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Numerical simulations are conducted on the DHC-6 
Twin Otter wing and horizontal tailplane to explore the 
aerodynamic penalties that affect airfoil performance 
in heavy rain conditions. An Eulerian-Lagrangian two-
phase flow method is used to simulate the aerodynamic 
performance of the wing under rainfall conditions. The 
air is regarded as continuous phase solved by the Reyn-
olds averaged Navier-Stokes (RANS) equations. The 
rain is regarded as discrete phase solved by the particle 
equations of motion in the Lagrangian reference frame. 
Our simulation results agree well with the experimental 
data and show obvious regularity. The lift decreases and 
the drag increases under the influence of heavy rain. The 
wing experiences more severe aerodynamic penalties 
than the horizontal tailplane at the same rain condition. 
The influence of rainfall leads to premature stall and sep-
aration.

Nomenclature
AOA: Angle of attack, defined as the angle between 

the air velocity and the airfoil chord and is positive up-
ward; EXP: Abbreviation of exponent function; L: Lift; 
D: Drag; P: Pressure; P0: Reference pressure; ρa: Den-
sity of air; v∞: Air free-stream velocity and C is the 
chord length of the airfoil of interest; c: Chord Length; 
Ce: Chord length after elevator shaft; Se: Area after ele-
vator shaft; CL: Lift coefficient; 22L aC L v cρ ∞= ; CD: Drag 
coefficient; 2

D 2 aC D v cρ ∞= ; CH: Hinge moment co-
efficient; 2

H a e eC H v S cρ ∞= ; CP: Pressure coefficient; 
( ) 2

02P aC P P vρ ∞= − ; R: Rain rate (mm·h-1); LWC: Liquid 
water content (g·m-3); D: Equivolume spherical diameter 
of raindrop (mm); V(D): Terminal velocity of raindrop 
(m·s-1)

Introduction
The aerodynamic penalty of aircraft flight through 

heavy rain has been deemed to be a critical cause in 
many severe aviation accidents. The Eastern Flight 066 

accident at Kennedy Airport (NTSB, 1976) is a very in-
stance, though the factor of heavy rain was not taken into 
consideration at that time [1]. Three years later, another 
Flight named 693, a Boeing 727-25 civil airplane suffered 
from an intense rainfall associated with wind shears in 
its eventual routine to the Atlanta International Airport 
[2]. Several severe aviation accidents in 1981 aroused 
people’s consciousness of the seriousness of rain influ-
ence on aircraft flight [3]. In addition, flutter is another 
problem [4] which may cause severe aerodynamic pen-
alty and aviation accidents whereas is not discussed in 
this paper.

Investigation of rain effect on aircraft flight was be-
gun with the wind tunnel test, and the earliest was con-
ducted by Rhode in 1941 [5]. It dealt with the situation of 
an aircraft encountering heavy rain at moderate cruising 
altitude of about 5000 ft and concluded that, the heavy 
rain exposure time is not sufficient to force the aircraft 
to the ground. In 1982, Haines P. A. and Luers J. K. did 
a research concerning on the frequency and intensity of 
very heavy rains and their effects on a landing aircraft 
[1]. In 1987, R. John Hansman, et al. compared the aero-
dynamic performance degradation of NACA 64-210, 
NACA 0012 and Wortman FX 67-K170 airfoils under 
low Reynolds numbers in heavy rain conditions and 
explored the various mechanisms underlying by forc-
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ing boundary-layer to transition [6]. In other similar 
wind tunnel experiments, laminar flow airfoils were also 
found to experience performance degradation approxi-
mately equivalent to that caused by tripping the bound-
ary layer to turbulence [7-9]. In 1992, Gaudy M. Bezos 
determined the severity of rain effect, the aerodynamic 
penalty over a range of rain intensities and the impor-
tance of surface tension interactions of water as a scaling 
parameter [10]. B. E. Thompson and his team examined 
another NACA 4412 airfoil in moderate rain in wind 
tunnel. They primarily placed emphasis on the correla-
tion of surface-film behavior including rivulet formation 
[11]. Subsequently, they went on further examination on 
the aerodynamic efficiency of the same airfoil in moder-
ate rain [12]. Comparisons with different flow patterns 
showed that the aerodynamic degradation depended 
on the location of rivulet formation and the diameter of 
these rivulets. The latter factor was found to be more im-
portant to aerodynamic performance.

Numerical simulation approach was introduced and 
developed with the development of computer technol-
ogy. In 1995, J. R. Valentine studied the NACA 64-210 
airfoil aerodynamic performance [13] and the track of 
raindrops in flow over the airfoil [14] by numerical simu-
lation. The results show that a 1-2° rain-induced decrease 
in stall angle of attack is predicted and a simple model is 
used to simulate impacts and the resulting splash back 
on the airfoil surface. In 1999, Brian E. Thompson cal-
culated the location of the oneset of rivulet formation in 
the surface-water flow over a wing with a NACA 4412 
airfoil and compared the results with wind-tunnel ex-
periments [15]. The results show that when the Reynolds 
number in the 2.5 × 105 to 4 × 105, in the stall before the 
initial position can be wet and not wet coating on the 
surface of the stream formed in the length of the chord 
within the range of 3%. In 2003, Tung Wan and Shi-Wei 
Wu also conducted the numerical simulation of heavy 
rain effect on airfoil [16]. The water film layer and ver-
tical rain mass flow rate on the airfoil upper surface was 
added, thus increasing the airfoil roughening effects. In 
2010, Tung Wan studied the cruise and high-lift NACA 
64-210 airfoil aerodynamic efficiency in heavy rain via a 
two-phase flow approach [17]. Later, he reinvestigated 
the high-lift NACA 64-210 with consideration of proper 
modeling of discrete water droplets, shear flow between 
airfoil elements [18] and studied aerodynamic perfor-
mance of a 3D Blended-Wing-Body aircraft under severe 
rain through two-phase flow approach [19]. Zhang, Is-
mail and Cao studied aerodynamic characteristics of the 
NACA64-210 and NACA 0012 airfoils in rain and pre-
liminarily explored the mechanism [20,21]. The results 
show that under the conditions of rainfall, water layer 
and surface accumulation of airfoil surface roughness ef-

fect on airfoil surface roughness, boundary layer caused 
by early transition caused by the lift coefficient decreases 
slightly, the drag coefficient increased; when the airfoil 
near stall, gathered in the early separation on the airfoil 
surface at the trailing edge of the water film will trigger 
the boundary layer flow, serious losses caused by aerody-
namic performance.

As is presented above, present research methods of 
rain effect on aircraft aerodynamic performance are 
mainly wind tunnel test and numerical simulation. How-
ever, for the former method in one hand, the result of 
model test in wind tunnel may not be directly used for 
large-scale aircraft due to the complexity of multi-phase 
environment. For example, the Weber number of water 
can’t be maintained uniform meanwhile. In the other 
hand, if the scale of model is decreased, then the testing 
velocity must be increased proportionally to a uniform 
Reynolds number, thus the wind tunnel test will be much 
more expensive and complex to manipulate. Because 
when the wind tunnel speed increases, it may cause the 
flutter of the model, and increase the difficulty of data 
acquisition, but also consume more energy. So numer-
ical simulation method may as well be accepted a good 
approach to deal with the involved problem.

In numerical simulations, two approaches have been 
used to model multi-phase flows, that is, the Eulerian ap-
proach and the Lagrangian approach. They have been re-
viewed by James R. Valentine and Rand A. Decker [14]. The 
Eulerian approach treats the continuous fluid phase and the 
dispersed particle phase as continuum, while the Lagrang-
ian approach solves time-averaged Navier-Stokes equations 
for the continuous fluid phase first and then integrates 
Lagrangian motion equation for the dispersed phase, this 
model is called Discrete phase model (DPM). There are two 
models including a one-way coupled model and a two-way 
coupled model in Lagrangian approach. The former model 
assumes that the particles motion is affected by the contin-
uous phase, but the continuous phase is not affected by the 
presence of the dispersed phase. The latter takes the two-
way exchange of mass, momentum and energy between the 
two phases into consideration.

Though rain effect on airfoil aerodynamic perfor-
mance and some mechanisms have been exposed by 
wind tunnel tests, little work of numerically studying 
the mechanisms has been done. For example, Wan [16-
19] and others mainly discussed airfoils aerodynamic 
performance in rain conditions at low angles of attack. 
The rain effect of airfoil at high angles of attack is little 
concerned. Zhenlong Wu studied the aerodynamic and 
maneuvering characteristics of the aircraft under rainfall 
conditions [21-23]. Simulation results are in good agree-
ment with the experimental results.
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The present study uses the Discrete phase model 
(DPM) in Fluent to study the aerodynamic performance 
of the DHC-6 Twin Otter wing and horizontal tailplane 
in a heavy rain condition. The raindrops in our study 
are assumed to be non-evaporating and non-deforming 
spheres. The objective of our study is threefold: first, to 
explore the feasibility of numerical simulation approach 
to study the influence of rainfall on airfoil aerodynamic 
performance; second, to study on the influence of rain-
fall on airfoil aerodynamic performance; third, to track 
the influence of rainfall on stall and separation.

Numerical Approach
Fluid phase

The incompressible air flow field is solved by FLU-
ENT, a common commercial flow field solver, the details 
of which can be referred to in the help literature [24] and 
will not be repeated here. Air free stream velocity is 61.7 
m/s, so the Maher number is 0.18, and the air flow is in-
compressible flow. For a Reynolds number of 2.6 × 106, 
the flow characteristic is considered as turbulent, so tur-
bulence model is added to solve the Navier-Stokes equa-
tions. During the calculation, the steady pressure-based 
solver is chosen, of which the segregated SIMPLE algo-
rithm is adopted to discretize the pressure-velocity cou-

pling term. The pressure term uses second order scheme, 
and the QUICK scheme is used in the momentum term 
discretization. The Spalart-Allmaras (S-A) [24,25] turbu-
lence model is adopted to model the turbulence effect. 
Spalart-Allmaras model consists in a one-equation tur-
bulence model.

The meshes for the wing and the horizontal tailplane 
are shown in Figure 1, which consist of 19000 and 45600 
mesh cells, respectively. The boundary condition for the 
computational domain is set as velocity inlet for both 
meshes and the body surface as no-slip wall. To verify 
that the grid being used for analysis is appropriate, we 
give another mesh, which consist of 89800 mesh cells. 
Comparison of calculated results is shown in Figure 2, 
Figure 3 and Figure 4.

Airfoil aerodynamic performance is measured by lift 
and drag coefficients in this research, which are defined 
as follows respectively:
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Figure 1: (a) Global view of the computational domain for the wing; (b) Local view of the mesh near the wing surface; (c) 
Global view of the computational domain for the horizontal tail; (d) Local view of the mesh near for the horizontal tail surface.
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Particulate phase
Scaling of rain model: To study the heavy rain ef-

fect, first of all, it’s necessary to measure the intensity and 
frequency of heavy rain. Usually the rainfall rate, R in 
millimeter per hour or the Liquid Water Content, LWC 
in gram per cubic meter is chosen to categorize different 
intensities of rain. A rainfall of 100 mm/h or greater is 
often deemed as heavy.

The LWC can be written as a function of N(D) as fol-
lows:

( )3

0
  

6wLWC D N D dDπρ
+∞

= ∫                             (3)

Where ρw is the density of water. Integrating the above 
formula, we may attain the correlation of LWC and R by

0.84  0.054LWC R=                                              (4)

Subsequently, it’s necessary to establish the size dis-
tribution of water droplets under different rain rates. 
Many authors like A. C. Best [26], Carlton W. Ulbrich 
[27] and so, on have established various raindrop size 
distribution formulas for various situations. Marshall 
and Palmer developed the classic formula of drop size 
distribution in 1948 based on massive experimental data 
[28]. It is shown as follows:

( ) ( )( )0 max  0N D N EXP ID D D= − ≤ ≤           (5)

Where N(D) (m-3mm-1) is the number density of 
spherical raindrops of diameter D (mm) per cubic me-
ter of air, Dmax is the maximum drop diameter. N0 and I 
(mm-1) are parameters of N(D) and have different values 
for different types of rain. For storm-type heavy rainfall, 
I varies with rainfall rate R as I = 3R-0.21, and N0 has the 
constant value N0 = 1400 m-3mm-1 [29] correspondingly.

The number density of raindrops in this interval is 
written as

( ) ( )0  
P

P P P
D

N D N EXP ID dD
∆

∆ = −∫                           (6)

And the average diameter of raindrops PD  of 1 mm 
in our study is calculated by

( )

( )

0

  P

P P
D

P
P

N EXP ID dD
D

N D
∆

−

=
∆

∫
                                   (7)

Here, it is assumed that raindrops have been with 
uniform velocity before hitting the aircraft surface, that 
is, without acceleration. So it’s important to determine 
the terminal velocity of raindrops. It has been developed 
by Markowitz [30] as

( )
1.147

  9.58 1
1.77

DV D EXP
    = − −   

     
                          (8)

Where V(D) is the terminal velocity. A correction for 

Where CL is the lift coefficient and CD is the drag co-
efficient, L is the lift, D is the drag, ρa is the density of air, 
v∞ is the air free-stream velocity and c is the chord length 
of the airfoil of interest.
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Figure 2: Lift coefficient vs. angle of attack for the tail.
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Figure 3: Drag coefficient vs. angle of attack for the tail.
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Figure 4: Hinge moment coefficient vs. angle of attack for 
the tail.
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lows:

•	 The layer is thin, less than 500 microns in thickness 
due to the assumption of a linear velocity profile in 
the film.

•	 The temperature in the film particles changes rela-
tively slowly due to the use of an analytical integra-
tion scheme.

•	 The film temperature is always below the boiling tem-
perature for the liquid.

•	 Film particles are assumed to be in direct contact with 
the wall surface and the heat transfer from the wall to 
the film occurs through conduction.

The wall interaction regimes are calculated for a drop-
wall interaction based on local information. The four re-
gimes including stick, rebound, spread, and splash are 
based on the impact energy and wall temperature, as 
shown in Figure 5 (Tb is the liquid boiling temperature 
and Tw is the wall face temperature). Below the liquid 
boiling temperature, the impinging droplet can stick, 
spread or splash, while above the boiling temperature, 
the particle can either rebound or splash. As to our case 

it aloft is given by Markowitz as

( ) ( )
0.4

0
0  

a

V D V D
ρ
ρ

 
=  

 
                                     (9)

Where ( )0V D  is the terminal velocity consistent with 
the density of air aloft ρ0.

Wall-film model
In our study, the wall-film model in Fluent [24] is 

mainly adopted to model the interaction of particle and 
wall surface. It allows a single-component liquid drop to 
impinge upon a boundary surface of arbitrary configu-
ration and form a thin liquid film. The major physical 
processes that affect the liquid film include: mass and 
momentum contributions to the film thanks to drop im-
pingement, droplet splashing effects, evaporation, shear 
forces on the film, dynamic pressure effects, gravity driv-
en flow, convective heat and mass transfer, flow separa-
tion and sheet breakup, as shown in Figure 5. In present 
study, we ignore the film evaporation to simplify our 
solution, so it is unnecessary to consider the effects of the 
thin liquid film on the air flow.

The main assumptions for the film model are as fol-
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Figure 5: (a) Mechanisms of mass, momentum and energy transfers for the wall-film model; (b) The four impingement regimes 
included in the model; (c) Simplified decision for wall interaction criterion.
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of 8 ft, and was mounted on the tunnel centerline between 
two large endplates. The rain simulation system manifold, 
which was located 10 chord lengths upstream of the model, 
produced liquid water contents ranging from 16 to 46 g/
m3. Aerodynamic measurements in and out of the simulat-
ed rain environment were obtained to measure the airfoil 
aerodynamic coefficients.

Results and Discussions
Validation

To validate the accuracy of the numerical solver for 
air flow field prediction, we calculate the lift, drag and 
hinge moment coefficients for the DHC-6 Twin Ot-
ter tailplane under no rain condition. The numerical 
results are compared with the available experimental 
results [32], as shown in Figure 2, Figure 3 and Figure 
4, respectively. The comparison shows that numerical 
results agree well with the experimental results both 
in trend and magnitude. It can be clearly seen that the 
numerical simulation results have little difference with 
the experimental results at low to moderate angles of at-
tack, with slight difference at high angles of attack only. 
Considering this, most of the following calculations are 
performed at low to moderate angles of attack (including 
positive and negative). The present model has a desirable 
accuracy for the following simulations. And according to 
the calculation results of the two groups of meshes, the 
difference is within a reasonable range. It is proved that 
the mesh is appropriate.

We also compared the distribution of pressure coef-
ficient of the surface of the DHC-6 Twin Otter tailplane 
under no rain condition. The numerical results are com-
pared with the available experimental results [32], as 
shown in Figure 6. We choose the meshes for the hori-

of which the temperature is below the boiling point, par-
ticles stick, spread and splash, resulting in aerodynamic 
efficiency degradation of an aircraft.

The criteria by which the regimes are partitioned are 
based on the impact energy and the boiling temperature 
of the liquid. The impact energy Eim is defined by

( )
2

2

0

1  
min / ,1 /

w r
im

w bl

V DE
h D D

ρ
σ δ

 
=   + 

                 (10)

Where ρw is the water density, Vr is the particle rela-
tive velocity in the frame of the wall (i.e. Vr = Vp – Vwall), 
σw is the water surface tension, h0 is the total height of the 
wall film. δbl denotes the thickness of the boundary layer 
defined by

  bl
w r

D
V

µδ
ρ

=                                     (11)

In the formula (10), 
2

w r

w

V Dρ
σ

 is the Weber number (di-

mensionless), and ( )0

1
min / ,1 /blh D Dδ+ is dimensionless, 

so Eim is dimensionless.

The sticking regime is applied when the dimension-
less energy Eim is less than 16, and the particle velocity 
is set equal to the wall velocity. In the spreading regime, 
the probability of the drop having a particular direction 
along the surface is given by an analogy of an inviscid 
liquid jet with an empirically defined radial dependence 
for the momentum flux. If the wall temperature is above 
the boiling temperature of the liquid, impingement 
events below a critical impact energy (Eim) results in the 
particles rebounding from the wall. Splashing occurs 
when the impingement energy is above a critical energy 
threshold, defined as Ecr = 57.7. Besides, in our study we 
sample a Cumulative probability distribution function 
(CPDF), which is acquired from a Weibull distribution 
function and fitted to the data from Mundo, et al. [31], to 
determine the different diameter of each splashed parcel. 
The equation of the cumulative probability distribution 
function can be expressed as

2

2  2 expi i i

p p p

d d dpdf
D D D

    
 = −           

               (12)

and it represents the probability of finding drops of 
diameter di in a sample of splashed raindrops.

The original NACA 64-210 airfoil in wet condition of 
LWC = 25 g/m3 is simulated and the results are compared 
with the wind-tunnel experimental ones in [10]. The wind 
tunnel experiment was conducted by Bezos, et al. [10] in the 
NASA Langley 14- by 22-Foot Subsonic Tunnel in 1992 to 
determine the aerodynamic penalty associated with a sim-
ulated heavy rain encounter. The model was comprised of 
a NACA 64-210 airfoil section with a chord of 2.5 ft, a span 
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Figure 6: Pressure coefficient distribution around the tail 
surface, AOA = -8˚.
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lagged separation in the experiment, thus cause a differ-
ent effect from that at low angles of attack. These devia-
tions may come from the intrinsic defect of the present 
turbulence model itself, as it may not predict the flow 
separation at high angles of attack well. In addition, this 
deviation may also be attributed to the forced transition 
in the experiment, as the transition is natural in our sim-

zontal tailplane shown in Figure 1. It can be clearly seen 
that the numerical simulation results have good agree-
ment with the experimental results.

To validate the accuracy of the DPM model for rain 
modeling, we calculate the lift and drag coefficients for a 
NACA 0012 airfoil under the same rain conditions and 
compare the numerical results with the available experi-
mental results [6] shown in Figure 7 (a) and Figure 8 (a). 
The rain effects on the lift and drag coefficients (Delta 
CL and Delta CD) are show in Figure 7 and Figure 8. It is 
seen that for the dry and rain conditions, both the trend 
and magnitude of the numerical results correspond well 
with the experimental results under low to moderate an-
gles of attack. Aerodynamic performance penalties with 
decreased lift and increased drag are clearly observed in 
the rainy conditions. At high angles of attack especially 
beyond stall, a relatively large deviation from the exper-
imental results appears. In addition, the rain caused a 
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Figure 7: (a) Lift coefficient of NACA 0012 airfoil in rain and no rain conditions; (b) Rain effect on lift coefficient of NACA 
0012 airfoil.
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Figure 8: (a) Drag coefficient of NACA 0012 airfoil in rain and no rain conditions; (b) Rain effect on drag coefficient of NACA 
0012 airfoil.

Table 1: Calculation condition in the present study.

Variable Value
LWC/(g/m3) 30
Raindrop arithmetic mean diameter/(mm) 1
Air freestream velocity/(m/s) 61.7
Raindrop vertical velocity/(m/s) -4
Air density/(kg/m3) 1.225
Airfoil chord length of horizontal tail/(m) 1.4478
Airfoil chord length of wing/(m) 1.9812
Reference pressure/(Pa) 1.01325 × 105

Reference temperature/(K) 273



• Page 37 •

Citation: Benyin L, Cao Y, Wu Z (2017) Numerical Simulation of Aerodynamic Penalties of the DHC-6 Twin Otter 
Aircraft in Heavy Rain. J Aerosp Eng Mech 1(1):30-39

Benyin et al. J Aerosp Eng Mech 2017, 1(1):30-39 ISSN: 2578-6350  |

Figure 11 and Figure 12 present the lift and drag co-
efficients, respectively, for the horizontal tailplane airfoil 
in the rain and no rain conditions. It is shown that the 
trend of decrease in lift force and increase in drag force 
is still there due to rainfall. The effect of rainfall becomes 
more and more obvious with the increase of angle of at-
tack. The maximum percentage of lift reduction reaches 
by 3.2%, and the maximum percentage of drag increase 
reaches by 6.1%. When the angle of attack increases to 
15 or 16 degrees, the impact is much greater (more than 
50%), where stall is expected to occur.

Flow field characteristics
Figure 13, Figure 14, Figure 15 and Figure 16 show 

the pressure coefficient contour and the streamline dis-
tribution around the DHC-6 Twin Otter wing airfoil at 
AOA = 13 degree and the tailplane airfoil at AOA = 15 
degree in the dry and rain conditions, respectively. The 
operating pressure is 101325 Pa. In the dry condition, the 

ulations. Considering this, most of the following calcula-
tions are performed at low to moderate angles of attack. 
The present rain model has a desirable accuracy for the 
following rain study.

Lift and drag force data
In the present work, the pressure-based unsteady 

solver with the first-order implicit scheme is adopted; the 
calculation condition of rain is shown in Table 1.

Figure 9 and Figure 10 show the lift and drag coeffi-
cients, respectively, for the wing in the rain and no rain 
conditions. It is easy to see that the influence of rainfall 
on the aerodynamic performance of the wing airfoil is 
very regular. Rainfall leads to decrease in the lift and in-
crease in the drag. With the increase of attack angle, the 
effect of rainfall becomes more and more obvious until 
stalling speed. In contrast with the dry results, the maxi-
mum percentage of lift reduction is 13.4% and the maxi-
mum percentage of drag increase is 30.9%.
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Figure 9: Lift coefficient of the wing in the rain and no rain 
conditions.
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Figure 10: Drag coefficient of the wing in the rain and no rain 
conditions.
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Figure 11: Lift coefficient of the tail in the rain and no rain 
conditions.
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Figure 12: Drag coefficient of the tail in the rain and no rain 
conditions.
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methods for numerical simulation approach are also 
found. Some new findings and conclusions of the present 
study are listed as follows:

(1) The influence of rainfall on airfoil aerodynamic 
performance can be simulated by numerical simulation. 
Compared with wind tunnel test, it can save manpower, 
resource and time.

(2) Rainfall induces adverse penalties on the aerody-
namic performance, which leads to decrease of lift coeffi-
cient and increase of drag coefficient.

boundary layer has no rain-induced changes at the mo-
ment. While in the rain condition, the boundary layer 
has separated due to rain. The four contours reveal that 
premature boundary-layer separation occurs due to the 
existence of rain, which is consistent with the conclusion 
in [6]. Besides, the difference of the pressure coefficient 
distribution on the upper and lower surfaces of the lead-
ing edge of the both airfoils decreases with rain, thus the 
lift coefficients decrease in the rain.

Conclusion
In summary, this paper analyzes the aerodynamic 

performance loss of the DHC-6 Twin Otter aircraft wing 
and tailplane in the rain and no rain conditions quali-
tatively and quantitatively. In this study, many practical 
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Figure 13: Pressure coefficient and streamline distribution 
around the wing.
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Figure 14: Pressure coefficient and streamline distribution 
around the wing in the rain condition.
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Figure 15: Pressure coefficient and streamline distribution 
around the tailplane in the dry condition.
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Figure 16: Pressure coefficient and streamline distribution 
around the tailplane in the rain condition.
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(3) With the increase of attack angle, the adverse in-
fluence of rainfall on the aerodynamic performance of 
airfoil increases.

(4) When the angle of attack is greater than a certain 
angle, the airfoil will stall in advance associated with pre-
mature boundary-layer separation.
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