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The purpose of this study is to see the feasibility of using Computational Fluid Dynamic
(CFD) analysis over wind tunnel testing for propeller performance measurement.
Computational Fluid Dynamic (CFD) analysis is conducted on APC 6X4E propeller and
9X6E propeller at propeller disc angle, a of 0°, 30°, 60°, and 90° using commercially
available software ANSYS FLUENT at advance ratio ranging from 0 to 0.88 and angular
velocity ranging from 1000rpm to 8000rpm. CFD analysis was also performed for different
advance ratio at different rotational speed of 4000rpm and 8000rpm. Multiple Reference
Frame model is used to simulate the rotating propeller in a flowing airstream by
constructing a rotating and static domain around the propeller. The non-zero propeller
disc angle is achieved by changing the inlet direction of the static domain. The SST k-w
turbulence model is used, and tetrahedral mesh is constructed. The propeller thrust and
torque obtained from the CFD simulation is used to calculate the aerodynamic
characteristics of the propellers. The thrust coefficient, torque coefficient and propeller
efficiency obtained for both propellers follow the trend of the wind tunnel testing. The
results obtained from the CFD simulation matches with the results trend obtained by
another researcher performing wind tunnel analysis, where the thrust coefficient
decreases with increasing advance ratio at propeller disc angle less than 60° and increases
with increasing advance ratio at propeller disc angle more than 70°. The error produce
for thrust estimation is lower than 12% for both 6x4E and 9x6E propellers. The error for
torque and efficiency estimation is between 15-30% and 12% respectively. In conclusion,
CFD simulation can predict the aerodynamic characteristics of Low Reynolds Number
propeller at different propeller disc angle.

1. Introduction

Before the rise of quadrotor and multirotor UAV’s, past research on Low Reynolds Number
propeller were mainly focused on the aerodynamic characteristics of the propeller when it is parallel
to the free stream or the propeller disc angle of attack, ap, = 0°. Due to the unique propeller
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configuration for quadrotor and multirotor UAV’s where the propeller is perpendicular to the
freestream and the maneuver by tilting the propeller, the aerodynamic performance of the propeller
at different propeller disc angle of attack is essential for the performance of the UAV’s.

While majority of research on aerodynamic characteristics of propellers at different propeller disc
angle of attack focuses on large propellers, there are a few research on Low Reynolds Number
propeller at different propeller disc angle using wind tunnel testing method. Serrano et al., [1]
conducted an investigation to determine the aerodynamic performance of four propeller with
diameter 12-inch with propeller disc angle of attack ranging from 0° to 90° and advance ratio ranging
from 0 to 0.55 [1]. Based on the researches, the propeller thrust increased with as the propeller disc
angle of attack increased, while the power consumption shows low sensitivity to the changes of the
propeller disc angle of attack [1]. Majority of the research on aerodynamic characteristics of Low
Reynolds Number propellers are using the wind tunnel testing method and there is lack of research
on that topic using CFD analysis. Therefore, this study aims to validate the use of CFD analysis in
obtaining the aerodynamic characteristics of Low Reynolds Number propeller at different propeller
disc angle of attack. Study from Mohamed et al., [15] researched on slotted airfoil. Based on the
study, introducing slotted airfoil for low Reynolds number propeller reduces the efficiency of the
propeller.

Reynolds-averaged approach is used to solve the turbulence flow simulation as it is robust,
economical, and relatively accurate. This approach is used by many commercially available software
such as ANSYS Fluent. In Reynolds-average approach, selection of turbulence model is an important
and it influence the simulation results accuracy. The selection of turbulence model depends on the
type of simulation. For turbomachinery, the common turbulence model used are Spalart-Allmaras (S-
A) model, and k- model. For example, Seeni et al., [2] conducted an CFD simulation on APC10x7SF
propeller using Spalart-Allmaras (S-A) turbulence model and validated the result by comparing it to
the experimental result. This study will aim to conduct CFD simulation on propeller at varying
propeller disc angle and obtain the propeller aerodynamic performance.

2. Methodology
2.1 K-w Turbulence Model

The SST k-w is proposed by Menter [7] by combining the standard k-€ model and standard k-w.
This model uses a cross-diffusion term in the transport equation for specific dissipation rate, w. This
enables the model to predict the flow at near-wall location using the k-w turbulence model and
predict the flow far away from wall using standard k-€ turbulence model [3]. The transport equation
for turbulent kinetic energy, k is represented by

=R
oK 0 ,_ 0 vT) oK Tij 0u;
ot + 0x; (ulK) 0x; (U + o/ 0x; + p Oxj € ( )

where T_S-is the Reynolds stress tensor, p is the density, and oy, is the diffusion Prandtl number for
turbulent kinetic energy. The transport equation for turbulence energy dissipation rate, € is
represented by

de a ,_ 0 ur\ d¢ STLR' o1; g2
—+7i(ul€)=7(U+—T)7+Cg1-—]—j—C527 (2)
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where C.; = 1.44, C, = 1.92, g, is the diffusion Prandtl number for isotropic turbulence energy
dissipation rate and is equal to 1.3 [4]. Meanwhile the eddy viscosity for k-e model is expressed as

vr =G, (3)
where C, =0.09.

The transport equation for specific dissipation rate, w is expressed as

dpw 7] _ 0 w Y 2
ot T o (pow) = o, (Il+%lir)a—xj +o-P = Bpo” +2(1 - Fy

POw2 a_Ka_a) (4)
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d

where the turbulent eddy viscosity is represented by

paik

Ur = (5)

max (aw,0QF,)
The function F1 and F; are given by

F, = tanh(arg?) (6)
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arg, = max (2 Fod’ iw

The constants used is a; = 0.31, k = 0.41, B* = 0.09 and 0> = 0.856. The SST k-w turbulence model
is a blend of k-€ model and k-w model. This eliminate the weakness for k-e model which is inaccurate
prediction at near wall location and the weakness of k-w model which is too sensitive to the
freestream turbulence condition. This model gives better result with flow that involves separation of
flow. However, the weakness of this model is it requires higher computation power due to the
additional function F1 and F..

2.2 Domain Modelling
Two propellers with different diameter and pitch which is APC 6X4E propeller and APC 9X6E
propeller are purchased and to be measured physically. The aerofoil of the propeller blade consists

of low Reynolds number Eppler E63 aerofoil blended with a Clark-Y similar aerofoil at the tip of the
propeller blade. Figure 1 shows the chord and twist distribution for the propellers.
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Fig. 1. (a) Top and (b) side view sketch of 9x6E and 6X4E propeller

The multiple reference frame (MRF) model approach is used. This approach is widely used for the
analysis for turbomachinery that consist of rotating part and a fixed part [2,5,6]. To imitate the flow
in wind tunnel testing, the domain of the flow is separated into stationary domain and rotating
domain. The rotating domain is a small cylinder that enclose the propeller with the boundary close
to the propeller while the stationary domain is represented by a larger cylinder that enclose the
rotating domain and propeller with the boundary further away from the propeller. For CFD analysis
on the propellers at different propeller disc angle, the size of the static domain is remained constant
while the direction of the inlet is changed to achieve the effect of desired propeller disc angle. Figure
2 below shows the full domain of the model used for simulation at non-zero propeller disc angle.

0
0 0500 1.000 (m) —"J
—

0250 0.750

(a) (b)

Fig. 2. (a) Isometric view and (b) Top View of the CFD domain for non-zero propeller disc angle
2.2 Mesh Generation

The meshing for the model stationary domain, rotating domain and propeller is generated using
the built-in mesh tool in ANSYS FLUENT. Tetrahedral mesh is constructed with capture proximity and
capture curvature built in settings in ANSYS FLUENT. The element size for the mesh at the propeller
and rotating region are finer compared to the element size of the static region mesh as this project
intend to focus on the flow around the propeller to obtain the lift and drag coefficient of the
propeller. To eliminate the mesh discretization error, mesh convergence test is conducted by
recording the thrust of the propeller at decreasing mesh size until convergence of result is obtained.
Then, the element size is where the result converges is chosen. The meshing of the propeller is shown
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in Figure 3 where the element size for the propeller is smaller and the size increase moving further
away from the propeller. Study from Seeni et al., [2] has come up with a fitting method to overcome
grid independent issues and from the result, the range of the error is about 3-70% of error as the
advance ratio increase from 0.192 to 0.799 respectively.

Fig. 3. Meshing of the propeller and its domain

Mesh convergence test is conducted by recording the thrust of the propeller at decreasing mesh
size until convergence of result is obtained. 4 different meshes consisting of tetrahedral meshes is
constructed to test the convergence of the data. The first 3 mesh constructed is the default meshing
using ANSYS Fluent with coarse, mid, and fine meshing while the fourth meshing constructed is fine
mesh with capture curvature and proximity settings on. The information of the mesh generated is
shown in Table 1. The mesh convergence test is tested by running simulation on the 9x6E APC
propeller model at 1000rpm and 0 ms™ inlet velocity using standard k- model. The propeller thrust
results are plotted against the number of mesh element and compared to the manufacturer data.
The mesh convergence test in Figure 4 shows that the result converges as the number of mesh
element increases and the simulation result for the highest number of mesh elements is closest to
the experimental data. This mesh is chosen as the final mesh as the result converges and further
increase in element number will only cost more computation power and low effect on the accuracy
of the analysis.

Table 1

Number of mesh elements for different mesh configuration
Configuration Mesh Element
Coarse 115729

Medium 308082

Fine 339360

Fine mesh with capture curvature and 352496

proximity settings selected
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2.2 Selection of Turbulence Model
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Selection of turbulence model is an important step in setting up a CFD simulation. Static thrust
CFD analysis is conducted at zero propeller disc angle with angular velocity ranging from 1000rpm to
8000rpm using different turbulence model. The CFD simulation result is then compared with the
manufacturer data to determine the most suitable turbulence data that match the manufacturer and
UIUC experiment data [8,16] closely as shown in Table 2. For both 6X4E propeller and 9X6E propeller,
SST k-w model shows more accurate result compared to standard k- model, Spalart-Alimaras (S-A)
model, and standard k-w model as shown in Figure 5 and Figure 6. Therefore, the SST k-w model is
used for this study.
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Fig. 5. Propeller thrust against propeller angular velocity curve for (a) 6X4E and (b) 9x6E
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Table 2
Percentage error of different turbulence model simulation result compared to
manufacturer experimental data

Turbulence Model Percentage Error (%)
6x4E 9x6E
Propeller Propeller Propeller Propeller
Thrust Torque Thrust Torque
Standard k-€ model 241 17.63 2.69 10.73
Spalart-Allmaras 4.34 16.68 2.76 9.68
model
Standard k-w model 4.62 18.60 3.02 9.78
SST k-w model 2.54 15.98 2.50 9.03
3. Results

3.1 CFD Simulation of Propeller at Different Advance Ratio

To further validate the use of CFD simulation in determining the aerodynamic characteristics of
the Low Reynolds Number propeller. The thrust coefficient, torque coefficient and propeller
efficiency of the 9X6E and 6X4E propellers are obtained through CFD simulation and compared with
the experimental data. The advance ratio used ranges from 0 to 0.88 while the angular velocity ranges
from 4000rpm and 8000rpm. The figures show that thrust coefficient and torque coefficient
decreases with the increasing advance ratio for both propellers. For the propeller efficiency, the
propeller efficiency increases with the increasing advance ratio and then decreases with the
increasing advance ratio at advance ratio 2 0.6. The simulation is conducted for 4000rpm and
8000rpm to test the consistency of the CFD simulation at different angular velocity.

Based on the result of CFD simulation, the coefficient of thrust, Ct and Cq at the same advance
ratio result show consistent value when the simulation is run on different angular velocity. Based on
Figure 7 and Figure 8, the CFD simulation results follows the experimental result closely. For 6X4E
propeller, the Ct value is overestimated at higher advance ratio as shown in Figure 7. Meanwhile, the
Cq value for 6X4E is overestimated at all advance ratios. The average percentage error for Cy and Cq
at different angular velocity is 11.50% and 27.49% respectively. For 9X6E propeller, both Ct and Cq
simulation result matches the experimental result closely and the Cq value is overestimated at lower
and higher advance ratio. The average percentage error for Cr and Cq at different angular velocity is
8.40% and 16.7% respectively. For propeller efficiency, Np, the CFD simulation results follows the
experimental value closely with slight overestimation for both 6X4E and 9X6E propeller. The average
percentage error for Np at different angular velocity is 13.59% and 11.52% for 6X4E and 9X6E
respectively.

There are different reasons that contribute to the error of the CFD simulation. The main source
of error for the CFD simulation is the CAD modelling of the propeller. Firstly, the information on the
aerofoil of the propeller blade is limited. The aerofoil of the propeller blade is only described as low
Reynolds number Eppler E63 aerofoil blended with a Clark-Y similar aerofoil at the tip of the propeller
blade. Besides, the limitation of measuring tools used to measure the dimension of the propellers
also contribute to the error of the simulation. The top and side view of the propeller is sketched and
a digital vernier calliper is used to measure the width at different distance of the propeller blade. The
limitation of the vernier calliper to measure the distance accurately will contribute to the error.
Besides, the blade angle of twist cannot be measured without the specific tools such as 3D scanner.
Information on the propeller blade chord and twist distribution of 9X6E propeller are obtained from
UIUC propeller database and combined with the dimension measured using vernier calliper,
therefore the error of CFD simulation is lower. Meanwhile there is no information on the chord and
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twist distribution of 6X4E propeller blade. Hence, the error of the CFD simulation on 6x4E propeller
is higher than that of 9X6E propeller.
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Fig. 7. Cy, Cq and N, against Advance Ratio for 6x4E at 4000rpm and 8000rpm
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Fig. 8. Cy, Cq and N, against Advance Ratio for 9X6E at 4000rpm and 8000rpm
3.2 Propeller Performance at Different Propeller Disc Angle

The thrust and torque coefficient for both 6X4E and 9X6E APC propeller at varying advance ratio
and propeller disc angle is obtained via CFD simulation. The simulation is conducted at angular
velocity of 4000rpm, propeller disc angle of 30°, 60° and 90° and advance ratio ranging from 0 to
0.88. 4000rpm is chosen as the model and analysis due the less error yielded during O angle at
different advance ratio. The results for both 6X4E and 9X6E in figures below show that the thrust
coefficient increases with the increasing propeller disc angle at the same advance ratio. For propeller
disc angle of 0°, 30° and 60°, the thrust coefficient decreases as the advance ratio increases.
Meanwhile, the thrust coefficient at 90° propeller disc angle increases with the increasing advance
ratio. It is also evident that the difference of thrust coefficient at different propeller angle is minimal
at advance ratio < 0.3. The results obtained from the CFD simulation matches with the results
obtained by Serrano et al., [1] where the thrust coefficient decreases with increasing advance ratio
at propeller disc angle < 60° and increases with increasing advance ratio at propeller disc angle > 70°.
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As for torque coefficient, the CFD simulation result shows that the torque coefficient increases
with increasing propeller disc angle at the same advance ratio except for thrust coefficient at a = 60°
smaller than that of 30°. For propeller disc angle of 0°, 30° and 60°, the torque coefficient decreases
as the advance ratio increases. Meanwhile, the torque coefficient at 90° propeller disc angle increases
with the increasing advance ratio. The torque coefficient at advance ratio < 0.3 also shows overlap
and minimal difference indicating that the propeller disc angle only affects the torque coefficient
slightly at low advance ratio.

According to Figure 9, Figure 10 and Figure 11, the propeller efficiency increases with increasing
propeller disc angle of attack at the constant advance ratio. For 0° propeller disc angle, the propeller
efficiency increases with increasing advance ratio until the maximum efficiency around advance ratio
of 0.6 and then decreases with the increasing advance ratio. For propeller disc angle > 0°, the
propeller efficiency increases with increasing advance ratio. At advance ratio < 0.3, the propeller
efficiency at different propeller disc angle overlaps and there ARE only small differences of the
efficiency. These CFD simulation results matches the wind tunnel results obtained by Serrano et al.,
[1] closely.
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Fig. 9. Coefficient of thrust, C; against advance ratio at different angle for
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Fig. 11. Efficiency, Np against advance ratio for (a) 6X4E propeller (b) 9x6E

4. Conclusions

Two CFD analysis was conducted, one is the CFD simulation on 9x6E and 6x4E APC propellers
conducted using ANSYS FLUENT at different advance ratio from 0 to 0.88 and different rpm at
4000rpm and 8000rpm. The percentage error of the CFD simulation on 6X4E propeller is higher than
that of 9X6E propeller. Second, the CFD simulation on 9X6E and 6X4E APC propellers conducted at
advance ratio ranging from 0 to 0.8 and propeller disc angle of 0°, 30°, 60°, and 90° at 4000rpm. The
Cr1, Cq and Np against advance ratio curves generated from CFD simulation followed the trend of the
wind tunnel testing data conducted by Serrano et al., [1].

Multiple reference frame method is used to simulate the rotating of the propeller in the flowing
airstream. Tetrahedral mesh is constructed, and mesh convergence test is conducted to minimize the
discretization error. By comparing the simulation results from different turbulence model, SST k-w
model is found to provide more result with higher accuracy compared to standard k- model, Spalart-
Allmaras (S-A) model, and standard k-w model.

The CFD analysis shows that the turbulence model and the mesh used are acceptable in
comparison to the wind tunnel test for thrust performance estimation but improvement on meshing
configuration can be done for torque performance estimation. The error produce for thrust
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estimation is lower than 12% for both 6x4E and 9x6E propellers. The error for torque and efficiency
estimation is between 15-30% and 12% respectively.
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