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Abstract
In the present study, two complex physical phenomena have been completely simulated and discussed in detail to predict 
the aerodynamic degradation and aeroacoustic mechanism of a NACA 0012 airfoil in both dry and heavy rain conditions. 
For this purpose, a CFD-based multiphase model was adopted to numerically investigate the process of formation of the 
water film layer on the airfoil surface by coupling the Lagrangian Discrete Phase Model (DPM) and the Eulerian Volume 
of Fluid (VOF) models. The Ffowcs Williams–Hawkings (FW–H) method was used to predict the aerodynamic noise of the 
airfoil in a heavy rain condition. The results showed that there were significant degradations of the airfoil aerodynamic 
performance because of water film formation especially at lower angles of attack. The maximum value of lift-to-drag 
ratio degradation was 56% at the angle of attack of 2°. Also, the Sound Pressure Level (SPL) increased due to the rain 
condition. The SPL was sensitive to the raindrop impact on airfoil surface and caused to increase SPL especially in the 
frequency region less than 2000 Hz. By increasing the angle of attack, the SPL increased especially in the high-frequency 
region higher than 2500 Hz in rain condition.
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Nomenclature
μ	� Air dynamic viscosity
c	� Airfoil chord length
α	� Angle of attack
ρD	� Density of droplets
ρ	� Density of fluid phase
Y+	� Dimensionless wall distance
δ(f )	� Dirac delta function
ε	� Dissipation rate
CD	� Drag coefficient
β	� Drag force
μT	� Eddy viscosity
un	� Flow velocity normal to the surface (f = 0)
ui	� Fluid phase velocity in i direction
gi	� Gravitational acceleration
H(f )	� Heaviside function

Eim	� Impact energy
CL	� Lift coefficient
Mex	� Momentum exchange
NACA​	� National Advisory Committee for Aeronautics
up	� Parcel phase velocity in i direction
P	� Pressure
Re	� Reynolds number
Cf	� Skin friction coefficient
σw	� Surface tension of water
vn	� Surface velocity component normal to the 

surface
vi	� Surface velocity in i direction
UT	� Terminal velocity
p′	� The far-field sound pressure
Tij	� The Lighthill tensor
α0	� The sound velocity in the far-field
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δbl	� Thickness of the boundary layer
t	� Time
k	� Turbulent kinetic energy

1  Introduction

The aerodynamic penalty of aircraft flying in heavy rain has 
been considered as a major cause of many severe aviation 
crashes in rain conditions [1, 2]. The rainfall at the rate of 
1800 mm/h leads to decrease by 30% in lift and about 20% 
increase in drag [2]. Also, this rate can affect the boundary-
layer separation, the stall angle of attack, flight safety and 
aircraft maneuverability [1, 3]. Drop impact dynamics on 
surfaces and liquid films have been a continuing important 
topic in the fields of fundamental fluid mechanics [4] and 
practical aerospace engineering [5, 6]. Consideration of 
the rain effect on aircraft flight has begun with a wind tun-
nel test which was done by Rhode [7]. He found that heavy 
rain exposure time is not enough to induce aircraft to the 
ground. Haines and Luers [8, 9] investigated the heavy rain 
penalties on aircraft and found that the heavy rain causes 
the roughening of the wing which caused to decrease in 
stall angle and also the decrease in lift about 30%. Wan 
and Wu [10] also numerically simulated the heavy rain 
effect on the airfoil. The water film layer and vertical rain 
mass flow rate on the airfoil upper surface were added 
which caused to increase the airfoil roughening effects. 
Wu et al. [11] numerically studied a transport-type airfoil, 
NACA 64–21, exploring the aerodynamic penalties and 
mechanisms which affect airfoil performance in heavy 
rain conditions. They concluded that the CL decreased by 
maximum 13.2% and the CD increased by maximum 47.6%. 
The effects of heavy rain on the aerodynamic efficiency 
of the NACA 0012 airfoil were investigated by Ismail et al. 
[12]. Their results demonstrated a remarkable increase in 
drag and a decrease in lift in heavy rain condition. Wu [13] 
studied the drop impact on the airfoil surface in the natu-
ral drop-laden two-phase flow environment. He found that 
the adverse effects of water can be reflected by lift loss 
and drag increase. Moreover, other movement forms, e.g. 
drop oscillation, can also change the effects of water on 
airfoil performance.

Stringent regulations on noise radiated by aircraft 
engines are getting tighter, and this is due to the forecast 
of future explosive growth in air transport that requires 
special attention in reducing noise emissions, especially 
during landing approaches in airport-neighboring com-
munities [14]. Hence, knowledge of noise sources and 
mechanisms of noise generation at the trailing edge of an 
airfoil is getting high priority for addressing and mitigating 

aircraft noise emissions [14]. Recently, the interest in com-
putational acoustics has increased and numerical simula-
tion of airfoil acoustic is a new research topic in dry condi-
tion. Brooks et al. [15] reviewed the self-generated noise 
mechanisms associated with subsonic flow surrounding 
an airfoil. Singer et al. [16] applied the Reynolds-Aver-
aged Navier–Stokes (RANS) equations and the Ffowcs 
Williams–Hawkings (FW–H) acoustic analogy to study the 
sound produced by a bluff-body vortex generator located 
near the sharp trailing edge of a two-dimensional airfoil. 
Shen et al. [17] used the flow acoustics splitting approach 
to calculate the aero-acoustic of the flow field around a 
NACA 0015 airfoil. They used large eddy simulation for 
obtaining the instantaneous flow quantities. In their study, 
a parametric investigation of the noise pattern for various 
angles of attack demonstrated that the noise level raised 
with increasing angles of attack. Ghasemian and Nejat [18] 
investigated the aerodynamic noise from the flow field 
around a NACA 0012 airfoil. Also, the effect of observer 
position on the overall sound pressure level (OASPL) was 
considered and their results indicated that the OASPL 
varied logarithmically with the receiver distance, as was 
expected. Jackson and Dakka [14] considered trailing edge 
noise and shear noise for a NACA 0012 airfoil, focusing on 
noise mechanisms at the trailing edge to notice and realize 
sources of noise generation. They concluded that when 
the angle of attack increased, shear noise contributes less 
energy further downstream of the airfoil.

Many researchers have investigated airfoil acoustic 
mechanisms and noise production in dry condition. To the 
best of our knowledge, any study has not been conducted 
yet to simulate and predict the noise production over an 
airfoil in a heavy rain condition. In the present study, two 
different approaches were combined to simulate the 
aerodynamic performance and aeroacoustic mechanism 
of an airfoil in dry and rain conditions. First, a two-way 
momentum coupled Eulerian–Lagrangian approach was 
applied to investigate the aerodynamic performance of a 
NACA 0012 airfoil in a heavy rain condition. Second, the 
Ffowcs Williams–Hawkings (FW–H) method [19] was used 
to predict the far-field noise in a heavy rain condition. 
Also, the aeroacoustic and aerodynamic performances 
were computed numerically and discussed in detail with 
focusing on the effect of accumulation of water on airfoil 
surfaces at various angles of attack. Finally, aeroacoustic 
and aerodynamic results in dry and rain conditions are 
both assessed and discussed. The outcome of the present 
study may provide a useful computational result for the 
aviation community and realistic aeronautical applications 
to have a better understanding of both aeroacoustic and 
aerodynamic performances in dry and rain conditions.
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2 � Computational procedure

2.1 � Rain modeling

The intensity of heavy rain is usually necessary to measure 
in the simulation of rain. A rainfall rate of 100 mm/h or 
higher is supposed as heavy rain [20]. In both numerical 
and experimental work, the correlation between rainfall 
rate R (mm/h) and liquid water content LWC (g/m3) is com-
monly defined by Bezos et al. [21]:

For heavy rain or thunderstorm is written as:

For light rain is written as:

Also, the velocity of the rain particles falling on the 
airfoil surface is necessary to be computed. The uniform 
velocity of rain particles before contacting the airfoil sur-
face is called terminal velocity (UT). This velocity varies with 
particles diameter and can be written as [22]:

where DP is the diameter of the rain particle.

2.2 � Continuous phase

In the present study, a coupled Eulerian–Lagrangian method 
is implemented to simulate the water-layer formation on the 
airfoil due to rain. The continuum conservation equations are 
solved by the Eulerian–Lagrangian approach for the continu-
ous phase and the Lagrangian equations of motion for the 
discrete phase are integrated which is defined as the Discrete 
Phase Model (DPM) [23]. The Unsteady Reynolds Averaged 
Navier–Stokes equations (URANS) of mass and momentum 
are solved with the k–ɛ standard turbulence model to solve 
the flow field around the airfoil. This model is recommended 
by previous researches which has good accuracy for mod-
eling turbulent flow over an airfoil in a heavy rain condition 
using a two-phase flow approach [3, 24–27].

The governing equations are defined as:
Conservation equation of mass:

Conservation equation of momentum:

(1)LWC = 0.054R0.84

(2)LWC = 0.0889R0.84

(3)UT = 9.58

({

1 − exp

[

−
D1.147
P

1.77
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i
 defines the Reynolds stress.ρ, ui and µ are 

the air density, mean part of the velocity component and 
the air dynamic viscosity, respectively. u′

i
 is the fluctuating 

part of the velocity components. denotes the component 
of interphase momentum exchange Mexi

 vector (referred 
to in Eq. (18) in the i direction.

The equations of k-epsilon standard turbulence model 
are given by [28]:

where Eij and ui are the component of the rate of deforma-
tion and the velocity component, respectively. �t = �C�

k2

�
 

is the eddy viscosity. The equations have some adjustable 
constants σk, σ ε,C1� and C2� . The values of these constants 
are as follows [28]:

2.3 � Discrete phase

The discrete phase model (DPM) is applied for modeling the 
raindrops. In DPM, the raindrops are injected in the continu-
ous flow field by using the wall film. In this model, a thin film 
is formed when the raindrops impinge upon the airfoil sur-
face [28, 29]. Moreover, raindrops are supposed to be non-
evaporating, non-interacting, and non-deforming spheres 
subject only to the drag and gravity forces [26]. Bilanin [30] 
justified the assumption of non-interacting droplets. Fur-
thermore, a two-way momentum coupled Eulerian–Lagran-
gian approach is implemented to simulate the floatation 
of discrete particles in continuous airflow. The Lagrangian 
equations of motion for the raindrops are written as [3]:
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where xp is the position of particles, u and up are the veloc-
ity of the air and the velocity of particles, respectively. g 
denotes the gravitational acceleration, ρp is the particle 
density. Rep is the particle Reynolds number. Equation (8) 
is the force balance equation of the particle while Eq. (9) 
is the correlation between the displacement and particle 
velocity. CD,P is the particle drag coefficient for which we 
used the spherical drag law [31]. The drag coefficient CD,P 
is given by:

where K1,. K2 and K3 are the parameters dependent on the 
raindrop impact energy. Rep is the particle Reynolds num-
ber, which is defined as:

Analytical integration or numerical discretization 
schemes can be used for solving Eqs. (8) and (9). In our 
study, the second-order accurate implicit trapezoidal dis-
cretization is used which is provided in ANSYS FLUENT 
18.2. By applying the trapezoidal discretization:

The ultimate iterative formula for the particle velocity 
at the new location is attained by substituting Eq. (12) into 
Eq. (13) written as:

The new particle location is always calculated by the 
trapezoidal discretization of Eq. (9):

The wall interaction regimes are computed for drop wall 
interaction. Stick, rebound, spread, and splash are the four 
regimes which are depended on the wall temperature and 
impact energy. The temperature is below the boiling point 
for present simulation, thus the impingement rain parti-
cles can adhere, extend or sputter. The impact energy Eim 
is written as follows [25]:
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where Vr denotes the particle velocity relative to wall 
frames ( Vr = Vp − Vwall ), σw is the surface tension of water, 
h0 is the total height of water film and ρw is the water den-
sity. The thickness of the boundary layer is defined as δbl.

When the trajectory of the particle is computed, the 
momentum added or missed by the particle is followed 
and the quantity of the particle is embedded in the fol-
lowing continuous phase calculation. Actually, the effect 
of the continuous phase on the particle trajectory is also 
embedded in the discrete phase trajectory computation. 
The two-way coupling process is repeated and solved 
alternately until a steady state is attained for two phases. 
The interphase drag forces cause a momentum exchange 
between two phases. The coupling term of momentum is 
defined as [3]:

where Mex is the momentum change of a particle and mp is 
the mass flow rate of particle per unit volume. The airflow 
field in a dry condition is first computed to simulate the 
rain condition. Then the trajectory of the particle is com-
puted from the velocity field of the air.

In the computation of the particle trajectories, the ran-
dom walk dispersion model is adopted to consider the 
turbulence effect in the continuous phase on the particle 
trajectories. Next, the momentum coupling “body force” 
term computed by Eq. (18) is appended to the source term 
of the air momentum equation to calculate the effect of 
rain droplets on the air phase. This process is repeated in a 
loop until a steady state is attained for two phases.

2.4 � Aeroacoustic modeling

The Ffowcs Williams–Hawkings (FW–H) method [32] was 
used to predict the far-field noise. The FW–H equation is 
the most common form of the Lighthill acoustic analogy 
[33] and is suitable for the prediction of sound produced 
by rigid bodies in arbitrary motion. The sound pressure 
level spectra are computed by Fast Fourier Transform (FFT) 
at the receiver locations. The reference acoustic pressure is 
equal to the threshold of human hearing of 2 × 105 Pa. The 
basic governing equations of the continuity and momen-
tum are as follows:
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where q is the mass production rate per unit volume. The 
momentum equation was expressed as:

where fi represents the body forces. From Eqs. (19) and 
(20), Eq. (21) was obtained in the following form:

Here, α0 is the sound speed and Tij is the Lighthill stress 
tensor. It was expressed as [19]:

First-term of RHS of Eq. (22) is the turbulence velocity 
fluctuations (Reynolds stresses), the second term is due 
to changes in pressure and density, and the third term is 
due to the shear stress tensor. The FW–H theory includes 
surface source terms in addition to the quadrupole-like 
source presented by Caridi [34]. The surface sources 
are commonly referred to as thickness (or monopole) 
sources and loading (or dipole) sources. This equation 
was presented as follows [19]:

The terms at RHS are named quadrupole, dipole and 
monopole sources, respectively. p is the sound pressure 
in the far-field p� = (p − p0) . un denotes the fluid velocity 
component normal to the surface, vn denotes the sur-
face velocity component normal to the surface. ui is fluid 
velocity component in xi direction, and ∝ α0 is the sound 
velocity in the far-field. Tij is the Lighthill stress tensor 
defined in Eq. (22). Also, f is a function defined based on 
a surface reference system, H(f) and δ(f)are Heaviside and 
Dirac delta functions, respectively.

The wave Equation (Eq. (23)) can be integrated under 
the assumptions of the free-space flow and the absence 
of obstacles between the sound sources and the receiv-
ers. Acoustic pressure ′ which was mentioned in Eq. (23) 
was composed as follows:
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(24)P�(x⃗, t) = P�
T
(x⃗, t) + P�

L
(x⃗, t),

where x⃗ is the observer position and t  is the observer time. 
P′ is the acoustic pressure; P′

T
 and P′

L
 describe the acoustic 

pressure field resulting from thickness and loading, cor-
responding to the monopole and the dipole source [35]. 
By solving this equation, pressure variation and SPL (meas-
ured in dB) were calculated by Eq. (25) as follows: x⃗

where Prms is the root-mean-square sound pressure and 
P0 is the reference sound pressure, both measured in Pa.

3 � Model description and boundary 
conditions

The two-dimensional view of the computational domain 
was presented in Fig. 1. The inlet had a uniform velocity 
corresponding to a chord-based Reynolds number (Re) of 
3.1 × 105. The outlet was defined as a pressure outlet and 
the no-slip condition was used on the airfoil surface. The 
computational domain is large enough to avoid external 
effects on the airfoil flow field. Three different sizes for 
the computational domains with diameters equal to 20, 
25 and 30 chords from the leading edge of the airfoil are 
generated to consider the pressure coefficient (CP) for 
domain extent independence test as shown in Fig. 2. This 

test is done at an angle of attack of 20° and Reynolds num-
ber (Re) of 3.1 × 105 for baseline airfoil in dry condition. 
Finally, it is found that a circular region with a diameter of 
25 chords from the leading edge of the airfoil is suitable 
for present simulation.

An injection line (I) with 10 chords long was selected 
which was located 3 chords upstream of the leading edge 
of the airfoil to inject the rain particles into the compu-
tational domain. Four different positions of injection line 
which were located 1, 2, 3 and 4 chords upstream of the 
leading edge of the airfoil were selected to find the suf-
ficient distance of this line to represent the airfoil under 
rain condition. For this purpose, the mass distribution of 
water film over the airfoil for baseline airfoil in rain condi-
tion at α = 20° is presented in Fig. 3. It was concluded that 
the injection line which was located 3 chords upstream of 
the leading edge of the airfoil was far enough for simula-
tion of rain condition.

(25)SPL = 20 log10
Prms

Pref
,
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4 � Computational grids and grid 
independence study

The computational domain was meshed using the struc-
tured O-type cells as illustrated in Fig. 4. Four different 
cells were used to compute lift and drag coefficients in 
order to examine the grid independence study. Four dif-
ferent grids with cell numbers of 18,000, 32,000, 46,000 

and 65,000 were generated for the NACA 0012 airfoil to 
consider grid independency. The comparison of lift and 
drag coefficients between four different cells for LWC of 
0 g/m3 and 30 g/m3 are shown in Tables 1 and 2, respec-
tively. After considering the grid independence study, 
it was found that the grid with 46,000 cells was suitable 
for the present simulation. Versteeg and Malalasekera 
[28] reported the value of Y+ should be − 1 and the near-
wall mesh resolution was determined by this value. As 

Fig. 1   Two-dimensional view 
of the computational domain
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shown in Fig. 5, the average Y+ value, which is the non-
dimensional normal distance to the airfoil surface from 
the first grid, is lower than 1 for grid with 46,000 cells. In 
addition, details of the grid cells and Y+ distribution at 
α = ,10° and Re = 3.1 × 105 are presented in Table 3.    

In most researches, lift coefficient (CL), drag coefficient 
(CD) and lift-to-drag ratio (L/D) are usually adopted for meas-
uring the aerodynamic performance, which can be written 
as follows:

(26)CL =
L

1

2
�av

2
∞
c

where L is the lift, D is the drag, ρα and v∞ are air density 
and free stream velocity, c is the airfoil chord length.

5 � Numerical solution and time‑step 
independence study

In the present study, all flow and acoustic simulations 
and post-processing calculations of the data were per-
formed with the commercial software ANSYS Fluent 
18.2 which is based on the control volume approach. 
The calculation was based on a pressure-based solver 
utilizing the implicit body-force treatment to consider 
the effect of gravity. The Unsteady Reynolds-Averaged 
Navier–Stokes equations (URANS) were solved using 
the k–epsilon two-equation turbulence model with 
enhanced wall treatment. The turbulence intensity 
was chosen to be less than 0.1% to consider the low 
free-stream turbulence level. SIMPLE (Semi-Implicit 
Method for Pressure Linked Equations) scheme and 
the PRESTO! (PREssure STaggering Option) scheme 
was used for pressure–velocity coupling and pressure 
discretization, respectively. The upwind second-order 
method was employed to discretize other governing 
equations. The Eulerian VOF model discretized with the 

(27)CD =
D

1

2
�av

2
∞
c

(28)
L

D
=

CL

CD
,

Fig. 4   O-type structured mesh

Table 1   Grid independence study for LWC of 0 g/m3

Number of cells α = 10° α = 14°

CL CD CL CD

18,000 0.922 0.095 1.081 0.146
32,000 0.868 0.082 0.951 0.134
46,000 0.839 0.070 0.928 0.125
65,000 0.837 0.068 0.926 0.122

Table 2   Grid independence study for LWC of 30 g/m3

Number of cells α = 10° α = 14°

CL CD CL

18,000 0.882 0.109 1.174 0.143
32,000 0.824 0.094 0.962 0.131
46,000 0.780 0.086 0.939 0.122
65,000 0.777 0.083 0.936 0.120
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Geo-Reconstruct scheme. The Geo-Reconstruct scheme 
is able to resolve the sharp interface between the water 
layer and airflow [36].

A time-domain integral formulation employed wherein 
time histories of sound pressure, or acoustic signals, at 
defined receiver locations were directly calculated by 
measuring few surface integrals. Time accurate solu-
tions can be obtained from unsteady Reynolds-averaged 
Navier–Stokes (URANS) equations. The convergence value 
for all equations was set to 10−6. Furthermore, a time step 
independence study was done to demonstrate the reli-
ability of the solution which is presented in Table 4. For this 
purpose, four different time steps were selected to com-
pare lift and drag coefficients in a dry condition at α = 10°. 
Eventually, it was  found that the time step of 1 × 10−4 
was acceptable for present calculations.

In the present numerical procedure, the injection of 
rain particles was started at t = 1.85 s to make sure that 
the single-phase simulation had reached steady state 
before injection of rain particles was initiated. We ran 
all of the simulations for 16 s to make sure that they all 
reached a quasi-steady state under rain condition. A total 
of 300 parcels were injected from the injected line at every 
flow time step of 1 × 10−4 s and the number of rain parti-
cles in each parcel was such that the desired rainfall rate 
was maintained.

Figure 6 represents the time histories of lift and drag 
coefficients at two angles of attack (α = 10° and 16°) at 
Re = 3.1 × 105. The plots are displayed for baseline airfoil 
in dry condition. It was clear that time histories of lift and 
drag coefficients were repeated in a periodic way for both 
angles of attack. The final lift and drag coefficients pre-
sented throughout the present numerical study were the 
mean of the values.

Fig. 5   Y+ distribution over the 
NACA 0012 airfoil at angles of 
attack of 10° and 14°
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Table 3   Details of the grid cells 
and Y+ distribution at α = 10° 
and Re = 3.1 × 105

Grid Number of cells Growth factor Height of the 
first cell

Max Y+ Min Y+ Average Y+

1 18,000 1.1 2 × 10−3 14.13 3.42 8.14
2 32,000 1.1 1 × 10−4 6.14 0.83 2.91
3 46,000 1.1 1 × 10−5 0.65 0.01 0.24
4 65,000 1.1 3 × 10−6 0.61 0.01 0.22

Table 4   Time step 
independence study for the 
dry condition at α = 10° and 
Re = 3.1 × 105

CL CD Time step (s)

0.807 0.089 5 × 10−3

0.822 0.081 2 × 10−3

0.839 0.070 1 × 10–4

0.841 0.068 1 × 10–5
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6 � Validation

In the present study, the computational results of the 
lift and drag coefficients obtained from CFD simulation 

were compared with the available experimental results 
of Hansman and Craig [37] and numerical results of 
Wu et al. [3] as shown in Fig. 7. A rain condition of LWC 
of 30  g/m3 and a Reynolds number of 3.1 × 105 was 
selected to be consistent with the experimental results 

Fig. 6   Time histories of lift and 
drag coefficients at α = 10° and 
α = 16°

0.069

0.070

0.071

0.072

0.073

0.850

0.855

0.860

0.865

0.870

0.875

0.880

0.885

9.06 9.15 9.24 9.33 9.42 9.51

D
ra

g 
co

ef
fic

ie
nt

Li
ft 

co
ef

fic
ie

nt

tu/c

Lift coefficient

Drag coefficient
0.154

0.158

0.162

0.166

0.170

0.174

0.178

1.16

1.18

1.20

1.22

1.24

1.26

1.28

1.30

1.32

9.06 9.15 9.24 9.33 9.42 9.51

D
ra

g 
co

ef
fic

ie
nt

Li
ft 

co
ef

fic
ie

nt

tu/c

Lift coefficient
Drag coefficient

α=10° α=16°

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8 10 12 14 16 18 20

Li
ft 

co
ef

fic
ie

nt

Angle of attack

Experimental, No rain

Numerical, No Rain (Wu et.al)

Present study, No Rain

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8 10 12 14 16 18 20

Li
ft 

co
ef

fic
ie

nt

Angle of attack

Experimental, Rain

Numerical, Rain (Wu et.al)

Present study, Rain

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0 2 4 6 8 10 12 14 16 18 20

D
ra

g 
co

ef
fic

ie
nt

Angle of attack

Experimental, No rain

Numerical, No Rain (Wu et.al)

Present study, No Rain

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0 2 4 6 8 10 12 14 16 18 20

D
ra

g 
co

ef
fic

ie
nt

Angle of attack

Experimental, Rain

Numerical, Rain (Wu et.al)

Present study, Rain

Fig. 7   Comparison between the present computational results and experimental results of Hansman and Craig [37] and the numerical 
results of Wu et al. [3]
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of Hansman and Craig [37]. It was the only wind-tunnel 
experiment which was conducted to consider the effects 
of heavy rain on the aerodynamic performance of NACA 
0012 airfoil. It was found that our numerical results had 
good agreement with the mentioned experimental and 
numerical results. Therefore, the numerical solving pro-
cedure and the applied turbulent model had acceptable 
accuracy.

Furthermore, the accuracy of the acoustic method 
applied in the present study was assessed by compari-
son of sound pressure level predicted from the calculated 
results against the experimental data of Laratro et al. [38] 
in Fig. 8. In their study, measurements of the self-noise of 
NACA 0012 airfoil were measured in an open-jet Anechoic 
Wind Tunnel at Reynolds number of 96,000. Due to the 

lack of experimental and numerical results in rain con-
dition, only the calculated results of the sound pressure 
level in dry condition were compared to the experimental 
data of Laratro et al. [38]. A good agreement was achieved 
between our numerical results and the experimental data.

7 � Results and discussions

7.1 � Effect of rain on aerodynamic coefficients

In Fig. 9, the effect of rain on lift and drag coefficients are 
compared with the results of dry condition in various 
angles of attack. It was obvious that the lift coefficient 
decreased while the drag coefficient increased by 60% 

Fig. 8   Comparison between 
the present computational 
results and experimental 
results of Laratro et al. [38]
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Fig. 9   The effect of rain on lift and drag coefficients at different angles of attack
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at low angles of attack due to heavy rain. The maximum 
decrease in lift coefficient was 10% over angles of attack 
from 2° to 13° in the heavy rain condition because of water 
film formation. In addition, in the present computation 
results, the stall angle was increased from 13° in the dry 
condition to 16° in the rain condition. This increasing of 
stall angle is a direct consequence of a premature bound-
ary-layer transition induced by the rain [37], which sup-
presses stall to be delayed. The behavior of aerodynamic 
performance of the airfoil was different at low and high 
angles of attack. As mentioned above, the maximum lift 
coefficient loss obtained at lower angles of attack, and 
the degradation in lift decreased as the angle of attack 
increased. This is due to less water accumulation on the 
upper surface of the airfoil [36]. Figure 10 represents the 
lift-to-drag ratio as the airfoil aerodynamic performance 
for dry and rain conditions. It can be seen that there are 
significant degradations of the airfoil aerodynamic perfor-
mance because of water film formation especially at lower 
angles of attack. The maximum value of lift-to-drag ratio 
degradation was 56% at the angle of attack of 2°. 

7.2 � Water film height distribution around the airfoil

The water film height distribution around the airfoil was 
calculated after simulating heavy rain condition using 
a two-way momentum coupled Eulerian–Lagrangian 
approach in the numerical modeling section. The water 
film height distribution around the airfoil for low and high 
angles of attack is shown in Fig. 11. The water film height 
distribution was modeled using the wall film model. The 
maximum water film height with a magnitude of 3 mm 

appeared at the trailing edge at an angle of attack of 2°. 
Moreover, by increasing the angle of attack, the maximum 
height location moved forward to the leading edge of the 
airfoil. Less water was accumulated on the upper surface 
of the airfoil by increasing the angle of attack.

7.3 � Effect of rain on the roughness of the airfoil

Figure 12 illustrates the skin friction coefficient (Cf) of the 
upper and lower surfaces of the airfoil for three different 
angles of attack of 2°, 10°, and 16°. It was obvious that 
the roughness of the airfoil had increased as the angle 
of attack increased. The skin friction coefficient of most 
positions on the upper and lower surfaces increased due 
to the concentration of droplets on the airfoil surface and 
formation of the water film. In addition, most rain drop-
lets impinged on the stagnation point where the maxi-
mum roughness of the airfoil was obtained for all angles 
of attack because of the formation of the uneven water 
film. Furthermore, there was a slight decrease in the sur-
face roughness on a small portion of the airfoil surfaces 
which may be due to the function of water lubrication 
and the lubrication counteracts the effect of roughen-
ing [3]. The effect of roughness of the uneven water film 
mostly caused to increase the drag of the airfoil while the 
lubrication can improve the aerodynamic performance at 
some degrees. Additionally, water exerts a higher viscous 
drag force on the airfoil compared to air, due to its higher 
viscosity [39]. The water film layer on the airfoil surfaces, 
splashed-back particles, and particle fog formed on the 
leading edge of the airfoil are the main reasons for the 
aerodynamic loss of the airfoil in heavy rain condition.
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7.4 � Aeroacoustic performance under the rain 
condition

Figure 13 shows the receiver points for SPL computation 
with four locations on the top of the trailing edge which 
is displayed on the velocity field at α = 16°. A wide range 
of 0.05 c to 1 c above the trailing edge of the airfoil was 
selected to evaluate the acoustic performance for both 
dry and rain conditions. The comparison of predicted 
sound pressure level spectra generated from NACA 0012 
airfoil at four receiver points was illustrated in Fig. 14 for 
dry and rain conditions. According to this figure, points 1 
and 2 are located on the inside wake region and points 3 
and 4 are located outside the wake region. As can be seen 
from these figures, there is a slight decrease in SPL with 
increasing distance of the receiver from the trailing edge 
of the airfoil for both dry and rain conditions. Figure 15 
shows the comparison of predicted sound pressure level 
(SPL) spectra at receiver point 3 for angles of attack of 2°, 
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Fig. 13   Receiver points for SPL computation with four locations on 
the top of the trailing edge displayed on the velocity field (m/s) at 
α = 16°
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10°, and 16° at a Reynolds number of 3.1 × 105 in dry and 
rain conditions. In these figures, the logarithmic-scaled 
x-axis represents the frequencies in Hz, while the linear-
scaled y-axis represents the sound pressure levels in dB 
with the reference pressure of 2 × 105 Pa which is equal to 
the threshold of human hearing. A rain condition of LWC 
of 30 g/m3 was selected in order to compute the noise 
generated in a rain condition. The sound pressure level 
was computed with a receiver located on the top of the 
trailing edge. As can be seen from these figures, there is a 
significant increase in the sound pressure level due to the 
rain condition. The computation results indicate that the 
SPL is sensitive to the raindrop impact on airfoil surface 
and caused to increase sound pressure level, especially in 
the frequency region less than 2000 Hz. The comparison 
between sound pressure levels of three different angles 
of attack at receiver point 3 and various frequencies was 
presented in Fig. 16. This comparison was done for dry 
and rain conditions. The sound pressure level increased 
while the angle of attack increased [17], but this increas-
ing of SPL is more significant in rain condition especially 
in the high-frequency region higher than 2500 Hz. In rain 
condition, SPL at an angle of attack of 16° increased more 
significantly and various peaks of sound pressure level at 
different frequencies were observed.

8 � Conclusions

In the present study, the aerodynamic performance and 
aeroacoustic mechanism of a NACA 0012 airfoil were 
numerically investigated via a two-way momentum cou-
pled Eulerian–Lagrangian multiphase approach. This 

approach was proposed to model the water film layer for-
mation and capture the shape and position of the accu-
mulated water film. In this approach, the continuous air 
phase was predicted by solving the URANS conservation 
equations associated with the k-ɛ turbulence model and 
the trajectory of the discrete raindrop phase was pre-
dicted by solving the equations of motion for particles 
in a Lagrangian reference frame. In addition, the present 
simulation utilized the Ffowcs Williams–Hawkings (FW–H) 
method to predict the aerodynamic noise of the airfoil in 
a heavy rain condition. The aerodynamics coefficients 
were compared to the experimental results of Hansman 
and Craig [37] and numerical results of Wu et al. [3] in a 
Reynolds number of 3.1 × 105 and a rain condition of LWC 
of 30 g/m3. A good agreement was achieved with the pre-
sent results and mentioned experimental and numerical 
results. The results showed a considerable aerodynamic 
loss of the airfoil in a heavy rain condition. The maximum 
decrease of lift coefficient obtained about 10% while the 
drag coefficient increased up to 60% at low angles of 
attack due to the heavy rain. The maximum value of lift-
to-drag ratio degradation was obtained 56% at an angle 
of attack of 2°. The stall was increased up to 3° which was 
suppressed by the premature boundary-layer transition. 
Furthermore, by applying the Ffowcs Williams–Hawkings 
(FW–H) method, generated noises of the airfoil in both dry 
and rain condition were successfully computed and good 
agreement was obtained compared to the experimen-
tal data of Laratro et al. [38] It was concluded that sound 
pressure level increased due to the rain condition. The SPL 
was so sensitive to the raindrop impact on airfoil surface 
and caused to increase sound pressure level especially in 
the frequency region less than 2000 Hz. By increasing the 
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angle of attack, the SPL increased especially in the high-
frequency region higher than 2500 Hz in rain condition. 
In overall, two complex physical phenomena have been 
completely modeled and studied to measure aerodynamic 
degradation and aeroacoustic mechanism of the airfoil in 
dry and heavy rain conditions. Computational results of 
the present study could be useful for aircraft designers to 
decrease the aerodynamic penalties and aircraft accidents 
in rain condition with a special focus on understanding the 
effect of this atmospheric condition on the production of 
noise in airports. Because rain is a common phenomenon 
in many areas of the world.
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