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As unmanned aircraft or drones are becoming more commonplace in our ever-developing
environment where a number of drones can be flying in the same given airspace, a drone is
likely to experience wake vortex turbulence from another drone nearby. Therefore, there is a
need to understand how the airflow is generated from one vehicle and to what extent this
airflow might affect another vehicle. Results of such studies will be useful in establishment of
safe separation of drone operations. In the present work, flow simulations are carried out
using overset mesh on ANSYS Fluent 19.2 for both single and multiple propellers, and the
flights in hovering and forwarding motion are considered. The simulation results obtained are
in general agreement to the experimental results that are available from other studies. This
provides support to the idea that the method of flow simulation can be acceptably reliable in
predicting the resulting airflow from a flying drone and the proposed method can be further
applied to various cases of drone flights.

Nomenclature

Diameter of propeller

Radius

Velocity in Z-direction

Angular velocity

Radial position

Thrust

Density of air

Angular velocity in rotations per second
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I. Introduction

he world has seen an increase in the use of unmanned aircraft or drones in recent years, with their current
applications varying [1] from search and rescue [2], pesticide spraying [3], to meteorology measurements [4],

and possible applications of drones in the future including food delivery [5] and cargo transport [6]. As drones

are becoming more commonplace in our ever-developing environment where a number of drones can be flying in the
same given airspace, a drone is likely to experience wake vortex turbulence from other nearby drone (Figure 1), and
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Fig. 1 A drone flying in the wake region of another drone.

the wake vortex turbulence from a leading vehicle can pose hazards such as loss of lift, reduced control authority and
induced roll on the following vehicle [7]. Therefore, to be able to establish safe separation of drone operations and
ensure the safety of the many drones flying, there is a need to understand how the airflow is generated from one vehicle
and to what extent this airflow might affect another vehicle.

While the wake vortex from large fixed-wing and rotorcraft has been investigated thoroughly in the past [8, 9, 10],
the studies of the flow from the smaller drones such as the quadrotor have been conducted more recently. The flow
from a single rotating propeller has been simulated with Computational Fluid Dynamics (CFD) method in various
studies, such as by Kutty and Rajendran [11] and Pérez Gordillo, et al. [12] who used the Multiple Reference Frame
(MRF) model, and the method is able to predict the thrust generated by comparing it with the measured thrust from
experiments. There are also studies that investigate the effects of rotor-to-rotor interactions for multiple rotating
propellers. It has been found that the thrust generated from the propellers fluctuates and decreases average-wise when
the propellers are placed close to one another [13, 14, 15], and flow simulations in several studies using SolidWorks
Flow Simulation [16], ANSYS Fluent with overset mesh [17], and NASA’s OVERFLOW solver with structured
overset grids [18] have been shown to be able to predict the reduction in thrust for multiple rotating propellers.

Most studies focus on the case for a quadrotor in hover condition with all the thrusts generated vertically by the
propellers, however, only a few that studies the airflow from a quadrotor when it is flying forward. Simulations [19,
20] and a wind tunnel test [4] have been done to do so, however, they focus on the airflow around the quadrotor itself
and there has not been much study that investigates what happens to this airflow long after it leaves the quadrotor and
how it evolves over time. This study provides insight into the feasibility of using CFD solver as a tool to study the
generated airflow from the quadrotor by first having several flow simulations using overset mesh on ANSYS Fluent
19.2 for both single and multiple propellers in different flight conditions and comparing the simulation results with
experimental results that are available in other studies. This is to ensure that using the flow simulations can produce
reasonable results when the method is further applied to more cases and more flight conditions to study the resulting
airflow.

I1. Mesh Convergence and Turbulence Model Study

A. Settings for Simulation

In this part of the study, mesh convergence study is carried out to find the minimum number of cells above which
the simulations results are invariant, and the turbulence model study is carried out to choose which turbulence model
is able to simulate the flow from a rotating propeller most accurately. The flow simulations use a propeller of 16 inches
diameter and 4 inches pitch as shown in Figure 2(a), the 3D CAD model of which was generously provided by Prof.
Ali Tirker Kutay of Middle East Technical University who had used it in several of his studies [2, 13].

The flow simulations use overset mesh that require overlapping of the Farfield mesh as the background zone and
the Rotating mesh as the component zone, and the latter contains the propeller surface which is set as a non-slip wall.
The Farfield and the Rotating meshes are created separately using the ANSYS Meshing module from the ANSYS
Workbench with the domain sizes and lengths following that of [17] as shown in Figure 2(b). The boundary conditions
of the Farfield mesh follow that of [12], where the upper and side surfaces of the Farfield are pressure inlets and the
lower surface of the Farfield is a pressure outlet, and their settings are kept as default.

In Ref. [17], the flow simulations use different air properties as they validated their thrust prediction with
experiments conducted in their locale with high elevation, and so in this study for the simulation of a single propeller
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Fig. 2 Models considered: (a) Picture and CAD model of the 16x4 Propeller from [2, 13] (top) and its CAD
model imported into ANSYS Workbench (bottom); (b) Dimensions for the Farfield and Rotating meshes
(left) and the resulting meshes as viewed in Fluent (right).

in hover, the density and dynamic viscosity of the air is changed to 0.888 kg/m? and 1.8029e-05 kg/ms, respectively,
to follow [17].

Apart from the varying turbulence model part in this study, all of the flow simulations use the k- Shear Stress
Turbulence (SST) turbulence model with curvature correction, as it is one of the most commonly used turbulence
model for simulating flow from a rotating propeller [11, 12, 17] and it is not as computationally expensive as Detached
Eddy Scale (DES) or Large Eddy Scale (LES) simulation. In the solution methods setting of ANSYS Fluent, only the
Coupled pressure-velocity coupling scheme that is compatible with the overset mesh. For the spatial discretization,
the Least-Squares Cell Based scheme is used for the gradient, Second Order for the pressure, Second Order Upwind
for the Momentum, the Turbulent Kinetic Energy and the Specific Dissipation Rate.

The angular velocity of the rotating propeller is chosen to be 3000 rpm. For each case, the calculations are done in
two parts: the first part is done with a steady-state solver with the Pseudo Transient option turned on and Frame Motion
is applied to the Rotating mesh until the residuals are lowered to 1e-04; and then the calculations are continued in a
transient solver with Mesh Motion applied to the Rotating mesh, the time discretization scheme of First Order Implicit
and the time step of 0.0001 seconds until the flow time of one second is reached. Unsteady simulation is required in
this study to accurately simulate the flow from the rotating propeller and the results from the steady state calculation
only become the initial solution at the start of the transient calculation.

Note that it is imperative that the flow solver is set to double precision when using the Overset library, as the
accurate identification of the moving and far-field zones are dependent on having high precision cell position data.

B. Mesh Convergence Study

The mesh convergence study is conducted by first varying the mesh density of the Rotating zone while keeping
the Farfield mesh constant with “Farfield-Coarse”; this is followed by varying the mesh density of the Farfield mesh
while keeping the Rotating zone constant with “Rotating-Medium”. Table 1 shows the different Rotating and Farfield
meshes used in the mesh convergence study. The Rotating zones are created using face sizing with cell inflation, while
the Farfield meshes are generated by modifying Z-axis resolution while maintaining the same mesh in XY-plane

From the Z-velocity, i.e. the downward velocity, contours of each case (Figures 3 and 4), the profiles shown in
Figure 5 are plotted along a line from the center going outward radially at the height 1R below where the propeller is
situated. The values of the velocity (V) are normalized by dividing them by the propeller’s tip velocity (wR), and they
are compared with the profile presented in the literature [17]. The simulations in the present study yield similar results
even when using different meshes and they capture the trend shown in the literature, although the magnitude is
overestimated starting from around r = 0.2 R. The overestimation of the velocity magnitude may be due to the
difference in the geometry of the propeller built into the setup. The different method in importing the CAD model of
the propeller, treating the propeller’s surfaces and incorporating the propeller’s form into the Rotating mesh might



have caused the propeller’s geometry in this study to differ slightly than in the literature, and this may affect how the
induced flow from the rotating propeller is simulated. On a side note, the values of the normalized velocity from the
literature is modified so the tip velocity in the present study is calculated using the propeller’s radius, following
convention of propeller flow, instead of the diameter from the original paper [17].

Table 1 Various Farfield and Rotating meshes used for the mesh convergence study.

Mesh Rotating-Coarse Rotating-Medium Rotating-Fine
Minimum face size 2.7 mm 2 mm 1 mm
First layer height (No inflation) 0.04 mm 0.02 mm
Number of layers (No inflation) 14 18
Y+ value 4.41098.1 0.10t0 5.90 0.051t03.21
Number of elements 156,371 816,873 1,626,013
Mesh Farfield-Coarse Farfield-Medium Farfield-Fine
Number of elements 279,000 558,000 837,000
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Fig. 3 Z-velocity contour: (a) from literature [17]; (b) from simulation using (left to right) Rotating-Coarse,
Rotating-Medium and Rotating-Fine.
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Fig. 4 Z-velocity contour: (a) from literature [17]; (b) from simulation using (left to right) Farfield-Coarse,
Farfield-Medium and Farfield-Fine.
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Fig. 5 Normalized Z-velocity plot at Z = -1R: (a) by Rotating meshes; (b) by Farfield meshes.

C. Turbulence Model Study

In this part of the study, the following turbulence models based on the Reynolds-averaged Navier-Stokes (RANS)
equations are used in running the flow simulations with the “Rotating-Fine” and “Farfield-Coarse” meshes: k-o Shear
Stress Turbulence (SST), which is also used in [17], Standard k-¢, and Realizable k-g. Curvature correction option is
turned on for all the turbulence models and the Enhanced Wall Treatment is used for Standard and Realizable k-¢
turbulence models. The Spalart-Allmaras turbulence model is not compatible with the overset model in the version
19.2 of ANSY'S Fluent, and thus its exclusion from this study.

The Z-velocity contours from using different turbulence models are shown in Figure 6 and the plotted Z-velocity
profiles are shown in Figure 7. The velocity profiles from current simulations are quite similar when the k-o SST and
Realizable k-¢ turbulence models are used, and their trend are in agreement with the velocity profile presented in [17]
with some overestimation of the magnitude just like in the previous part of the mesh convergence study. On the other
hand, the Standard k-¢ turbulence model is known to be dissipative when encountering high shear flow, as is the case
along the boundary between the downwash and the ambient. This leads to a more spread-out velocity profile compared
with the other turbulence models, in that the velocity profile have a reduced peak of Z-velocity at around r = 0.4 R
and in turn an overestimation of the flow velocity at the center fromr=0tor =0.2 R.
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Fig. 6 Z-velocity contour: (a) from literature [17]; (b) from simulation using (left to right) k- SST, Standard
k-g, and Realizable k-¢ turbulence models.
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Fig. 7 Normalized Z-velocity plot from using different turbulence models: (a) at Z = -1R; (b) at Z = -5R.

I11. Comparisons of Multi-Propeller Interference in Hover with Thrust Measurements

A study by Kaya, et al. [13] used four of the 16x4 propellers, along with other types of propellers, to examine the
effect of the gap distance between propellers on the resulting thrusts. It is found that the resulting thrusts decreases
with decreasing gap distance, and this part of the present study looks into the capability of the CFD method in
simulating the flow interactions between multiple propellers and reproducing the effect discovered in the study by
Kaya, et al. From the data for 16x4 propeller presented in that study, the angular velocity of 4000 rpm is chosen, and
the gap distance of 9 cm and 3 cm are chosen as the measured thrusts differ more significantly between those two gap
distances. In creating the mesh for the two cases, only half of the whole domain is built into the setup and a symmetry
boundary condition is given for the symmetry plane in the middle, so instead of 4 Rotating meshes, only two are built
into the setup to reduce the number of cells and the computational cost of the flow simulation. The two Rotating
meshes mirror each other and they rotate in opposite directions for the simulation.

Figure 8(a) shows the dimensions of the Farfield and the Rotating meshes. The Farfield mesh for the multiple
propellers in hover is slightly enlarged from the one for a single propeller in hover to ensure adequate distance from
the propellers to the side boundaries. The Farfield mesh is also built with a rectangular shape to make easier the
application of cell sizing at designated regions. As can be seen in Figure 8(b), the Farfield mesh in the case for 3 cm
gap distance has smaller cells in certain areas to ensure enough overlapping cells between the symmetry plane in the
Farfield mesh and the propeller surface in the Rotating mesh. A case using a single 16x4 propeller is also run for
comparison with cases with multiple propellers, and since there was no information given on the air properties in [13],
the flow simulation was run using the default standard air properties at sea-level conditions with density 1.225 kg/m?
and dynamic viscosity 1.7849e-05 kg/ms. Figure 9 shows the resulting Z-velocity contour as viewed from the planes
passing through the center of the propellers.

The thrust measurements from the experiment in [13] and the thrust calculations from the simulation in this study
are tabulated in Table 2. From the flow simulation, the thrust from a single propeller averages at 8.72 N, the thrust in
the case with 9 cm gap distance averages at 8.60 N, and in the case with 3 cm gap distance 8.56 N. There is a reduction
of 1.38% in the resulting thrust for the case with 9 cm gap distance and 1.83% for the case with 3 cm gap distance.
Meanwhile, from the experiment, the thrust from a single propeller at 4000 rpm is 7.98 N, then with 9 cm gap distance
it becomes around 7.87 N per propeller and with 3 cm gap distance 7.62 N per propeller, so there is a thrust reduction
of 1.38% when the gap distance is 9 cm and 4.51% when the gap distance is 3 cm.

While the thrust reduction is similar between simulation and experiment for the case with 9 cm gap distance, the
more drastic thrust reduction in the experiment for the case with 3 cm gap distance is not successfully replicated in
the simulation. This may be due to the use of symmetry boundary condition to build a half-size of the full fluid domain,
as Fluent assumes a zero flux of all quantities across the symmetry boundary and the flow velocity normal to the
symmetry plane is fixed to be zero. This may have an effect in simulating the flow interaction between propellers
which might be more significant and critical for the case with 3 cm gap distance. Furthermore, insufficient mesh
resolution could also undermine the higher shear experienced with the smaller gap distance and cause the discrepancy.
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Fig. 8 Meshes for simulation: (a) Dimensions for the Farfield and Rotating meshes; (b) Farfield mesh (top
row) for the case of multiple propellers with 9 cm (left) and 3 cm (right) gap distance and the overlapping
cells (bottom row) in the Farfield (black) and Rotating (green) meshes between the symmetry boundary
(yellow) and the tip of the propeller.
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Fig. 9 Z-velocity contour from the simulation: (a) with 9 cm; (b) with 3 cm propellers gap distance.

Table 2 Thrust measurements from experiment [13] and thrust calculations from simulation.

Single Propeller

Multi-Propeller
9 c¢cm gap distance

Multi-Propeller
3 cm gap distance

Experiment 7.98 N 7.87 N 7.62 N
Thrust Reduction - 1.38% 4.51%
Simulation 8.72N 8.60 N 8.56 N
Thrust Reduction - 1.38% 1.83%




IV. Comparisons with PIV Measurements in Hover Condition

For this part of the study, flow simulation is carried out for a single propeller in hover condition, and the simulation
results are compared with Particle Image Velocimetry (PIV) measurements from a study by Zhou, et al. [14]. To
follow the experiment conducted by Zhou, et al., another propeller for the simulation is built based on the propeller
used in the experiment, as shown in Figure 10(a). Details of the propeller that are given include the cross section of
the propeller uses the E63 airfoil as shown in their study, the diameter of the propeller 240 mm (R = 0.12 m), the twist
angle at the tip 11.6°, and the twist angle at 0.3R 26.3°. Additionally, the supporting structure used in the experiment
is also modelled for the flow simulation in this present study as shown in Figure 10(b), with the length and diameter
of the nacelle 72 mm and 34 mm respectively, and the height and diameter of the rod 330 mm and 16 mm respectively.

S,

E63 airfoil profile

(a) (b)
Fig. 10 Models considered: (a) 240 mm propeller for the present study (top) built using the E63 airfoil section
(bottom) from [14]; (b) The supporting structure model used for the simulation.

Two cases of flow simulation are done using this 240 mm propeller with default standard sea-level air properties:
one has a single rotating propeller, while the other has two propellers rotating in opposite directions with a gap distance
of 12 mm between them. Both cases use the angular velocity of 81 rotations per second, or 4860 rpm. From the
simulation, the single rotating propeller generates 2.836 N thrust (Thrust coefficient = 4T/(pn?D*z®) = 0.01372), while
each of the two counter-rotating propellers generates in average 2.829 N thrust (Thrust coefficient = 0.01370). For
comparison, the thrust coefficient for a single rotating propeller as reported in [14] is 0.013.

The flow simulation for the single propeller case is able to produce a similar thrust coefficient, however the
generated thrust from each propeller in the simulation for two counter-rotating propellers is 0.998 times the thrust for
single rotating propeller. From the experiment of two counter-rotating propellers in [14], the thrust from each of the
propeller is 0.984 times the thrust from a single rotating propeller. Even though both propellers are built into the setup
for the simulation of two counter-rotating propellers, the predicted thrusts are also not reduced as much as reported
from the experiment, thus suggesting that other factors in the simulation setup might be affecting the solver’s
capability in accurately replicating the interactions between the two propellers.The velocity contour is processed from
the flow simulations results and compared with the PI\VV measurements from [14]. Figure 11 shows the velocity contour
as viewed from the top looking down and perpendicular to the flow direction, while Figure 12 shows the velocity
contour at 0.024, 0.12 and 0.24 meters downstream from the propeller. The velocity in the flow’s direction from the
flow simulation is generally in agreement with the PIV measurements, with an apparent effect on one propeller’s flow
from the other in the case for two counter-rotating propellers. There is however an exaggeration of the induced upwash
in the flow simulation results as shown by the added spike-like characteristic in the velocity contour. This may be due
to the alignment of the two propellers in the simulation, such that as they are counter-rotating in tandem and the
rotational speed is kept constant during the simulation, their tips always get to be in very close proximity in every



rotation and thus possibly causing the exaggerated induced upwash. The lack of cells in the region between the two
propellers could also cause the shear stresses from the propeller’s induced flow to be calculated inaccurately and thus
possibly causing the exaggerated induced upwash.
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Fig. 11 Velocity magnitude contour: (a) from PIV measurements [14]; (b) from simulation for a single
propeller (left) and two counter-rotating propellers (right).
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Fig. 12 Velocity magnitude contour:
(a) from PIV measurements [14] at different downstream positions; (b) from simulation at (top to bottom)
0.024 m, 0.12 m, and 0.24 m downstream from a single propeller (left) and two counter-rotating propellers
(right).
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V. Comparisons with PIV Measurements in Forward Flight Condition

We next present the flow simulation from a single 240 mm propeller in forward flight and the comparison with
PIV measurements from an experiment by Ning, et al. [21]. The Farfield mesh for the forward flight condition is much
larger than the one for the hover condition. The Farfield is a cube with the length of each side 4.8 meters, 20 times the
propeller’s diameter. The boundary conditions of the Farfield mesh follow that of [19] where the front and top
boundaries of the Farfield, the highlighted surfaces shown in Figure 13(a), are velocity inlets with the inlet flow
velocity 10 m/s in the -Z-direction, and the rest of the boundaries are pressure outlets and their settings are kept as
default.

The Rotating mesh is in the center of the cube, and instead of modelling the whole supporting structure like in the
previous part, only the nacelle below the propeller is included in the setup. Both the propeller and the nacelle are tilted
at an 10° angle as can be seen in Figure 13(b). The angular velocity for the Rotating meshes is chosen to be 5300 rpm
based on the measured lift from the propeller in the experiment and the designed lift of 3 N. It should be noted that
the propeller used in [21] is reported to have a twist angle of 28.1°at 0.3R from the center of the propeller instead of
26.3°, and therefore there is a slight difference with the propeller built for this present study.
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Fig. 13 Meshes for simulation: (a) The velocity inlet boundaries of the Farfield mesh; (b) Rotating mesh and
the nacelle at the center of the Farfield mesh in front (top) and side view (bottom).

From the velocity magnitude contour (Figure 14) and the plot of the velocity magnitude at 0.12 m and 0.18 m
downstream from the propeller (Figure 15), the flow simulation is able to produce the two high velocity regions in the
propeller’s wake that appear in the PIV measurement from the experiment [21], albeit the velocity magnitude is
overestimated in the simulation. The maximum velocity in the high velocity regions also occur slightly lower in the
simulation than in the experiment. This may be due to a different angular velocity used for the rotating propellers as
the angular velocity used in the experiment is not explicitly specified, such that higher RPM in the simulation can
cause the high velocity regions to have higher velocity magnitude and be slightly lowered. The difference in the
geometry built for the simulation with the supporting structure used in the experiment could also have affected the
simulation results, as not all the supporting structure from the experiment is modelled for the simulation and there
remains a small gap between the propeller and the nacelle in the simulation.

Additionally, in the velocity magnitude contour from the simulation shown in Figure 14(b), the contour for the
region in between the two high velocity regions is not fully uniform in color due to the lack of cells in the propeller’s
wake region for the Farfield mesh and the interpolations during post-processing the simulation results. Improvement
of the Farfield mesh by mesh adaptation in the propeller’s wake region can be applied for future works to capture the
flow from the propeller in more detail.
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Fig. 14 Velocity magnitude contour: (a) from PIV measurements [21]; (b) from simulation for a single
propeller in forward flight condition.
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Fig. 15 Velocity magnitude profile: (a) at 0.12 m; (b) at 0.18 m downstream from the propeller in forward
flight condition.

V1. Conclusions

In this study, flow investigation of flying drones has been carried out for single and multiple quadrotor propellers
in different flight conditions using the overset mesh on ANSYS Fluent 19.2. The study can help to establish safe
separation and its boundary of drone operations. The CFD simulation results have been found to be in general
agreement to the computational and experimental results that are available from other studies. This demonstrates that
the CFD method presented here can be acceptably reliable in predicting the resulting airflow from quadrotor propellers
and the method can be used as a tool to study the near-field, i.e. within one vehicle length, wake vortex induced by
UAS.

Moving forward for the wake-encounter study, the simulation of far-field wake vortex will have to rely on
employing LES model due to the dissipative nature of RANS-based turbulence models when it comes to vortical flow.
Other future works should also include improvements in creating and setting up the meshes for the flow simulations
to better capture the detailed flow from the rotating propellers; further applications of the CFD method to various
cases of flying UAS, such as UAS of different sizes; UAS in various flight conditions such as cruising speed, tilt
angle, rotor RPM, etc.; and different configurations of UAS such as with mainframe body, added landing gears, added
payload, etc.
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