximum values
Uranmax and Wpgy at 0.1 m height. The pressure is non-
dimensionalised by the dynamic pressure pgy, = 0.5%p * w,%mx
using the maximum vertical velocity at 0.1 m height. The radius
is normalised by the core radius 7. which is the radial position
where the maximum tangential velocity occurs.

In Figures 3(a,b,d), there is only one peak in the AT, Ap and w
profiles at the vortex centre, which represents a single-cell vor-
tex structure. As the height increases, both AT and Ap (Figures
3 a,b) decrease. On the other hand, the vertical velocity in-
creases further away from the heat source. At higher elevations,
the tangential velocity peak occurs farther from the vortex core,
showing that the vortex core expands with the height.

In addition, the tangential velocity u;4, at 0.3m height can be
compared to known analytical and empirical models [10], as can
be seen in Figure 4. The normalised tangential velocity profile
of the computed k- model has a similar shape to the Rankine
and Sullivan Model outside the vortex core, r > r.. However,
around the peak and inside the vortex core, r < r., the tangential
velocity profile seem to follow a more realistic-advanced model,
such as the Burgers-Rott and the Bjerknes Model.
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Figure 4. Tangential velocity profiles of the numerical result at 0.3 m
height and the analytical and empirical models[10]

To further investigate the influence of the input power and vane
angle on the flow parameters, Figure 5 depicts the maximum
AT, Ap, and the swirl ratio (calculated using equation (1) with
the maximum tangential velocity and averaged vertical veloc-
ity) in the vortex core at 0.3 m above the ground.

As can be seen, increasing the input power considerably in-
creases the maximum AT and Ap, while the input power has
little effect on the swirl ratio. Vane angles of 45° and 75° re-
sulted in higher AT and Ap, with 45° vane angle generating
slightly larger AT and Ap, particularly at higher input powers.
Even though the changes are not significant, it is clear that a
vane angle of 30° results in the lowest maxima. This higher
pressure differences imply a stronger vortex which can also be
seen in the swirl ratio. When considering the vane angle influ-
ence on the swirl ratio, the 30° and 75° vane angles produce the
highest and lowest swirl ratios, respectively.

The computed swirl ratios from the numerical model show a
range from 0.02 to 0.16. As mentioned, lower values often rep-
resent a single-cell vortex [2], which is also in agreement with
the single peaks observed in the profiles of AT and Ap.
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Figure 5. Maximum AT, Ap and Swirl ratio for 12 configurations.

Conclusions

A 3D, transient, non-isothermal numerical model using the k-¢
RANS turbulence model was developed to simulate laboratory-
scaled buoyancy vortices. Reasonable agreement was obtained
between the simulation results and the experimental results of
Mullen and Maxworthy [11]. The numerical simulations were
conducted using three different grid sizes to evaluate the accu-
racy of the developed model. Several analytical vortex mod-
els of the tangential velocity were compared with the present
numerical results, which showed excellent agreement with the
Rankine and Burgers-Rott models. The effects of different in-
put heat fluxes and vane angles on the flow pattern and various
parameters of the buoyancy vortices, including the temperature
and pressure differences, and tangential and vertical velocities,
were investigated in detail. It is demonstrated that an increase in
the input heat flux considerably increases the temperature and
pressure differences, while it has a negligible effect on the swirl
ratio. On the other hand, the vane angles significantly influence
the swirl ratio, with the 30° vane angle producing the highest
swirl ratio. The computed configurations with vane angles of
45° and 75° resulted in higher temperature and pressure differ-
ences.

In future work, higher-resolution schemes and finer grid sizes
will be employed to verify the simulation accuracy. In addi-
tion, different turbulence models, e.g. k-2 and SST k-2, will
be used.
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