Journal of Science and Technique - Vol. 19, No. 03 (Nov. 2024)

STUDY OF AERODYNAMIC NOISE OF PROPELLER
CONSIDERING THE INFLUENCE OF BOUNDARY SURFACE
USING CFD METHOD

Thanh Dong Pham?”*, Quang Quyen Le!, Ngoc Thanh Dang?, Quoc Tru Vu!
Faculty of Aerospace Engineering, Le Quy Don Technical University

Abstract

This article focuses on the aerodynamic and acoustic characteristics of both an isolated
propeller model and a propeller - boundary surface model. The study uses the Reynolds-
averaged Navier-Stokes (RANS) method combined with Computational Fluid Dynamics
techniques to analyze the flow field and wake flow behind the propeller and to determine its
basic aerodynamic coefficients. The pressure on the surface of the propeller and boundary
surface is used as input for the noise calculations. An acoustic analogy method, based on the
Farassat 1A formulation derived from the Ffowcs Williams-Hawkings (FW-H) equation, is
employed to calculate the propagation of noise from the surfaces of the propeller and
boundary surface to designated positions (microphones). The research results lead to some
significant conclusions drawn by the authors.
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1. Introduction

Awareness of the adverse effects of noise is increasing in modern society, leading
to more and more scientific research focusing on analyzing and seeking solutions to
reduce noise [1-3]. Propeller noise is a branch of aeroacoustics, related to the sound
generated by aerodynamic forces or unsteady turbulent motions of the airflow. On the
other hand, propellers are widely used in most Unmanned Aerial Systems (UAS) of
various sizes [4]. The efficiency of UAS operations, meeting mission requirements,
heavily depends on the aerodynamic and acoustic characteristics of the propellers during
takeoff and landing phases. This is because, when operating very close to the ground or
boundary surfaces, UAS create significant aerodynamic disturbances, often referred to as
"Ground Effect" [5, 6]. Operating within the Ground Effect can lead to changes in
aeroacoustics and increased noise levels, along with changes in stability and flight control
requirements. Therefore, studying the aerodynamic and aeroacoustic characteristics
during takeoff and landing, as well as the interaction of propellers with boundary surfaces,
is crucial. However, currently, there are not many published studies on the acoustic
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characteristics of propellers under these conditions. Furthermore, knowledge about
potential noise-reduction strategies for both propellers and boundary surfaces for
propeller design, runway surface design, and noise-reducing materials is still very limited.

Many methods for studying the aerodynamic noise of propellers have been developed
over the years [7]. However, the most comprehensive and commonly used in most
aeroacoustic research is the FW-H equation, published by Ffowcs Williams and Hawkings
in 1969, which clearly explains the formation and propagation of sound caused by any rigid
surface moving in space [7-10]. The outstanding advantage of the FW-H equation is its
various solutions, such as the Farassat 1 and 1A formulations [7, 8], and the 1C formulation
by Najafi-Yazdi [9], each of which can be used to solve many specific problems. Currently,
noise prediction and acoustic design of propellers mostly rely on the solution of the FW-H
equation [10]. In terms of approach, aside from a few studies that have independently
developed low-cost computational tools to predict the characteristics of propellers both
aerodynamically [11, 12] and aeroacoustically [13], numerical simulation methods and
experimental methods are widely used by many scientists today [14, 15]. In this article,
the authors aim to use the Computational Fluid Dynamics (CFD) simulation method on
Ansys Fluent software to study and determine the aerodynamic and acoustic characteristics
of a specific propeller considering the influence of the boundary surface. The research in
this article includes two processes: determining the aerodynamic characteristics of the
propeller under conditions affected by the boundary surface (ground effect) and calculating
sound radiation at desired receiving points by setting the surface pressure distribution of the
propeller and boundary surface as the sound source. This approach has been widely applied
and published in many studies in various fields [16-20].

2. Simulation model construction

2.1. Governing equations

Navier-Stokes equations: The flow field of the propeller can be assumed to be
quasi-steady. Therefore, based on the k-omega turbulence model, the RANS method can
be used to determine the average information of the flow field [16-18]. The Navier-Stokes
equation in a rotating coordinate system is used below:

%jﬂwawg[ﬂw)—e(w)]nds=j£dev m

where n is normal vector, Q is additional part causing by rotation,
W =[p, pu,pv,pW,pE]T , U, v, w are velocity components of fluid, p is density of the
fluid, E is internal energy of unit fluid, F(W),G(W) are viscous flux and inviscid
flux, respectively.
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Ffowcs Williams-Hawkings Equation and Farassat 1 and 1A Formulas: In 1969,
Williams Ffowcs and Hawkings [10] used generalized function theory to derive the sound
equation of any rigid surface moving in a static fluid medium, known as the famous
FW-H equation. From the late 1970s to the early 1980s, Farassat published the renowned
Farassat 1 and Farassat 1A formulas [7, 8] based on the integral of the Green Function
and the transformation between spatial and time derivatives. These formulas are solutions
to the time-domain integral expressions for thickness noise (TN) and loading noise (LN)
of the FW-H equation. The Farassat 1A formula is expressed as below:

p’'(x,t)=pr (X, t)+ p (x,1) 2
where p’(x,t) is the total acoustic pressure at observers; p; (x,t) and p; (x,t) are the

pressure causing thickness noise and loading noise, respectively, and can be written as:
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L = pu; (u; +Uy, —v, )+ P, s B =(Pp—py); — oy with P isthe pressure at source points;
¢ isthe speed of sound; p, isthe airflow density; tis the time at observers; z is the retarded
time when the noise is emitted from the source to the observer; R :|x — y| is the distance
between the observer and the source, x is the observer position vector, y is the source

position vector. f =0 is a function describing the blade surface (source surface);

From the acoustic pressure spectrum data obtained using formulas (2), (3), and (4),
the overall sound pressure level (OASPL) at a specific measurement location can be
determined. OASPL is a single numerical value that describes the noise source and is
defined as the average of all individual sound pressure levels at the frequencies emitted
by the noise source. OASPL can be determined using the following expression:
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n  SPL; SPL, SPL, SPL,
OASPL =10-log,, {210 10 }zlo-logm {10 0 4101 4,410 © (5)

i=1
where SPLy, SPLo,..., SPL, are sound pressure levels at different frequencies, dB.
2.2. Numerical simulation

The 3D propeller model was constructed using the Inventor graphics software with
the geometric dimensions shown in Tab. 1 and Fig. 1. The 3D propeller model consists
of 2 blades, as illustrated in Fig. 2.

Tab. 1. Geometrical data of propeller

Parameters Measurements ;‘2
[§) 30
Diameter D (mm) 150 gE
5( 'g 20
Chord width (mm) 11 S5
¢ 12 Pitch angle
Pitch angle (°) 35 . Chord
0 0.2 0.4 0.6 0.8 1
Number of blades n 2 rR
Angular speed Q (rpm) | 5000, 6000, 7000 Fig. 1. Geometrical parameters of propeller blade.

The boundary surface is simulated as a thin plate with dimensions of 10R x 10R
(where R is the radius of the propeller blade), positioned below the rotor at a distance h.
In this simulation model, the distance h is set to values of 0.5R, 1.0R, and 1.5R (Fig. 2).
To measure acoustic data, the authors placed microphones at coordinates mic 1 (1.12,
1.34,0), mic 2 (1.75, 0, 0), and mic 3 (0.877, -1.5, 0). The microphones are positioned on
a circle with a radius of 14R from the propeller center, forming angles of 40°, 90°, and
150° with the vertical axis (Fig. 3). Regarding flight mode, this paper focuses on studying
the aerodynamic and acoustic characteristics of the propeller in hover mode, which is
the basic operational mode during takeoff and landing for small helicopters and rotor-
based UAVs.

Using the RANS method combined with CFD techniques integrated within the Ansys
Fluent software, the authors proceeded to mesh the survey model, select the viscosity
model, set boundary conditions, etc., following steps similar to those in the study [21].
The size of the computational domain (static domain) for the aeroacoustic model
Propeller - Boundary surface (Pro - BF) is shown in Fig. 3.
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Fig. 2. 3D model of propeller (a) and boundary surface (b).

The mesh density was concentrated around the propeller blade and the rotating
region, with the boundary layer mesh around the propeller blade consisting of 5 layers
with a growth rate of 1.2 (Fig. 4).
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Fig. 3. Microphone positions for measuring Fig. 4. Grid of domains and propeller.
aerodynamic noise characteristics.

Simulations were conducted for the propeller model in hovering mode based on the
RANS equations with the k-omega SST turbulence model, at an angular velocity of
5000 rpm. Boundary conditions were set for unsteady, compressible flow following the
ideal gas law. The boundary condition for the inlet flow was set as Pressure_inlet, and for
the outlet flow as Pressure_outlet with values equal to ambient pressure; the wall flow
had a velocity of 0. To study the sensitivity of the mesh to the calculation results, the
authors determined the thrust coefficient and the torque coefficient of the independent
rotor in the case of hovering flight, the rotation speed is 5000 rpm with 3 different mesh
sizes of 863000, 1031441 and 1561441 elements, respectively. The calculation data are
shown in Tab. 2. The data show that 1031441 grid cells are sufficient to meet the
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requirements of the blade calculation accuracy. In this paper, the most suitable grid with
1031441 grid cells was selected for further calculation study.

To validate the computational model, the authors used a propeller model with
geometric and Kkinematic parameters that matched the experimental model from
R. Stepanov [22] as a calculation example (Tab. 3). The boundary conditions and viscous
models were set as previously described, with the computational grid containing
1.74 x 10° elements [21]. The comparison results shown in Fig. 5 indicate good agreement
between the simulation data from the authors' model and the experimental results from
R. Stepanov [22]. This demonstrates the reliability of the simulation model presented in
this study.

Tab. 2. Aerodynamic coefficients of propeller with different mesh density

Density Total cells | Thrust | Thrusterror | Torque Torque error
(N) (%) (N.m) (%)
Coarse 863000 2.9 15.69 0.075 3.84
Medium 1031441 33 4.069 0.076 2.56
Fine 1562462 3.44 0 0.078 0

Tab. 3. Geometric parameters of propeller model

Geometric parameters Value
Number of rotor blade 4
Rotor radius R (m) 0.82
Blade chord (m) 0.065
Pitch angel (°) 8°
Angular speed (rpm) 900
Blade airfoil NACA0414
Blade airfoil camber (%) 0.5%
Blade airfoil thickness (%) 14.9%
Blade twist (°) 0°
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Fig. 5. Verifying acoustic simulation results [21].
3. Results and discussions

Simulations were carried out in transient mode with a time step (dt) of 0.0001 s.
After 1200 iterations over a time of 0.3 s, the propeller completed 25 rotations, with the
convergence image and the distribution of the y+ index on the propeller surface shown in
Fig. 6 and Fig. 7. The y+ value is a crucial parameter in CFD simulations, particularly in
grid generation and assessing the accuracy of turbulence models in near-wall regions. In
this study, the y+ value falls within the range of 1 < y+ < 5, meaning that the grid points
are located within the viscous sublayer, indicating good grid quality. This region is where
the flow velocity varies linearly with the distance to the wall, commonly used in direct
modeling or near-wall turbulence models (Fig. 7).

The images of the airflow motion and velocity distribution on the vertical plane for
the independent propeller model (IndePro) and the Propeller - Boundary surface model
(Pro - BF) with different h values are shown in Fig. 8. The simulation images clearly
show the difference in airflow motion caused by the IndePro and the Pro - BF model.
Without the obstruction of the boundary surface, the airflow beneath the independent
propeller is strongly pushed downward and moves away from the propeller surface. With
the boundary surface, the airflow is blocked and pushed to the sides, forming vortices at
the two edges of the boundary surface. Depending on the distance h, the vortices have
different sizes, and the induced velocity values of the air molecules in the vortices also
vary. When the propeller is near the boundary surface (h = 0.5R), the vortices on both
sides of the boundary surface edge and at the propeller blade tips are most clearly
observed. The induction effect of the vortices and the boundary surface itself on the
propeller surfaces increases the pressure on the lower surface of the propeller blades,
thereby increasing the propeller's thrust (Fig. 9).
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Fig. 6. Convergence graph after 1200 iterations. Fig. 7. Y+ index on the surface of the propeller.
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Fig. 9. Thrust and torque of the propeller with different Q and h values.
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The lift and torque generated by the propeller under different operating conditions
are shown in Fig. 9. Here, the rotational speed of the propeller takes on values of
5000 rpm, 6000 rpm, and 7000 rpm, and the distances from the propeller to the ground
plane are 0.5R, 1.0R, and 1.5R, respectively (Fig. 2). The calculation results indicate that in
all different cases of h, the higher the rotational speed, the greater the thrust and required
torque produced by the propeller. Additionally, the closer the propeller is to the boundary
surface, the greater the effect of the ground effect, resulting in higher lift values.

At the microphone positions 1, 2, and 3 (Fig. 3), the authors examined the
propagation of noise generated by the propeller to the microphones in two cases: The first
case is when the boundary surface can completely absorb and not reflect sound (BF non-
reflec). The sound received at microphones 1, 2, and 3 consists only of direct sound
transmission from the propeller (direct sound). The second case is when the boundary
surface does not absorb and completely reflects sound (BF reflec). In this case, the sound
received at microphones 1, 2, and 3 includes two components: direct sound from the
propeller and indirect sound from the propeller that is reflected by the boundary surface
to the microphones.

The variations in sound pressure level (SPL) obtained at microphones 1, 2, and 3
are shown in Fig. 10. The results indicate that in the case where the boundary surface does
not absorb and completely reflect sound, the SPL values recorded at all three microphones
are higher compared to the non-reflective case and the independent propeller case. The
non-reflective boundary surface case shows SPL values that do not differ significantly
from the independent propeller case.

Figures 11 and 12 show the overall sound pressure level (OASPL, calculated
according to expression (5)) caused by the independent propeller (IndePro) and the
propeller with boundary surface (Pro_BF) at different distances h and rotation speeds Q.
In this case, the boundary surface is considered to completely reflect sound. The
variations in the graphs indicate that the propeller operating in ground effect, the closer it
is to the boundary surface, generates more noise. Comparing the overall sound pressure
levels recorded at microphones 1, 2, and 3 shows that the noise at mic 2 is always higher
than at mics 1 and 3. However, when changing the distance h, the variation in the overall
sound pressure level at mic 2 is not significant, whereas at mics 1 and 3, there is a
considerable increase (Fig. 11). This could be due to the influence of vortices formed
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when the propeller hovers near the boundary surface, which tends to move vertically and

affects the sound pressure levels at mics 1 and 3 more than at mic 2.
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Figure 12 shows that increasing the rotation speed of the propeller significantly
increases the noise recorded at mics 1, 2, and 3.
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Fig. 12. Overall sound pressure level caused by IndePro and Pro_BF at microphones 1, 2, 3.

4. Conclusions

This article presents an approach using the RANS method combined with CFD
techniques to simulate the aerodynamic characteristics of a propeller considering the
influence of a boundary surface. It also employs an acoustic analogy method based on the
Farassat 1A formula, derived from the FW-H equation, integrated into Ansys Fluent
software to calculate the noise generated by the propeller and the boundary surface at
different positions. The study results indicate that the boundary surface significantly
affects the aerodynamic and acoustic characteristics of the propeller, especially when the
propeller operates close to the boundary surface. The reflective or absorptive properties
of the boundary surface also clearly impact the sound pressure levels recorded at the
measurement locations. Additionally, specific operating conditions of the propeller, such
as rotation speed and flight mode, have a noticeable effect on its aerodynamic and
acoustic properties. The findings in this paper serve as a valuable reference for optimizing
the design of propellers for aviation equipment, finding solutions to reduce propeller
noise, and studying sound-absorbing materials. In the following studies, the authors
aim to study the boundary surface shape's influence on the propeller's aerodynamic
noise characteristics.
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NGHIEN CUU XAC BINH TIENG ON KHi BPONG CUA CANH QUAY
XET DPEN ANH HUGNG CUA MAT GIGI HAN

BANG PHUONG PHAP CFD

Pham Thanh Bong®, L& Quang Quyén®, Biang Ngoc Thanh®, Vii Qubc Tru?
'Khoa Hang khong vii tru, Triong Pai hoc Ky thugt Lé Quy Pon

Tom tit: Trong bai bao nay, cac dic trung khi dong hoc va &m hoc ciia md hinh canh quay
doc lap va moé hinh canh quay - mat gi¢i han dugc tap trung nghién ciu. Qua trinh phén tich khi
d6ng hoc dugc thyuc hién bang phuong phap RANS két hop véi ki thuat CED dé md phong trudng
dong chay va dong nhidu sau canh quay, dong thoi xac dinh cac hé sé khi dong co ban cia mot
canh quay. Ap suat trén bé mat canh quay va mat giéi han trong bai toan khi dong dong vai tro
lam dau vao cua cac tinh toan tiéng 6n. Bai bao sir dung phuong phap tuong tu &m hoc, dua trén
cong thuc Farassat 1A c6 ngudn géc tir phwong trinh FW-H, dé tinh toan sy lan truyén cua tiéng
on tir cac bé mat canh quay va miat gisi han dén cac vi tri khac nhau cho trude (cac micro thu).
Trén co s cac két qua nghién ciru, nhom tac gia rat ra mot s két luan cé ¥ nghia.

Tir khoa: Canh quay; ddc tinh khi déng; tiéng on khi dong; Farassat 1A.
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