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Numerical Simulation of NACA 0012 Airfoll
Operating under Hailstorm Conditions

Dimitra C. Douvi, Eleni C. Douvi, Dionysios K. Plessas, Dionissios P. Margaris

Abstract—The current paper refers to the computational
study of the aerodynamic behavior of NACA 0012 airfoil
operating at Reynolds numbers of Re=1x10° and Re=1.76x10°
during a hailstorm. The numerical simulations were succeeded
using a commercial Computational Fluid Dynamics (CFD)
Code in air phase flow as well as in hailstorm conditions, at
various angles of attack on the realizable k—¢ turbulence model,
which cooperates well with the Discrete Phase Model (DPM) by
the help of which is succeeded the injection of raindrops and
hailstones. The obtained numerical values of the aerodynamic
coefficients were validated by comparing them with reliable
experimental data, and it was found that hailstorm has negative
impact on the aerodynamic performance of the airfoil. Next, the
region around the airfoil was studied using contours of static
pressure and contours of the concentration of raindrops and
hailstones around the airfoil, and the wall film height on the
surface of the airfoil is shown.

Index Terms—aerodynamic performance, airfoil, CFD code,
hailstorm.

. INTRODUCTION

Airfoils are extensively used in the construction of wind
turbine blades. Since wind turbines operate in open
atmosphere, they are exposed to various weather conditions
for long time, and their aerodynamic performance can be
significantly affected, and the surface of the blades is possible
to be eroded too. Recent studies have shown that the annual
energy production (AEP) of wind turbines can be
considerably affected due to the erosion of blades [1]-[4], the
process of which has been computationally examined [5]-[7].
Several authors [8]-[11] also studied the effects of
leading-edge roughness on the aerodynamic performance of
an airfoil and showed that there is a degradation of the
aerodynamic performance.

Next, the aerodynamic behavior of an airfoil operating in
multiphase flow has been gaining importance in recent years,
because of the growth of Computational Fluid Dynamics
(CFD). Several publications have appeared documenting the
negative impact of heavy rain on the aerodynamic
performance of airfoils by the help of Discrete Phase Model
(DPM) [12]-[14]. It was also proven that the wall-film
formed on the surface of an airfoil increases the roughness
resulting in aerodynamic performance degradation [15],[16].
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Although many rainstorm conditions have been studied so
far over an airfoil, there is still lack in the literature of
research on the aerodynamic behavior of an airfoil operating
under hailstorm conditions. However, there has been
developed a model that simulates numerically the hailstone
impacts on aircraft structures and wind turbines [17], and the
damaging effects of hailstones on the surface of a blade are
examined in detail [18],[19].

The present study concentrates on the aerodynamic
behavior of NACA 0012 airfoil operating in hailstorm at two
different Reynolds numbers using a commercial CFD code.
The computational method and the calculations were also
used in previous study [20] that refers to a different airfoil.
The validation of the computational results was succeeded by
comparing one-phase air flow results with existing reliable
experimental data and it was shown that hailstorm conditions
have a significant impact on the aerodynamic performance of
the airfoil.

Il. HAILSTORM CONDITIONS OVER AN AIRFOIL

Hailstorm conditions can be described as a discrete phase
flow, which is simulated by the Euler-Lagrange approach.
The dispersed phases, in other words the hailstones and the
raindrops, interact with the continuum air phase, which
means that energy, mass, and momentum of the hailstones
and the raindrops are exchanged with the air. Particularly,
only momentum is transferred from the air to the dispersed
phases as regards hailstorm conditions.

In case an airfoil operates during a hailstorm, the
aerodynamic performance of the airfoil is degraded.
Specifically, the pressure gradient, the boundary layer, and
the shear stress factor can be affected by the presence of
hailstones and raindrops. As a result, the lift force decreases
while the drag force increases, because of the change in
momentum due to the wall-film and the particles that reflect
on the airfoil surface.

I1l. COMPUTATIONAL METHOD

Before the computational study, the geometry of the
symmetrical NACA 0012 airfoil was designed in the
geometry system, and following a structured C-mesh domain
consisted of 80,000 quadrilateral cells was created around the
airfoil in mesh component system after a grid independence
study conduction [21].

As regards the numerical simulations, they were
accomplished by the help of the commercial CFD Code
ANSYS Fluent 16 [22], that solves conservation equations
for mass, momentum, and supplementary transport equations
for turbulent flows. Hailstorm conditions around the airfoil
were accomplished by the help of the Lagrangian Discrete
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Phase Model (DPM); the Navier-Stokes equations solve the
continuum air phase, while many spherical raindrops and
hailstones with a diameter of 5 mm are tracked into the
calculated flow field. The flow is considered as
incompressible, the free stream temperature is set to be 300K,
the viscosity and the density of the air are 1.7894x10 °kg/ms
and 1.225kg/m? respectively. The mean water content for the
hailstones is equal to 1.24g/m® and for the raindrops
2.16g/m°, while the density of hail is set to be 900kg/m? [23].

Next, the dispersed phases are tracked at the minimum
distance upstream of the airfoil where the flow is undisturbed
to decrease computational time and simplify the solution. The
vertical axis velocity of raindrops is calculated by the
Markowitz equation [24] and this of hailstones is given by
Douglas equation [25], while the horizontal axis velocity of
all the particles is equal to air velocity.

The simulations were conducted at Reynolds numbers of
Re=1x10° and Re=1.76x10° for various angles of attack
ranging from -9 to 16 degrees. The flow is turbulent, so the
realizable k— turbulence model, which was suggested by
Shih et al. [26], was chosen for the simulations, since it is
appropriate for aerodynamic applications and it cooperates
well with Discrete Phase Model (DPM). Raindrops and
hailstones damp and product turbulence eddies, that are
included in the calculations by enabling two-way turbulence
coupling.

Firstly, the steady one-phase air flow around the airfoil was
studied and compared to reliable experimental data by
Sheldahl and Klimas [27], in order to be validated, and then
the study of the steady discrete multiphase flow was
conducted via the DPM. The obtained multiphase flow
results were compared to the air flow results in order to show
the aerodynamic degradation of the airfoil operating under
hailstorm conditions.

IV. RESULTS AND DISCUSSION

A. Aerodynamic Coefficients

The aerodynamic lift and drag coefficients were calculated
by the help of realizable k-¢ turbulence model, and then they
were compared with reliable experimental data [27]
concerning one-phase air flow over NACA 0012 airfoil.

First of all, Table | presents the numerical values of the lift
coefficient versus the angle of attack at Re=1x10° for air flow
and hailstorm conditions. These values are shown graphically
in Fig. 1.

Table I. Experimental and numerical data of lift coefficient
for NACA 0012 airfoil for Realizable k—¢ turbulence model
at Re=1x10° for air flow and hailstorm conditions.
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Fig. 1. Comparison between experimental and
computational data of the lift coefficient for NACA 0012
airfoil for realizable k—¢ turbulence model at Re=1x10° for
air flow and hailstorm conditions.

The air flow numerical values are in good agreement with
the corresponding experimental data for small angles of
attack, while there is a difference between computational
results and experimental data for angles of attack higher than
14 degrees, due to stall conditions. Moreover, the impact of
hailstones and water droplets is obvious for all the angles of
attack studied. The degradation of lift coefficient reaches a
maximum value of -2.29% at angle of attack equal to 3
degrees.

Next, in Table Il and Fig. 2 are displayed the experimental
and the computational results of the lift coefficient for
NACA 0012 airfoil concerning the one-phase air flow, but
also the computational results concerning the
air-water-hailstones three-phase flow at a Reynolds number
of Re=1.76x10°.

In Fig. 2 it can be concluded that the computational values
of the lift coefficient behave in accordance with the
experimental values for the whole range of possible angles of
attack. Furthermore, the lift coefficient curve seems to be
slightly downward shifted in hailstorm conditions. The
maximum reduction is located at the angle of attack of 3° and
it equals with -1.42%.

The above results indicate that as the air velocity increases,
the negative effect of the hailstorm on the aerodynamic lift
coefficient for NACA 0012 airfoil diminishes.

Table II. Experimental and numerical data of lift
coefficient for NACA 0012 airfoil for Realizable k—¢
turbulence model at Re=1.76x10° for air flow and hailstorm
conditions.

angle Sheldahl, Klimas Realizable k-¢  Realizable k-¢
of attack (air flow) (air flow) (hailstorm)
-9° -0.9661 -0.9387 -0.9402
-5° -0.5500 -0.5319 -0.5351
-3° -0.3300 -0.3206 -0.3247
0° 0.0000 0.0000 -0.0058
3° 0.3300 0.3206 0.3132
5° 0.5500 0.5320 0.5232
9° 0.9661 0.9387 0.9243
12° 1.1212 1.2127 1.2014
14° 0.8846 1.3662 1.3576
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angle Sheldahl, Klimas Realizable k-¢ Realizable k-¢
of attack (air flow) (air flow) (hailstorm)
-9° -0.9138 -0.9497 -0.9494
-5° -0.5281 -0.5373 -0.5394
-3° -0.2993 -0.3236 -0.3264
0° 0.0007 0.0000 -0.0037
3° 0.3008 0.3236 0.3190
5° 0.5151 0.5374 0.5313
9° 0.9439 0.9495 0.9374
12° 1.1865 1.2310 1.2268
14° 1.3005 1.3934 1.3885
16° — 1.5209 1.5058
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Fig. 2. Comparison between experimental and
computational data of the lift coefficient for NACA 0012
airfoil for realizable k—¢ turbulence model at Re=1.76x10°
for air flow and hailstorm conditions.

Table IIl. Experimental and numerical data of drag
coefficient for NACA 0012 airfoil for Realizable k—¢
turbulence model at Re=1x10° for air flow and hailstorm
conditions.

angle Sheldahl, Klimas Realizable k-¢  Realizable k-¢
of attack (air flow) (air flow) (hailstorm)
-9° 0.0134 0.0196 0.0195
-5° 0.0091 0.0145 0.0143
-3° 0.0071 0.0132 0.0150
o° 0.0065 0.0125 0.0125
3° 0.0071 0.0132 0.0133
5° 0.0091 0.0145 0.0148
9° 0.0134 0.0196 0.0205
12° 0.0180 0.0269 0.0279
14° 0.0222 0.0345 0.0353
16° 0.1280 0.0458 0.0479
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Fig. 3. Comparison between experimental and
computational data of the drag coefficient for NACA 0012
airfoil for realizable k—¢ turbulence model at Re=1x10° for
air flow and hailstorm conditions.

Following, Table 11l shows the computational results of the
drag coefficient of NACA 0012 airfoil, when the airfoil
operates in air flow as well as under hailstorm conditions, at a
Reynolds number of Re=1x10°. As it can be seen in Fig. 3, the
numerical values of the drag coefficient are greater than the
corresponding experimental for angles of attack ranging
between -9° and 14°, due to the incapability of the turbulence
model to accurately compute the transition point of the
boundary layer from laminar to turbulent, but at 16° the
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computational value is lower. The impact of the hailstorm
conditions on the drag coefficient is obvious, since the values
of drag coefficient are increased in multiphase flow. More
specifically, at positive angles of attack the drag coefficient
values in hailstorm are greater than the corresponding values
in air flow. As the angle of attack increases, the impact of
multiphase flow on the aerodynamic drag coefficient gets
more intense. The maximum increase of the coefficient is at
the angle of 9° and is equal to 4.66%.

Subsequantly, Table IV and Fig. 4 depict the experimental
results of the drag coefficient versus the angle of attack in air
flow at Re=1.76x10° and the corresponding values that
emerged computationally for air flow and hailstorm
conditions. It is shown that the experimental values of the
drag coefficient are lower than the predicted values for a wide
range of angles of attack. Also, as the angle of attack
increases, the difference between experimental and numerical
curves is getting greater, and under hailstorm conditions there
is an upward translation of the drag coefficient curve because
of the larger skin frictional drag caused by the presence of
raindrops and hailstones. The maximum increase of the drag
coefficient is shown at 16° and is equal t07.71%.

Finally, it can be concluded that the aerodynamic drag
coefficient is negatively affected under hailstorm conditions,
since higher values are achieved and especially at higher
angles of attack.

Table 1V. Experimental and numerical data of drag
coefficient for NACA 0012 airfoil for Realizable k—¢
turbulence model at Re=1.76x10° for air flow and hailstorm
conditions.

angle Sheldahl, Klimas Realizable k-¢  Realizable k-¢
of attack (air flow) (air flow) (hailstorm)
-9° 0.0167 0.0179 0.0179
-5° 0.0101 0.0132 0.0131
-3° 0.0079 0.0120 0.0119
0° 0.0061 0.0113 0.0114
3° 0.0061 0.0120 0.0121
5° 0.0071 0.0132 0.0133
9° 0.0117 0.0180 0.0188
12° 0.0159 0.0246 0.0253
14° 0.0183 0.0314 0.0325
16° - 0.0410 0.0442
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Fig. 4. Comparison between experimental and
computational data of the drag coefficient for NACA 0012
airfoil for realizable k—¢ turbulence model at Re=1.76x10°
for air flow and hailstorm conditions.
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B. Contours of Static Pressure

Next, from Fig. 5 to Fig. 8 are given the contours of static
pressure around NACA 0012 airfoil that operates in air flow
and during hailstorm at angles of attack equal to -5° and 3°
and at two different Reynolds numbers, as emerged by the
help of realizable k-¢ turbulence model. To start with, Fig. 5
illustrates the contours of static pressure around NACA 0012
airfoil operating in air flow for -5° and 3° angles of attack at
the Reynolds number of Re=1x10°. The stagnation points,
where static pressure is equal to total, are obvious at both
angles of attack. It is observed that at the negative angle of
attack stagnation point is on the upper surface of the airfoil,
while for the positive angle of attack it is on the lower surface
close to the leading edge of the airfoil. Also, it is shown that
the values of static pressure are higher on the upper surface of
the airfoil for the negative angle of attack, and higher on the
lower surface at the angle of attack equal to 3°. Moreover,
static pressure seems to be increased in the region of the
trailing-edge of the airfoil.

Fig. 6 depicts the contours of static pressure around the
airfoil operating under hailstorm conditions for the same
angles of attack. It should be noticed that there are minor
differences between contours in Fig. 5 and in Fig. 6 mainly on
the lower surface of the airfoil as well as in the region near the
trailing-edge. In general, the aerodynamic behavior of the
airfoil remains the same for each angle of attack.

Similarly, Fig. 7 and Fig. 8 show the contours of static
pressure around the airfoil at the same angles of attack at
Re=1.76x10° for air flow and hailstorm conditions. The
emerged results are similar to those obtained for Re=1x10°,
but as the air velocity increases, static pressure values get
greater.
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Fig. 5. Contours of static pressure [Pa] at (a) -5° and (b) 3°
angles of attack at Re=1x10° with the realizable k—¢
turbulence model for NACA 0012 airfoil in air flow.
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Fig. 6. Contours of static pressure [Pa] at (a) -5° and (b) 3°

angles of attack at Re=1x10° with the realizable k—¢

turbulence model for NACA 0012 airfoil in hailstorm

conditions.
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Fig. 7. Contours of static tatic pressure [Pa] at (a) -5° and

(b) 3° angles of attack at Re=1.76x10° with the realizable k—
turbulence model for NACA 0012 airfoil in air flow.
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Fig. 8. Contours of static pressure [Pa] at (a) -5° and (b) 3°
angles of attack at Re=1.76x10° with the realizable k—¢
turbulence model for NACA 0012 airfoil in hailstorm
conditions.
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C. Concentration of particles and water film height

Fig. 9 and Fig. 10 present the concentration of raindrops
and hailstones on the surface of the airfoil with the realizable
k—¢ turbulence model. It is shown that the concentration of
the dispersed phases particles is greater at the leading edge
and mostly on the upper surface of the airfoil for all the angles
of attack and at both Reynolds numbers. Furthermore, it is
observed that as the Reynolds number increases, more
raindrops and hailstones concentrate near the leading edge of
the airfoil, but at the same time the region occupied by the
particles on the upper surface of the airfoil is smaller, because
particles are drifted away more easily by the air.

Next, Fig. 11 and Fig. 12 show the height of the water-film
created on the surface of NACA 0012 airfoil operating during
hailstorm for two different Reynolds numbers. It seems that
water-film is formed mostly on the upper surface of the
airfoil, and in the areas of the upper and lower surfaces close
to the leading edge. The height of water-film varies on the
upper surface. More specifically, the film is thicker near the
leading edge, but it fluctuates on the other areas of the upper
surface up to the trailing-edge. In the region around the
trailing-edge of the airfoil can be seen the paths followed by
raindrops and hailstones, and it is shown that their direction
changes with angle of attack. Furthermore, as the air velocity
increases, it seems that there are fewer areas on the upper
surface of the airfoil where water-film is high.
Simultaneously, the maximum height of the water-film near
the leading-edge increases since particles impact the airfoil
with greater velocity.
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Fig. 9. Concentration of raindrops and hailstones around
NACA 0012 airfoil at (a) -5° and (b) 3° angle of attack at

Re=1x10° with the realizable k-g¢ turbulence model for
hailstorm conditions.
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Fig. 10. Concentration of raindrops and hailstones around
NACA 0012 airfoil at (a) -5° and (b) 3° angle of attack at
Re=1.76x10° with the realizable k-¢ turbulence model for
hailstorm conditions.
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Fig. 11. Water-film height [m] around NACA 0012 airfoil
at (a) -5° and (b) 3° angle of attack at Re=1x10° with the
realizable k-¢ turbulence model for hailstorm conditions.
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Fig. 12. Water-film height [m] around NACA 0012 airfoil
at (a) -5° and (b) 3° angle of attack at Re=1.76x10° with the
realizable k-¢ turbulence model for hailstorm conditions.

V. CONCLUSION

The present study concentrates computationally on the
aerodynamic behavior of NACA 0012 airfoil operating at
Reynolds numbers of Re=1x10° and Re=1.76x10° during a
hailstorm by the help of realizable k- turbulence model, and
it has can be concluded that air-water-hailstones multiphase
flow has a negative effect on the aerodynamic performance of
the airfoil.

More specifically, by the computational study it was
shown that lift coefficient values reduce and drag coefficient
values increase for a wide range of angles of attack due to
hailstorm conditions in comparison with the corresponding
coefficient values in one-phase air flow. Also, it was found
that as the angle of attack increases the impact of hailstorm on
lift coefficient diminishes, while drag coefficient gets higher.
As regards the air velocity, it can be concluded that as
Reynolds number increases, the effect of multiphase flow on
lift coefficient is less intense.

Following, contours of static pressure around the airfoil
indicate that as air velocity increases, the behavior of the
airfoil is similar at each angle of attack, but static pressure
values get greater. It is also suggested that static pressure is
greater on the lower surface of the airfoil at positive angles of
attack and higher on the upper surface at negative angles of
attack. Furthermore, the stagnation points are detected close
to the leading edge of the airfoil, and static pressure seems to
be higher in the region of the trailing-edge. Under hailstorm
conditions it was shown that the aerodynamic behavior of the
airfoil remains almost the same, since there are minor
differences mainly close to the trailing edge as well as on the
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lower and on the upper surface of the airfoil, where static
pressure gets higher and lower respectively.

Based on the presentation of the concentration of
raindrops and hailstones on the surface of the airfoil, it can be
concluded that the dispersed phases particles concentrate
more at the leading edge and on the upper surface of the
airfoil. As the flow velocity increases, the number of particles
on the surface is greater, but at the same time less space on the
upper surface of the airfoil is occupied by them. Next, it was
concluded that the formed water-film is thicker close the
leading edge, while its height fluctuates on the upper surface
up to the trailing edge. In addition, as air velocity increases,
there are fewer regions on the upper surface where water-film
is high, but the maximum height of the film near the
leading-edge increases.
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