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INTRODUCTION

Wing-in-Ground effects (WIGs) have been highly taken into account in recent years with two prominent features that
differentiate them from other aeronautical means. The first feature is their aerodynamic shape, which shows a very high
lift to drag coefficent when it moves, and when it approaches the surface, this coefficient is higher than the airframe of
similar dimensions, flying at high altitude outside the ground effect. Another distinction is that they have a good dynamic
equilibrium that occurs whefitying at low altitudes near the surface. This phenomenon was reported by pilots with the
flight of the first planes in the years before 1920 when they were flying near the sea level observed that flying would
require less energil]. In many empirical and numerical studies on this phenomenon, the basis of the problem is the
study of the ground effect on aerodynamic coefficients of a static airfoil near the surface. Rozhdegh&rnisttpduced
a mathematical model for static airfoil in the vicinity of the surface and presented an overview of WIG devices and their
history. Daichinet et al. (2008xamined the effect of free surface on the vortex of the airfoil tail. The results of this
experimental study were that the movement of vortices under the airfoil was stopped in all cases. The study of secondary
flows and vortices produced at the tip dktwing near the ground surface was carried out by Climent [&f.al
Djavareshkian et a]5,6] also examined another effective parameter, the effeaitfoil camber on lift coefficient in the
ground effect and concluded that the positive effect of camber on the lift coefficient occurs only at small angles.of attacks
In another study, they investigated the effect of a smart and conventional flapoctbe ground and angle of attack and
the angle of the vane corresponding to the highedblifirag ratio. Nikhil et al[7] studied the impact of the angle of
attack on the clos®-ground airfoil aerodynamic coefficients. Other relatedligs include the studies conducted by Qu
et al.[8,9] on the effect of airfoil angle of attack in a steady state at different flight altitudes on the aerodynamic properties
of the flat and wave ground, and also on the flow physicsabrBent airfoil in static and dynamic states. Qu et al also
numerically investigated the effect of angle of attack and distance from surface on the aerodynamic coefficients and flow
physics of a NACA 4412 airfoil at ground effect, results shoindow to noderate angles of attack, with reduced distance
from the surface, the effective angle of attack decreased, at the high angle of attack, with reduced distance from the
surface, a large region of separated flow occurred and at the negative angle of attacingrthe negative liftL0].

A year later Rostami et al. [11] studied an accurate vi$@oiscid interacting method as an alternative method to
computing heavy Navié6tokes solution for utilizing in the surface effect zone, that was good accuracy for predicting
the effect of surfacproximity [11]. Gao et al. [12] researched the aerodynamics and flow physics of a typical transonic
RAE2822 airfoil at different angles of attack searchedyTdieserved that at low angles of attacks a steady shock on the
lower surface of the airfoil, also at small airfoil distance from the surface, the small angle of attack and high Mach number
exists a new coupling between the shock buffets on the lowerhandpper surface of the airfdil2]. Other related
studies include the studies conducted by Wei He et al. [13] studied a nuhtkeogttical of the steady massively
separated flow around a NACA 4415 airfoil at a low Reynoldslrer and a high angle of attack near the wavy ground,
this research provided new insight into the stability of airfpibund flow systems at a low Reynolds number and a high
angle of attackl13,14]
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In manystudies, for the numerical study of the free surface effect on the aerodynamic characteristics of the airfoil,
the viscous fluid is not cortéred, and it is considered to be a rigid surface for ease in the simulation of the free surface.
The purpose of this study is investigation static stall of airfoil near the water surface. Different attack angles aad distan
from the surface have been @stigated. Airfoil simulation is carried out at h/c = 0.5fHand at the angle of attack of
2.51to0 11 degree.

GOVERNING EQUATION

The governing equations for twdimensional incompressible flow, including the equations of continuity and
momentum, are given iBquatiors. (1), (2) and (3), respectively:

w/ m vy @ @)
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(! w) W vk (WK B e g AV R 2V ) @3)

In the above equations v, p,” and g h aherizontallara wertical velocity, Pressure, density and viscosity
respectively. To simulate the twahase flow and capture the free surface between the water and aigttiosl raf the
volume of flow has been used. In this method, the volume of the fraction is defined and the corresponding scalar transfer
Equation (4) is solved, which results in the ratio of the Volume of Fraction (VOF) of each flow component for each cell
at any given momerji5,16]

W/ uouwl Fax) w( B/ yp O (4)

If the volume of flow isF = 0, the cell is filled with air and ¥ = 1, the cell is filled with water. Also, cells with values
of 0 <F <1 are cells that contain some water and soméd-a# rhass flux)[17-20].

NUMERICAL MODELING

The computational domain used is shown in Figure 1. The subject of this study is an airfoil with-sectass of
NACAO0012 with a chord length & =1 at a distance d&ffrom the free surface of the water. A uniform free flow passes
through the airfoil withvelocity U in the xdirection. The mesh used in this research is fully structured. To better capture
the free surface flow, the grid near the free surface is orthogonal. The mesh quality drops sharply around the airfoil. As a
result, the @ype mesh is ugkaround the airfoil and the-type mesh geometry is selected in the rest of the solution in
order to maintain the mesh quality both around the airfoil and around the free surface (Figure 2).

The height of the first cell on the airfoil wall is consideradtsthat it always be*yx 5. In this situation, the first cell
is located in the sulayer, where the flow can be considered to be laminar, and the tension imposed on the wall can be
calculated using the tension relationship in terms of strain in thedafdw. Mesh around the free surface has also been
thinned out to capture the free surface accurately.

To simulate the flow, firstly, the governing equations on the flow are discrete by a finite volume method, and then
solved by the PIMPLE Algorithm (TheIMPLE Algorithm is a combination of PISO and SIMPLE). To capture the free
surface, the volume of the fraction of the fluid has been used. Transition terms are discriminated using@dscond
plan with the bounded feature. Then, by applying the boynttamdition, the pressure is internally interpolated at the
fixed velocity inlet, and at the fixed pressure oytileé velocity is extrapolated inside the solution range. On the upper
and lower boundaries, a symmetry boundary condition was used. Foouhddoy of the airfoil, shear stresses are
calculated using wall functions and applied in discrete equations.
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Figure 1. General schematic of problem and boundary condition.
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Figure 2. Mesh around airfoil anttee surface.

To examine the independence of the results of the mesh, three different meshes with the same approach in the mesh
were generated. The length of the mesh elements is reduced by a principled method with a constant ratio, i.e., the number
of cells on all edges is increased by 1.2, and meshes with a population of 120,000, 170,000, and 200,000 cells were
generated. The flow around the NACAO0012 airfoil was solved for the three meshes. Figure 3 shows the distribution of
the pressure coefficient bierms of location for the three different meshes. As it is seen, the distribution of the pressure

coefficient for the mesh with 170,000 cells and the mesh with 200,000 cells are matching, so the independence of the
mesh is achieved at the mesh with 170,0610s.
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Figure 3. Mesh independency.
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To validate, two simulations were carried out close to and far from the water surface and compared with the published
results. For neasurface, the steady flows are simulated around an airfoil with an angle of attack of 5 degfees in
0.5,1 and the & conditions are used following Table 1, Results are compared with numerical data of r¢frle ticat
are based on inviscid and rootating flow in Table 2.

Table 1.Geometric parameters and flow conditions of referg¢dtgfor validation.

Variable Value
Reynolds number 68000
Free flow velocity 1m/s
Distance from surface (h/c) 0.5 and 1 of the chord length
Chord length 1 meter

Table 2.Value of lift coefficient at h/c = 0.5, 1 and an angle of attack of 5 degrees.

Distance from surface Referencd21] The current simulation
h/c=0.5 0.660781 0.519228
hic=1 0.581024 0.486619

The difference in the results of the two methods is that simulation has been carried out in the reference given with the
assumption of the potential flow (n@atational and inviscid flow), while in the present study, the NaSitekes
equations are solveéor static stall validatiorthe results compared with published data of free flow, the flow around
the NACA 634021 airfoil ath/c = Hb is simulated under the same test conditions with referg@je The results are
compared with the experimental data of this reference, the average error of results is % 4.47 and as Figure 4 shows, there
are two acceptable matching curves indicate the correctness of the solution.

2 -
L Present study
1.5:_ [ ] Refrence[22]
. 1F ° e o
O I
5 r//—\'
;f;_’ 0.517
D [
3 i
£ O0F
- I
05 F
_1:”‘|‘le‘lw‘lw‘lw‘
6 8 10 12 14 16 18

Angle of attack AOA [degrees]

Figure 4. Validation static stall dt/c= Ho.

RESULTS AND DISCWUB6I

In this study, an airfoil near the water surface is simulated. The results presented for 3 different distances from the
surface and for the range of the angle of attack of 2.5 to 1éelegre investigated to simulate the static stall phenomenon
of airfoil near the water surface.

Figure 5 shows the variation of the lift coefficient in terms of the angle of attack at different flight altitudes. As can
be seen, the maximum lifoefficient has increased with decreasing flight altitude; it is also observed that the value of
the lift coefficient increases linearly with increasing angle of attack to an angle of about 8.5 degrees. Then, it sharply
decreases with a plummeted slopéjéating the advance of separation to the leading edge and stall.

With increasing flight altitude, the angle of stall increaseh/&t= 1 and an angle of attack of about 9.25 degrees, the
lift coefficient is maximum, and then the amount of the lift ca#ffits slowly and then reduced at an angle of attack of
9.5 degree. Irh/c = Hbthe maximum value of the lift coefficient is at an angle of attack of 9.5 degrees, and after the angle
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of attack of 1Qdegrees, the lift coefficient decreases sharply. As can be seen, there is a slight difference between the
results at a distance bfc= Hbandh/c= 1 after the stall.
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Figure 5. Lift coefficient ath/c= 0.5, 1,Hb and angle of attactf 2.511 degrees.

Figure 6 shows the variation of the drag coefficient in terms of the angle of attack at various flight altitudes. At an
angle of attack = 5 degrees, the adverse pressure gradient is mild on the upper surface of the airfoil. Astbleown by
distribution of the pressure coefficient, the boundary layer is slowly attached from the edge of the attack to the edge of
the airfoil surface and there is no flow separation. Therefore, the airfoil drag coefficientdaigee® attack angle is a
smal amount. As the angle of attack increases, the adverse pressure gradient that causes separation increases. Since th
smooth boundary layer is not able to withstand adverse pressure gradient, it separates from the upper surface of the airfoil,
and the sepation of the flow occurs at the angle of attack of greater than 8.5 degrees. The slowly separated boundary
layer is rapidly transferred to the turbulent flow and the vortex is produced. This turbulent flow, as a turbulent boundary
layer, attaches to theailing edge to the upper surface of the airfoil. The drag coefficient increases with an increase in
the attack angle. At/c = 0.5 and angle of attacks 9, 9.5 and 10 degree, the adverse pressure gradient increases sharply
on the surface of the airfoil, drihe complete stall occurs, so the drag coefficient increases strongly and the lift coefficient
decreases significantly. After the airfoil stall, with increasing angle of attack, the lift coefficient increases with a low
velocity, and the drag coefficieiricreases rapidly. As shown in the graph of the drag coefficient, the stall angle has
increased with increasing distance from the surface. It is also observed that livic = Ho, the variation of the drag
coefficient in terms of the angle of attack astdll is less different from the previous state.
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Figure 6. Drag coefficient ah/c= 0.5, 1,Hb and angle of attack of 2.5 to 11 degrees.

Figures 7(ec), show the distribution of the pressure coefficient around the NACAO0012 airfoil in different states. It
can be seen that with lower flight altitude at a constant attack angle, the pressure at the lower airfoil level has increased
It is alsoobserved that with increasing angle of attack, although the distribution of pressure on the lower surface of the
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airfoil does not change significantly, the distribution of the pressure coefficient varies over the upper surfaceaif the airf

due to the chage in the position of the stagnation point. When the angle of attack is small, (angle of attack = 5 degrees),
there is no separation near the edge of the airfoil attack, and as the angle of attack increases, the position of the minimum
point of pressurerthe upper airfoil surface is lowered. At the larger angle of the attacks, the distribution of the pressure
coefficient and the minimum point of pressure have increased on the upper surface of the airfoil due to static tall and the

complete separation ttie boundary layer.

In the graph of h/c = 1 (Figure 7(a)), at the angle of about 8.5 degrees, the greatest difference in pressure was made at
the upper and lower levels of the airfoil, the greatest difference was increased with increasing distancestndat¢he

As in

h/c=1 (Figure 7(b)), the maximum pressure distribution interval is at the angle of attack of about 9.25 degree

and inh/c= Kb (Figure 7(c)), at an angle of attack of 9.5 degrees. It can be seen that in all cases, after redgpivesthe
difference in pressure level between the upper and lower levels of the airfoil, the pressure distribution interval initially
slowly and then dropped sharply, indicating the complete separation of flow and stall. It is also seen that with increasing
distance from the surface, the effect of the water level on the surface below the airfoil is less and the resultstare closer

far from the surface state.
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Figure 7. Pressure coefficient differentdistance from surface and angle of attad®Ag).

Figure 8 shows the pressure contour with the streamlines at the angle of attack dégrees, at/c= 0.5, 1,Hb. It
can be seen that with the decrease of altitude, the pressure in the duct between the surface below the airfoil ard the surfac
of the water has increased. At the low angle of attack (5 degrees), the pressure gradient is mild, and the flow in the upper
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and lower surface of the airfoil is fully attached to the surface and passes without any separation from the surface. At the
bottom of the airflow, the adverse pressure gradient is increased and the flow is slightly separated from the surface.
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Figure 8. Pressure contour with streamline at different distance from suti&@eaqicangle of attack = 5 degrees

In Figure 9(ac), it can be clearly seen that on the upper surface of the airfoil in the downstream, the pasitien of
0.92 (Figure 9(a))x/c= 0.93 (Figure 9(b)) anxlc= 0.939 (Figure 9(c)) for the direction of the path is in the opposite
direction of the mainstream. It is clear that by reducing the airfoil distance from the surface, the separation of the bounda
layer has occurredlitle earlier. As a result of this low return flow and the separation of the boundary layer, a very small
vortex region is created at the bottom of the airfoil; the size of the vortex near the surface is slightly larger (Figure 10)
This small vortex amg in all cases down the airfoil, causes a very low drag force on the airfoil, which is confirmed by

drag coefficient in Figure 6.
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Figure 9. Vector in trailing edge at different distance from surfdge) (@nd angle of attack = Hegrees.
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Figure 10.Vortex in trailing edge at different distance from surfdvle)(and angle of attack =5 degrees.

In Figures 5 and 6, the highest amount of aerodynamic coefficients was obsemed 5, 1,H> at the angle of
attack =8.5, 9.25 and 9.5 degrees respectively. Figure 11 shows the pressure contour along with the streamlines in terms
of position 0.5 m distance from the surface in the attack angle of 8.5 ddgized, at an angle of attack 9.25giees
andh/c= Hbat an angle of attack of 9.5 degrees.
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In all modes, the pressure on the upper surface of the airfoil is almost the same as the previous state (5 degrees), and
is lower at the lower surface of the airfoil. The streamline sat the surflme the airfoil are approximately the same as
the previous state and the flow is fully attached to the surface, but the behavior of the streamlines at the highelevel of th
airfoil is different from the previous state.
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Figure 11.Pressure contour and streamline at angle of attack @f,Clfor different distance from surfachk/¢).

Figure 12 shows the position of the separation point on the upper surface of the airfoil. As it is knowm/at the
0.5 separation point is in the positigft = 0.036, and the flow in the range>Jt = 0.0360.130is separated from the
surface. By igreasing the distance from the surfacéy/at= 1 and the angle of attack 9.25 degree, the separation point
is x/c = 0.037and the flow separation continues to the point x/c= 0.130 Ath/c=Hbat the point ok/c= 0.610, the
separation of thedw has occurred, and the flow is separated from the upper surface to the posifion 6f121. Due
to the increase of pressure distribution, the slowly separated boundary layer attaches to the turbulent flow, which causes
the reattachment of separatsalindary layer to the upper surface of the airfoil at the point&cef 0.122, 0.138, 0.130
(ath/c= 0.5, 1,Hbrespectively) as the turbulent boundary layer. This flow is called a secondary flow. The separation of
the flow causes a small voxtén the above areas (shown in Figure.13)
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Figure 13. Vortex in the initial separation of flow at Gk« angle of attack and at different distance from surfaég.(
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The turbulent boundary layer has a greater amount of energy to counteract the adverse pressure gradient than the
smooth boundary layer and is later separated from the surface. Therefore, after reattachment, the turbulent boundary layer
remains up to the/c = 0.625, 0.570, 0.545 positions (Figure 14). The same flow reattachment has significantly increased
the adverse pressure gradient and thseparation flow.

Figure 15 shows that, in all modes, more path lines have deviated from the main directiofiaf thied more
separation area is formed at the bottom of the airfoil compared to the 5 degrees angle. It is seen in Figure 16 that the
vortex flow region at the bottom of the airfoil has also grown and a larger vortex region has been created. Atha result,
created drag force on the airfoil is more than the previous one (angle of attack of 5 degrees).
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Figurel5.Path lines of the second flow separation path atr#ikng edge at Ckaxangle of attack and different
distance from surfacdc).
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Figure 16.Vortex in the second flow separation at the trailing edge akGlngle of attacland differentdistance from
surface K/c).

Figure 17 shows the pressure contour and the streamline&fafr0.5, 1 andb, respectively, at the angle of attack
of 9.5, 10 and 10.5 degrees. At all distances, the minimum point of the pressure distribution is reduced and the adverse
pressure gradient at the high level of the airfoil is very intense, in this case, the sepgetednnot reattach to the
surface. As the behavior of the streamlines in the pressure contours is shown in Figure 17, the flow is completely separated
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from the edge of the attack to the edge of the trailing with a large separation angle from the riggeo&the airfoil
and due to the sharp drop in the lift coefficient (Figure 6), there has been a complete stall at these angles.

The large separation of the flow has created a large area of recursive flow (Figure 18) and vortex flow (Figure 19) on
the pper surface of the airfoil, and this area has greatly increased at the bottom of the airfoil. Figure 19 shows that the
vortices of the trailing edge near the surface are larger and, as shown in Figure 6, these returning and vortex flows have
caused a sidficant increase in the airfoil drag coefficient. It can be seen from the comparison of Figurk/dé £ &b
and Figure. 17 dt/c= 0.5that flow has a different behavior at the same angle of attack at two distances from the surface.
In Figure 11, whicltorresponds th/c =Hbthe secondary flow caused by the reattachment of flow to the surface has been
created and, according to Figure 5, the maximum lift coefficient has been created, while, in Figloe 07, a severe
gradient of the adverse presswvas created and flow could not attach to the surface and was separated from the surface
at the very beginning of the leading edge. Also, the lift coefficient has dropped sharply and the complete stall has occurred
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Figure 17.Pressuré&ontourand leading edge after static stall at differdistance from surfacén(c).

Angle of attack = 9.5 Angle of attack = 10 degrees Angle of attack =10.5
degrees degrees

Figure 18.Path lines at trailing edge after static stall at diffedksiiance from surfacenc).

Angle of attack = 9.5 Angle of attack = 10 degrees Angle of attack =10.5
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Figure 19.Vortex at the trailing edge after static stall at differdistance from surfacén(c).
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