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Abstract Keywords

An investigation of fixed - pitch propeller aerodynamics is described in this
paper. The impetus for the work was to identify the proposed propeller’s
efficiency, thrust coefficient, power coefficient, and pressure contours. All
computational analyses were performed using Computational Fluid Dynamics
(CFD) software called Cradle scFLOW. During the simulation process, velocity

Aerodynamics

CFD simulation
Propeller
Performance analysis
Propulsive efficiency

was set to 60 knots (30.87 m/s) and the initial RPM (Revolution per Minute)

was kept constant at 3100 to specify efficiency. Subsequently, the RPM value Time Scale of Article

was varied to achieve thrust force. According to results, a thrust value of
1700N was achieved and propeller efficiency was found 0.79. Thrust value was
then compared with the data obtained from experimental studies and the
notable match was achieved. An increase in advance ratio was found to raise
propeller efficiency at some point, and then reduction was observed in terms
of efficiency due to thrust reduction. After these investigations, the obtained
thrust force was compared with experimental data. The CFD results indicated
a good agreement with the experimental results.
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1. Introduction position of the throttle.

The advantage of this

A propeller is a device consisting of two or more blades
that produces a flow of air towards the rear, which in
turn provides the thrust to push an airplane forward.
Thrust from a propeller is exerted along and parallel to
the longitudinal axis of the device, and this axis coincides
with the airplane's direction of motion. Propellers can be
classified into two general types: fixed-pitch propellers
and variable-pitch propellers. Most of the analysis
necessary for understanding and designing both types is
the same. Fixed-pitch propellers impart a fixed amount
of thrust for a given power setting; that is, the total force
exerted on the airplane is always the same for a given

configuration is its simple structure and cheap cost.
However, the efficiency of FPP is slightly lower than that
of a wvariable pitch propeller (VPP) due to the
inconvenience of the appropriate pitch angle which is
suitable for the aircraft state or flight condition. In
contrast, a propeller pitch angle will be changed
automatically in a variable-pitch propeller to accomplish
any specific power. Most recent engine airplanes such as
corporate and air transport aircraft use some type of
variable-pitch propeller. However, in most modern
general aviation airplanes (such as light training aircraft),
fixed-pitch propellers are more affordable and less
complex, and this is reason enough to consider their
aerodynamic characteristics.
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Over the century, propellers have been an essential part
of air transportation; unfortunately, these devices are far
from remaining static technology. Though propellers
have an extensive history, the recent era is marked by
progressions in materials, computational capabilities,
and aerodynamic perceptions. Combining all of these
advancements is leading a revolution in propeller
technology, enabling them to develop and meet the
growing demands of industries endeavoring for
enhanced performance, reduced environmental effect,
and greater safety. The literature on propeller
aerodynamics is scattered and, in some respects,
inconsistent and incomplete. In this regard, summaries
the theory of aircraft propellers by highlighting a
systematic  design  procedures and  deeper
understanding of associated methods for computational
performance models (Wald, 2006).

The propeller's design can alter any existing feature that
the propeller's performance or adding a new feature on
the propeller to improve its performance. For instance,
increasing the number of blades positively impacts the
blade's performance since the distribution of thrust and
power is even in the propeller's wake. Therefore, the
efficiency is slightly improved but not very significant.
investigated the effects of blade numbers on
aerodynamic performance of propellers (Bertetta et al.,
2012). Likewise, several researchers mentioned recent
studies on different propeller design and analysis
methods by using various experimental and
computational methodologies (Ol et al., 2008; Singh et
al., 2011; Asl et al., 2017; Zao et al., 2019). According to the
results, it was observed that the rotation speed
decreased as the number of blades increased. It has also
been found to cause a decrease in propeller efficiency.
However, increasing the number of blades will demand
more power from the engine to produce thrust. For a
given power and thrust, the propeller blades will be
narrow as the number of blades increase. Having a large
diameter propeller can significantly influence the
performance, especially the propeller's efficiency. This is
due to the ability to produce a greater fluid volume and
better distribution of thrust and power compared to
smaller diameter propeller. However, more power will
be needed to rotate the propeller, can cause high fuel
consumption and if it is an electric aircraft, the motor
will potentially burn out.

Moreover, slotted propeller design concepts were also
investigated by (Kutty et al., 2017; Seeni et al., 2019; Song
et al, 2019). (Ramzi et al, 2011) investigated the
performance variations of passive slotted blade in highly
loaded compressor cascade. Slotted design on high
cambered blade with

NACA 65-(18)10 airfoil sections were studied using CFD.
The effect of slot location, slot width and slot slope on
cascade performance was investigated. A reduction in

pressure loss coefficient of up to 28.3% was observed
among the various designs analyzed. Similarly, a
numerical investigation of passive slotted wind turbine
designed and investigated with S809 airfoil for Re of
2x10%(Kang and Park, 2013). Five different angles of
attack cases were used. It was found that at 0.6 chord
slot location and 14.24° angle of attack, the maximum lift
coefficient (C.) was observed. Furthermore, at
0.024chord and angles of attack of 14.24° and 20.15°, stall
delay was observed. performed a slotted blade design
study with slot opening extending from pressure side to
suction side with slot width of 3 mm through both
numerical and experimental methods (Xie et al., 2013).
The angles of attack are varied for identical flow
conditions. It was found that at lower angle of attack
from 0° to 10° the flow remained unchanged. At angle of
attack of 20°, a 4.9% increase in C. was observed. At 15°
angle of attack, only a 1.6% increase in C. value was
found. Overall, taking CFD results into consideration,
high rate of performance enhancement was achieved
using slotted geometry. Additionally, better acoustic
performance benefits were seen with higher number of
blades (Lieser et al., 1997).

Current conventional methodologies for predicting
propeller performance are through momentum theory
(McCormick, 1994) and blade element theory (Houghton
and Carpenter, 2005). However, momentum theory is
completely idealistic and completely independent of the
airfoil to find performance parameters. Blade element
theory, on the other hand, predicts performance
relatively realistically by considering the airfoil as
discrete wing elements. Nevertheless, both theories
cannot reach the practical situation where the flow is
truly complex due to the presence of 3D vortices created
in the shear flow of the propeller. Using CFD enables to
study viscous flow and to investigate the flow pattern
across a propeller blade, which is not so applicable for
other numerical methodologies (Kaidi, 2012). Comparing
CFD simulation with experimental methods, CFD
simulations was found to be less time required to obtain
results. The numerical method in CFD is therefore
chosen over other methods for the current study.

Ongoing research continues to uncover innovative
design approaches, optimize performance through
computational and experimental methods, and address
the modern challenges of efficiency and environmental
impact. In this paper, aerodynamic properties of
proposed propeller model investigated by using CFD
methods (application: Cradle scFLOW) and thrust data
then validated through experimental data.

2. Method

Momentum and Blade element theory are the most
common methods wused to define aerodynamic
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properties as aforementioned above in the introduction
section. Due to complex flow regimes around the
propeller geometry, both methods seem insufficient
with an actual scenario. Hence, CFD has been used to
identify the performance parameters a propeller blade.

2.1. CFD Governing Equations

In general, continuity and Reynolds-averaged
momentum equations are the two main parts of the
points while governing CFD equations (Versteeg et al.,
1997). The continuity equation for an incompressible
flow is given as follows:

div u=0 (1)

Applying the Reynolds averaging approach (Osborne,
1845) to turbulence modeling produces time-averaged
governing equations, also known as Reynolds Averaged
Navier Stokes Equations (RANS) equations, which can be
written in Cartesian tensor form as:

ap a _
ac tax; (Pu=0 2)

a(puy) n a(puruj) _
at ax]'

ap a ou;  0u; 2 0um, 4 T
£ (ﬂ 2 -5 az—:ﬂ + J},(_Puluj) (®)
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where x; are Cartesian coordinates (i = 1,2,3); p is the
density; t is the time; u; are Cartesian velocity
components (i = 1,2,3); p and p indicate the pressure and
dynamic viscosity, respectively, §;; represent the
Kronecker delta, —pTu} is the Reynolds stresses.
Reynolds stresses can be related to mean deformation
rates as indicated by the Boussinesq hypothesis
(Francois, 2007) and can be written as:
—pujy =y, (Z%} + %) =2 (pk+ w36y (4)

where ., represents the turbulent viscosity. Then, p, will
be estimated by the turbulence model equalities.

2.2 Propeller Model

The selected basic propeller was utilized with a diameter
(D) of 145 m and a fixed pitch (B) of 11.5¢ (Fig. 1). The
propeller is designed with estimated ARA-D 10% airfoil
sections near the hub and Clark-Y airfoil sections near
the tip. This propeller-like feature is commonly used in
applications operating at low Reynolds number such as
UAVs.

(b)

Fig. 1. Propeller model (a) Computer Aided Design
model and (b) Structural model.

2.3 CFD Steady State-Rans Solver

In this study, the CFD finite volume-based solver Cradle
scFLOW is chosen to solve the RANS equations for an
incompressible flow. The flow around the propeller is
always unstable, and the presence of turbulence
patterns makes the flow unstable. However, the RANS
turbulence model provides closure to the Reynolds
Stress tensor, which signifies the influence of turbulent
fluctuations in the mean flow. This allows steady-state
simulations to be performed in Cradle scFLOW. The
boundary conditions applied for this study are shown in
Fig. 2.

2.4 Grid Generation and Flow Field Solution

3D numerical grid was applied in which the velocity
components u, v and w and the pressure component p at
the center of the control volumes are computed. The
propeller was designed using Computer Aided Design
software MSC Apex and then imported into Cradle
SCFlow for domain creation. The simulation's flow
domain is modeled based on the Multiple Reference
Frame and consists of two regions: fixed and rotational
(Fig. 2). A rotating reference frame that rotates at a
constant angular speed of 3100 rpm surrounds the
propeller. Subsequently, this value varied in order to
measure how much thrust propeller can provide with
diverse RPM settings.

The boundary conditions and computational domain are
set according to (Seeni et al., (2020) and (Sanjeevi et al.,
2009). The rotating reference frame is designed to have
a cylinder-shaped geometry with a diameter of 1.1D. The
fixed reference frame is assigned with a rectangular
geometry with sides of dimensions 15Dx4Dx4D, as shown
in Fig. 2. The adjusted dimensions were found to be
sufficient for the simulation to reach steady state and for
the trace of the flow to disappear below the impeller. An
offset condition is set on rectangular walls while inlet
and outlet labels are assigned to the front and back of
the geometry. The carousel is maintained at a length of
approximately 2D from the front of the geometry to 12D
from the rear side of the geometry. The rotating frame is
rotated at a small angle with the propeller set inside. The
axis of rotation is adjusted to be aligned with the hub axis
of the propeller.
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Fig. 2. Boundary conditions for (a) Stationary
Computational Domain (b) Rotational-
Computational Domain.

The area is connected using polyhedral elements in the
two regions (Fig. 3). The mesh in the rotating frame close
to the propeller is knitted with finer elements than the
outer frame. Mesh generation is performed via
simultaneous discretization in both regions using
unstructured mesh. An unstructured mesh was chosen
over structured network as both network schemes
produced almost similar results. The curvature of the
propeller geometry affected the mesh skew, which
increased the complexity of the field geometry to be
meshed. For an unstructured network, the number of Y+
walls to be protected in the fan wall must be less than
300 according to (Tian et al., 2015) and (Alakashi et al.,
2014). The mesh independence study finds the right
mesh resolution to get accurate results by reducing the
simulation's errors. The accuracy of the result can be
determined by comparing the results with existing
experimental results.

The front and back parts of the fixed area are assigned
as velocity input and pressure output, respectively. A no-

Fig. 3. Mesh-network structure created for propeller
simulation.

slip condition is assigned to the wall of the rotating area.
The turbulence intensity was set to 0.1% based on
experimental assumptions (Brandt et al, 2011). The
output is specified with a static pressure of 0 Pa. The
semi-indirect method for pressure linked equations is
assumed as a pressure-velocity coupling diagram. It is
assumed that the fluid is air at 20°C, with a density of

1

1.225 kg/m3 and a dynamic viscosity of 1.83x kgm™ts™1.
Flow speed was set as 60 knots (30.87m/s).

2.5 Aerodynamic Coefficient and Propeller
Efficiency

A relatively common and easiest method of computing
the performance of a propeller is the use of Blade
Element Theory. Using this method, the propeller split
into many independent segments along its length. A
balance of forces is applied to each section, including the
thrust and torque generated by the segment and the lift
and drag of the 2D section. At the same time, axial and
angular momentum balance is applied. This yields a set
of non-linear equations that can be solved iteratively for
each blade section. The resulting cross-sectional thrust
and torque values can be aggregated to estimate the
overall performance of the propeller.

There are some performance parameters that need to be
identified to shape out propeller characteristics
aerodynamically. These parameters are:

e Thrust Coefficient (Cr): A dimensionless number
that represents thrust performance relative to
the air density, the propeller diameter, and the
rotational speed.

e Power Coefficient (Cp): This dimensionless
coefficient represents the power required to
turn the propeller relative to the air density,
diameter, and rotational speed.

e Efficiency (n): The ratio of the useful power
(thrust power) generated by the propeller to the
actual power input, expressed as a percentage.

The thrust coefficient is defined by the following
expression:
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Cr=—r3 ©)

pn2Dp*

where T is the thrust force, p is the air density, n is the
revolutions per second and D is the propeller’s diameter.
The advance ratio is defined by the following correlation:

J==5 (6)

v
nbD
where V is the free stream velocity.

The power coefficient is defined as follows:

Co=— (7)

~ pn3DpS

The efficiency of the propeller is defined by the following
correlation:

n=Jg ®)

Furthermore, propeller performance can be predicted
by using the equation below;

n=n(Cp,)) )

(Gur, 2013) proposed an example of such procedures. It
should be noted that propeller power depends on torque
and angular speed. Torque can be viewed as the resistive
force due to rotation. Torque causes a twist from the hub
towards the tip axis and is therefore undesirable.

2.6 Experimental Setup

The experimental studies were carried out by examining
the propeller thrust generated on ground. The
orientation and location of the accelerometer used
during these tests are given in Fig. 4. The data were read
from the Burster 8524-6020 type load cell placed on the
engine test stand (relative linearity deviation: +0.25%).
The obtained data were later compared with the current
numerical values.

3. Results and Discussion

3.1 Comparison between Numerical and
Experimental Results of Thrust

Fig. 5 shows the comparison between CFD and
experimental results. A maximum of 1700N were
achieved with a maximum engine speed., Increasing
propeller revolutions up to 3100 RPM tends to raise the
thrust value further. This would be expected due to
increased air component across the blades creating
higher-pressure difference in order to accelerate
aircraft, hence thrust increased. As can be seen from the
graph (Fig. 5), experimental data are in close proximity
with data obtained from Cradle scFLOW. There is a slight
difference between the experimental and simulation
results. This difference is observed because wind, speed
and/or similar factors are not included in the simulation
environment.

Fig. 4. Accelerometer attachment point and orientation of the coordinate system.
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Fig. 6. Velocity distribution along the propeller.

Fig. 7. Propeller sections.

3.2 Aerodynamic performance characterization of a
propeller

It is a well-known concept that velocity distribution on
the propeller varies according to the pressure
distribution. It increases proportionally from the hub to
the tip. Fig. 6 clearly shows the speed differences that
gradually occur on the propeller. This distribution in
speed values is evidence that the drag effect created by
the propeller increases from the hub to the tip, as in
theory (Marcus et al., 2018). This would be expected,
because when the rotating object is away from the
center of rotation, the faster it moves.

In addition to the fixed pitch of the propeller, the amount

of twisting also plays a role in shaping the fluidity and
subsequently changing the values of the acting forces.
The twist angle generally changes the angle of attack of
the profile on the propeller, causing a decrease from the
bottom of the blade to the tip, and then a non-linear
lifting and drag force occurs (a decrease in force is
expected at the tip point) as agreement with (Marcus et
al., 2018). The propeller sections are showing in Fig. 7. Fig.
8 (a) and (b) illustrate lift and drag forces obtained over
the propeller surface. It can be seen that both drag and
lift forces are increased up to some point around section
6 and then reduced as expected due to variation occurs
at an angle of blades.
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Fig. 8. Aerodynamic Forces produced by the propeller
model (a) Lift and (b) Drag forces

Having the right distribution of lift and drag along the
propeller blade often points out airfoils' composition in
the blade. When the blade rotates, the propeller blade tip
rotates faster than the blade section closer to the hub.
Hence, the selection of airfoil along the blade is crucial
due to this very reason.

Drag depends on several geometry properties including
the airfoil shape, camber, thickness, etc., and on the
operating conditions, Reynolds number, Mach number,
and angle of attack. As aforementioned, the propeller
model includes a twist section, which generates higher
load (both lift and drag) values. Regarding drag force (Fig.
8(b)), the maximum drag occurs at approximately 60% of
the propeller length. This corresponds to the region
where both the twist and angle of attack of the propeller
are at their highest. Beyond this point, the forces acting
on the propeller surface decrease. A similar trend is
observed for the lift force as well (see Fig. 8(a)).

In the conceptual design phase or sometimes before
that, the efficiency of the propeller is needed for
designers to calculate the maximum thrust value of an
aircraft. This thrust value will be used to define
endurance of an aircraft. In this regard, analytical
methods suggested to identify the propeller efficiency
(Glauert, 1935). Fig. 9 (a) indicates proposed propeller
efficiency by changing advance ratio (J). It is worth

mentioning that advance ratio depends on velocity, RPM
and propeller’s diameter. It can be seen that maximum
propeller efficiency (n=0.79) achieved at J=0.51. Since
efficiency is inversely proportional to the power
coefficient, the propellers with higher power coefficient
have lower efficiency. The data points show that as the
Advance Ratio (J) increases, the efficiency of the
propeller initially increases, reaches a peak, and then
begins to decrease. At very low Advance Ratios (J = 0.10),
the efficiency is very low. This is typical for situations
where the propeller is spinning rapidly, but the forward
speed is very low, such as during takeoff or when the air
vehicle is stationary. As J increases (J = 0.51 to J = 0.64),
the efficiency of the propeller peaks (J = 0.51). This range
represents the optimal operating condition for the
propeller, where it is most effective at converting engine
power into thrust. At higher Advance Ratios (J > 0.64), the
efficiency starts to decrease. This indicates that at
higher speeds (relative to the propeller's rotational
speed), the propeller becomes less efficient, likely due to
aerodynamic losses and the reduced ability to generate
thrust. For maximum fuel efficiency and performance,
the aircraft should aim to operate at or near the Advance
Ratio that corresponds to the peak efficiency.
Consequently, the maximum efficiency occurs at a
moderate Advance Ratio, suggesting that there is an
optimal range of operating conditions where the
propeller performs best. Low efficiency at very low and
very high Advance Ratios indicates that the propeller is
not well-suited for those conditions. At low J, the
propeller is not effective because the forward speed is
too low, and at high J, the propeller is less efficient
because it cannot generate sufficient thrust relative to
the power input. For maximum fuel efficiency and
performance, the aircraft should aim to operate at or
near the Advance Ratio that corresponds to the peak
efficiency.

Moreover, Fig. 9 (b) illustrates the propeller thrust and
power coefficient values versus advance ratio which play
an important role in determining the power required to
rotate the propeller. Taking as reference value of
advance ratio (J=0.51) at which the propeller efficiency is
highest, Cr and Cp values are found as 0.1 and 0.07,
respectively. Looking details in graph, the x-axis
represents the Advance Ratio (J), which is the ratio of the
forward speed of the aircraft to the product of the
propeller's rotational speed and diameter. The y-axis
represents the values of the Thrust Coefficient (Cr) and
the Power Coefficient (Cp). According to general trends,
as the Advance Ratio (J) increases from 0.41 to 0.85, both
Cr and Cp decrease. Thrust Coefficient (Cr) starts higher
at lower advance ratios and decreases as the advance
ratio increases. This indicates that the propeller is more
effective at generating thrust at lower advance ratios
(higher relative rotational speeds).
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Fig. 9. Propeller performance values: (a) Propeller
Efficiency and (b) Propeller Thrust Coefficient
and Pressure Coefficient

Power Coefficient (Cp) also decreases with increasing
advance ratio, but it does so more gradually compared to
Cr. At lower Advance Ratios (e.g., J = 0.41): The propeller
produces more thrust relative to power absorbed,
indicated by higher Cr values. This is typical for takeoff
or low-speed operations. At higher Advance Ratios (e.g.,
J = 0.85): Both Cr and Cp are lower, meaning that the
propeller is operating in a more efficient regime, where
less thrust and power are needed as the vehicle is
moving faster. This is more representative of cruise
conditions. The decreasing trend of both Cr and Cp with
increasing J suggests that as the forward speed increases
(relative to propeller speed), the propeller becomes less
effective at generating thrust, and the power required to
maintain that thrust also decreases. This graph is useful
for understanding the performance of a propeller across
different operating conditions, particularly how
effective it is at converting rotational power into thrust
at various speeds.
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Fig. 10. Pressure distribution over the propeller: (a)
pressure contours on the upstream side of the
propeller (3100RPM) and (b) pressure contours
on the downstream side of the propeller
(3100RPM)

Fig. 10 (a) and (b) show the pressure contours on the
propeller structure. With constant RPM (3100), the speed
on the propeller sections increased proportionally from
hub to tip. This causes a gradual decrease in pressure
due to the increase in velocity from the hub to the tip as
agreement with (Krishnan et al., 2009). Furthermore, the
higher pressure is seen as expected at the front point
where the propeller meets the fluid towards the
direction of rotation. The downstream side of the
propeller shows evenly distributed higher pressure; this
flow creates a pressure difference with the unevenly
distributed low pressure on the wupstream and
downstream sides, thus producing thrust.

4. Conclusions

Characterizing the aerodynamic performance of a
propeller is essential for applications ranging from
aviation to marine propulsion. It delivers insights that aid
in the design process, ensuring that propellers perform
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optimally under targeted operating conditions. In
general, the fixed pitch produced propeller model has
been analyzed aerodynamically in this research. As a
result of this analysis, considering maximum 3100 RPM
value;

* DPropeller provided a thrust value of 1700N. This
value was compared with the data obtained from
experimental studies and the notable match was
achieved.

* Aerodynamic performance data are considered;
proposed propeller model was found to have
0.79 efficiency value at J=0.51.

e Thrust coefficient and pressure coefficient
values are found as 0.1 and 0.07, respectively.

* When looking at the fluidity of the model, similar
observation was achieved with theory.

As future work, the full range of efficiency of the
propeller can be achieved by taking measurements at
different RPM values, and the optimum angle of the
propeller can be found by measurements made with
different pitch angles.
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Nomenclature
C. : Lift coefficient
Co : Drag coefficient
Cr : Thrust coefficient
Cp : Power coefficient
n : Propeller efficiency
T : Thrust, N

: Density, kg/m3
: Rotational speed, rev/s

: Diameter, m

— g B ©

: Advance ratio

\ : Freestream velocity, m/s
C : Chord length, m
: Radial distance from hub centre, m
R : Propeller radius, m
" : Turbulent viscosity
B : Pitch angle
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