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ABSTRACT 

When a flying vehicle approaches a water or land surface, it induces changes in 

the fluid flow field pattern known as the "ground effect." This research analyzes 

the ground effect phenomenon, exploring its impact on aerodynamic coefficients 

and flow patterns around the NACA0012 airfoil in an incompressible subsonic 

regime under static and dynamic conditions with pitch movements. Numerical 

simulations and experimental testing in an incompressible subsonic wind tunnel 

were deployed. The flow field solution is derived from the Navier-Stokes 

equations, incorporating the Transition SST turbulence model. Initially, the 

impact of the ground effect phenomenon was investigated at varying distances 

from the surface in the static state. Subsequently, the airfoil underwent a 

sinusoidal pitching oscillation at each distance with a specified frequency and 

amplitude. This allowed for examining its aerodynamic characteristics over 

time. The static analysis results reveal alterations in the curve's behavior and 

pressure distribution on the airfoil surface at close distances to the surface. This 

is attributed to the ground effect phenomenon, which reduces lift force to a 

certain height and then increases. Dynamic analysis further demonstrates 

changes in lift coefficient oscillation amplitude. It also exhibits a minimum and 

maximum lift point phase difference as the airfoil approaches the surface. 
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1. INTRODUCTION 

As a flying vehicle approaches the surface, whether 

water or ground, flow field patterns change during flight. 

These changes directly affect the aerodynamics and 

control of the flying vehicle, necessitating careful 

consideration to ensure continued movement. This is 

particularly crucial during the phases of landing and taking 

off, and flying at low altitudes. When a wing flies in free 

flow, the upper surface experiences reduced air pressure, 

while the lower surface encounters comparatively higher 

pressure, generating lifting force. Researchers discovered 

that flying near boundaries amplifies air pressure on the 

lower wing surface. This renders it more aerodynamically 

efficient than flying freely or farther from boundaries. The 

combination of these effects leads to a phenomenon 

known as the "ground effect" (Liang et al., 2013; Sereez 

et al., 2017; Srivastava, 2019; Baddoo et al., 2020; Zhu et 

al., 2021).  

Ground effect can be classified into two distinct 

regimes: ram and normal ground effect (Husa, 2000). Ram 

ground effect is observed where the wing is at an altitude 

of 0.1 times the airfoil chord or less. In this respect, the 

wing is positioned so close to the ground that the trailing 

edge creates a sealed envelope. The airfoil operates within 

a trapped air cushion, like a hovercraft. As the airfoil's 

altitude increases, it enters what is typically considered a 

normal ground effect. This regime extends from just above 

the "ram wing" height (height greater than 0.1 airfoil 

chord) to approximately half the wingspan above the 

ground (Zerihan & Zhang, 2000). 

When a wing is positioned near a surface at a distance 

less than half its span length, two notable changes in its 

aerodynamic behavior become evident. One is an increase 

in lift and a decrease in roiling, leading to an increased lift-

to-drag ratio. This phenomenon is collectively called the 

ground effect (Srivastava, 2019). The heightened lift 

results from the entrapment and compression of air 

between the wing's bottom surface and the adjacent 

surface. This is like air creation beneath the wings. 

On the other hand, as the aircraft approaches the 

surface, the wingtip vortices weaken compared to flying 

in free flow away from the surface. Consequently, the 

downwash on the wing decreases, increasing the effective 

angle of attack. The reduction in drag can be attributed  

to the diminished impact of wingtip vortices and induced  
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NOMENCLATURE 

c average airfoil chord   U flow velocity  

Cd coefficient of drag force  ∞ unlimited 

Cl coefficient of lift force  V air velocity  

Cm coefficient of pressure  k reduced frequency 

Cp coefficient of pressure  α angle of attack  

h 
height of the trailing edge of the airfoil to the 

surface below it   
 

αa 
amplitude of the oscillating attack angle of the 

dynamic motion of the pitching  

l airfoil length  α0 mean value of attack angle  

P pressure   ω angular oscillation velocity  

t time   T periodicity  

Re reynolds number    

 

 

(a) 

 

 

(b) 

Fig. 1 (a) Wingtip vortices far from the ground, (b) 

wingtip vortices near the ground 

 

drag, ultimately resulting in decreased total drag. Figure 1 

(a, b) depicts the flow patterns near and far from the 

surface, respectively (Holloran & O'Meara, 1999; Liang et 

al., 2013; Zheng et al., 2019). 

A practical example of the ground effect phenomenon 

is observed in Wing-in-Ground (WIG). WIG crafts are 

distinctive vehicles that operate at altitudes several meters 

above the sea surface, taking advantage of favorable 

aerodynamic interactions between the Wing and the 

ground (Winarto et al., 2002). The Wing-in-Ground 

(WIG) craft (Rozhdestvensky, 2006) is designed to 

capitalize on the ground effect at low altitudes, enhancing 

flight efficiency, particularly for high-speed sea 

transportation. It boasts rapid speed and reduced drag 

compared to traditional ships. It also offers a higher lift-

to-drag ratio and energy utilization efficiency than 

conventional aircraft. However, the WIG craft exhibits 

distinctive aerodynamic features when operating close to 

the ground, differing significantly from conventional 

aircraft. Therefore, numerous scholars have researched 

these unique aerodynamic characteristics of the WIG craft 

(Hsiun & Chen, 1996; Lange & Moore, 1980; Ockfen & 

Matveev, 2009; Jamei et al., 2012; Jung et al., 2012a, b; 

Qu et al., 2014). 

The WIG craft is designed to fly at low altitudes. 

However, it faces numerous obstacles on land, including 

buildings, trees, and hills. The vast, flat ocean surface 

presents an ideal scenario for WIG craft to operate at low 

altitudes. This makes it suitable for sea transport. The 

ground effect phenomenon during aircraft landing and 

take-off, especially in those with high aspect ratio wings, 

has been extensively studied (Liang et al., 2013; He, 

2014).  

The historical background of this phenomenon dates 

back to before 1920 AD. This coincided with the flight of 

the first airplanes and the initial reports of the ground 

effect phenomenon by pilots. These reports indicate a 

general decrease in drag force and an increase in lift force 

during aircraft landing and take-off. In 1922, Weisler 

Berger conducted experimental and theoretical studies on 

the ground effect. Subsequently, various experiments 

were performed to study this phenomenon, often 

involving the placement of a flat plate near the wing in 

wind tunnels. In the 1920s, the actual VE-7 (Fig. 2) was 

completed at a high altitude, continuing Weissler Burger's 

work. The results indicate a reduced drag force on the 

aircraft near the surface. 

 

 
Fig. 2 VE-7: an early biplane 

https://en.wikipedia.org/wiki/Biplane
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Fig. 3 X-112 airfoil boat 

 

In the 1960s, in the former Soviet Union, WIGs were 

developed by the Head Office of Hydrofoil Design, 

headed by Rastsila and Alexiev. Attempts to construct a 

high-speed sea transport vehicle, led by Alexei, ultimately 

resulted in WIGs in Russia. Significant progress was made 

in the United States. Alexander Lippisch, now recognized 

as the father of delta-wings, conducted tests on his ground 

effect float called X-112, as shown in Fig. 3. Winarto et 

al. (2002) studied airfoil geometry in the ground effect 

phenomenon. They analyzed two types of airfoils, 

DHMTU 12-35.3-10.2-80.12 and NACA0012, in wind 

tunnels, highlighting their strengths and weaknesses. This 

study aimed to optimize airfoils for ground effect. 

In another study, Tracy Barber et al. delved into the 

ground effect phenomenon, employing experimental and 

numerical methods. Observing airflow patterns within the 

numerical solution, they identified crucial items and 

parameters for consideration in experimental tests, 

including the simulation of ground motion using a 

conveyor belt to eliminate the effect of the static surface 

boundary layer on the pressure distribution around airfoil 

surfaces near the ground. They also emphasized correctly 

implementing boundary conditions in both experimental 

and numerical contexts and found the substantial influence 

of viscous effects on the ground effect (Barber, 2006). 

In 2004, Ahmed Rafiuddin conducted experimental 

investigations on NACA0015, 4415, and 6415 airfoils, 

creating multiple pressure points. He recorded the 

corresponding pressures. Utilizing specific equipment, he 

held the model very close to the surface. A notable 

shortcoming in his work was the boundary layer created 

by the stationary surface beneath the model, affecting the 

flow around the model in the context of the ground effect 

phenomenon (Ahmed, 2004). 

Meanwhile, Zhang et al. at the University of 

Southampton investigated a wing with a flap near the 

surface of a wind tunnel. Their findings indicated quasi-

two-dimensional flow in approximately half the wing's 

width, and they further explored the effect of the flap and 

its angle changes near the surface (Zhang & Zerihan, 

2003). 

Smuts and Sayers (2011) studied ground effects using 

the Fluent program. They modeled both level and uneven 

ground conditions, focusing on the DHMTU 10-40-2-10-

2-60-21-5 airfoil. Tahani et al. (2014) conducted a 

numerical study investigating the effects of geometric 

changes on the aerodynamic characteristics and static 

stability of the floating ground effect. They achieved 

favorable results by numerically examining the wing with 

a NACA6904 airfoil and comparing the results with 

similar experimental tests. Baddoo et al. (2020) delved 

into research on the ground effect phenomenon, obtaining 

several exact solutions and elucidating the underlying 

physical mechanisms involved in ground effect. Jing Feng 

et al. (2022) explored the ground effect phenomenon and 

its impact on the performance of three straight rectangular 

models by using a numerical solution (CFD). They applied 

the results to aircraft control and stability. Shi et al. (2022) 

investigated the effect of the ground effect phenomenon 

on supersonic nozzle performance. They conducted a 

numerical analysis of the aerodynamic characteristics of a 

supersonic nozzle in the presence of ground effect.  

Studies show that the primary research in the ground 

effect field is related to examining airfoil geometric 

parameters and flow parameters. This is to investigate the 

effects of airfoils' aerodynamic behavior in static mode. 

Notably, the study of airfoils with oscillating movements 

near the surface has never been considered. 

2.  METHOD 

2.1 Subject Definition 

A cambered wing in the ground effect possesses many 

aerodynamic features of both practical and fundamental 

interest. Despite recent research regarding the Wing-in-

Ground effect, there are still significant gaps in the 

fundamental aerodynamic understanding of the topic 

(Zerihan & Zhang, 2000). 

In this research, numerical solutions and experimental 

tests investigated the aerodynamic behavior of a two-

dimensional wing section with oscillating pitching motion 

near the surface. Since flying vehicles and plane surfaces 

typically have wings with high aspect ratios due to flight 

continuity, oscillating movements in the wings are 

inevitable. This is due to the lack of rigidity in the 

structures. These movements usually involve pitching, 

plunging (up and down) or combining these motions. The 

interactions between the phenomena governing these 

unsteady oscillating movements and those governing the 

ground effect can significantly influence the aerodynamic 

behavior of the wings. This results in behaviors different 

from those observed without ground effects. Studying 

these behaviors is essential for a more detailed analysis of 

the performance of this type of aircraft near the surface. 

When two-dimensional airfoils are positioned near 

the surface, various aerodynamic behaviors can be 

observed based on the airfoil curvature, angle of attack, 

and distance to the surface. This is especially true for the 

lift force coefficient. For airfoils with a convex bottom 

surface at a low angle of attack, the situation is similar to 

that between their bottom surface and the wall resembling 

a Venturi nozzle. In this scenario, flow velocity increases 

and pressure decreases, leading to lower lift coefficients. 

Another scenario involves compression of the flow below  



M. Hadi Doolabi et al. / JAFM, Vol. 17, No. 11, pp. 2411-2423, 2024.  

 

2414 

 
 

(a)  (b) 

Fig. 4 (a) Boundary conditions, (b) Dimensions of the solution domain 

 

the airfoil’s lower surface. This results in increased 

pressure and lifting force. This situation is characteristic 

of airfoils with a flat bottom surface or those positioned at 

a high angle of attack. 

On the other hand, airfoils with oscillating motion 

exhibit distinct aerodynamic behaviors influenced by 

airfoil movement. Vortices shed during oscillation and the 

virtual mass effect. These behaviors are entirely 

dependent on the dimensionless reduced frequency 

parameter, as defined by formula (1): 

(1) k=cω/V                

Where ω presents the angular oscillation velocity 

(radians per second), V is the flow velocity (meters per 

second), and c is the average airfoil chord (meters). 

In this study, the Reynolds number of 3×105 is 

utilized, with the corresponding reduced frequency (k) 

value set at 0.026, the mean angle of attack is equal to zero, 

and the oscillation amplitude is set at 1 degree. The 

installation location of the model in the experimental test 

and the torque measurement are positioned at a distance of 

c/4 from the airfoil leading edge. 

The main subject of the present study is to investigate the 

aerodynamic behavior of a two-dimensional wing section 

during pitching oscillation motion in the ground effect. 

The NACA0012 airfoil is chosen as the reference, with 

apparent symmetry, medium thickness, and a convex 

bottom surface. Thus, various distances from the surface 

are considered to examine the Venturi and ram pressure 

effects on the airfoil’s bottom surface. On the other hand, 

previous studies have extensively explored the unsteady 

aerodynamic behavior of the NACA0012 airfoil during 

pitching oscillation motion. This can serve as a basis for 

validating the unsteady results obtained in this research, 

particularly in a no-ground-effect situation. 

2.2 Numerical Study 

In addition to the experimental study, numerical 

commercial software (FLUENT) has been deployed to 

analyze the problem. The flow field model, dimensions, 

and boundary conditions align with  4 (a, b). The distance 

of the airfoil from the ground (h), measured from the 

trailing edge to the ground in the static state, is shown. The 

airfoil chord (c) is assumed to be 0.15 m. 

The boundary conditions of the solution domain are 

such that the input boundary condition is velocity-inlet, 

the output boundary condition is pressure-outlet, the lower  

 

 

 

 

Fig. 5 Unstructured triangular domain mesh for 

NACA0012 airfoil at zero angle of attack and 

h/c=0.1 (Showing the airfoil with a zoomed view of 

the leading and trailing edge of the airfoil before 

solving) 

 

boundary condition is wall for simulating the ground, and 

the upper boundary condition is velocity-inlet. 

The modeled airfoil and its surrounding mesh are 

shown in Fig. 5. The generated mesh is suitable for 

measuring the boundary layer on the airfoil and ground 

surface. Within the field, a triangular disorganized mesh 

(unstructured) has been utilized. To enhance the modeling 

of the boundary layer on the airfoil surfaces, three layers 

of adaptation were created before solving in Fluent 

software. 

The pitching oscillation motion model for the airfoil 

is described by formula (2): 
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(a)  (b) 

Fig. 6 Investigation of the dependence of the answer on the number of network elements. (a) Cl value according 

to the number of meshes, (b) Cd value according to the number of meshes 

 

 
 

 
Fig. 7 Investigation of the pressure coefficient 

dependence on the turbulence model (Reynolds 

number 6 million and zero angle of attack, no 

ground effect) 

(2) α=α0+αa sin(ωt)  

Where αa is the amplitude of the oscillating attack 

angle during the dynamic pitching motion (degree), and α0 

is the mean value of α (degree) representing the angle of 

attack before the start of the dynamic motion. 

To ensure the quality of the grid, a grid study is 

performed for the NACA0012 airfoil under flow 

conditions with Re=2×106, α=0, and h/c=0.2. The 

variations in lift and drag coefficients with the number of 

grid elements are depicted in Fig. 6 (a, b). It is observed 

that there is no significant alteration in lift and drag 

coefficients for grids exceeding 420,345. This grid is used 

for numerical studies. 

A turbulence model study has also been conducted, 

and the results are summarized in Fig. 7. As shown in Fig. 

7, the pressure coefficient obtained from the Transition 

SST solution model is in reasonable agreement with 

Ladson (Ahmed et al., 2014) and is suitable for near-

surface conditions with a low Reynolds number. 

Therefore, this turbulence model will be used in this 

research. The type of solver is “pressure-based” and the 

velocity formulation is “absolute”. The energy equation is 

active. The solution model is based on “coupled” and 

“second order”. The solution settings in dynamic 

modeling are such that the “smoothing” and “remeshing” 

options are active. 

The results in the reference (Ockfen & Matveev, 

2008) for the NACA4412 airfoil in ground effect have 

been used to validate and verify the modeling process and 

establish the correct solution parameters. This airfoil is 

cambered with a relatively flat bottom surface. Fig. 8 (a) 

compares the pressure distribution on the upper and 

bottom surfaces of this airfoil with the findings presented 

in the reference (Ockfen & Matveev, 2008). The airfoil is 

located at a distance of h/c=0.1 from the surface and has 

an angle of attack of 5 degrees. There is substantial 

agreement between the present results and the reference 

data. To show the effects of the ground on the pressure 

distribution around the airfoil, the pressure distribution  

Zoom in 
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(a)  (b) 

Fig. 8 (a) Comparison of NACA4412 airfoil numerical solution results at h/c=0.1, α=5º and Re=2×106, (b) 

Comparison of NACA4412 airfoil numerical solution results at α=5º and Re=2×106 

 

 
Fig. 9 Wind tunnel scheme 

 

results around the airfoil without the ground effect is also 

demonstrated in Fig. 8 (a) (free stream) and Fig. 8 (b) 

(abbott-1959). As can be seen, flow compression occurs 

on the airfoil's lower surface, increasing pressure. This 

pressure increase on the lower surface increases the lift 

coefficient adjacent to the surface. The results of these 

changes in the lift coefficient in Fig. 8 (b) is compared 

with different references' results in terms of distance. 

3.  EXPERIMENTAL STUDY 

Researchers still use experimental investigations, as 

experiments can serve as benchmarks for numerical and 

theoretical analyses. 

A wind tunnel test has been deployed to analyze the 

flow field around this airfoil in the context of the ground 

effect phenomenon. All tests are conducted in an open-

circuit, suction-type, low-speed wind tunnel. The test 

section dimensions are 80 cm × 100 cm, with an operating 

speed range of 5 to 95 m/s and a turbulence intensity of 

less than 5%.  

Fig. 9 illustrates the wind tunnel scheme. 

Figure 10 (a) shows a configuration of 11 tubes installed 

in the test section. Figure 10 (b) illustrates the 

measurement of velocity changes within the test section 

using an 11-tube pit-static with an air velocity inside the 

wind tunnel of 30 m/s. The rake was horizontally mounted 

in the test section and moved in the X and Z directions. 

The separation distance between each probe on the rake is 

8 cm. 

This study utilized a NACA0012 airfoil with a length 

of 0.6 m and a chord of 0.15 m. Figure 11 (a, b) visually 

represents the airfoil model used, indicating the position 

of pressure points prepared on its upper and lower 

surfaces. Additionally, Fig. 12 shows the coordinates of 

the pressure points considered on the airfoil surface. 

To prepare the ground effect phenomenon simulator 

in the wind tunnel using the stationary surface method, the 

ground effect phenomenon simulation plate, as illustrated 

in Fig. 13 (a), was installed in the wind tunnel test section. 

Several modifications were made to the plate to minimize 

the boundary layer effect and ensure suitable and uniform 

flow. These modifications included angling the plate by 2° 

against the flow and adding a wedge piece in front of the 

plate. Fig. 13 (b) depicts the boundary layer rake used in 

this test, and in Fig. 14, the results of the boundary layer 

measurements on the plate's surface before and after the 

changes are presented. 

The airfoil's surface pressure at various points is 

transmitted to the pressure sensors outside the wind tunnel 

through flexible pressure hoses. This is illustrated in Fig. 

13 (c). The pressure sensors used are relative pressure 

gauges manufactured by Honeywell; an example can be 

seen in Fig. 13 (d). 
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(a)  (b) 

Fig. 10 (a) Tube pit-static rake, (b) Contour of speed changes inside the test section at 30 m/s start-up speed 

 

 
 

(a)  (b) 

Fig. 11 (a) Three-dimensional and (b) two-dimensional views of the NACA0012 airfoil model 

 

 
(a) 

 
(b)  

Fig. 12 Location of pressure points on the surface of the airfoil (c=0.15m) (a) upper surface, (b) lower surface 
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(a)  

 

(b) 

 

 (c) 

 

(d) 

Fig. 13 (a) The ground effect phenomenon 

simulator plate in the test section along with the 

boundary layer rake, (b) Boundary Layer Rake, (c) 

Hoses installed on NACA0012 airfoil model to 

measure the pressure value, and (d) Honeywell 

140PC series pressure sensor 

 
(a) 

 
(b) 

Fig. 14 Boundary layer changes before (a) and 

after (b) plate modification at different flow 

velocities inside the test section 

 

 
Fig. 15 Installation of the NACA0012 airfoil model 

near the plate in the wind tunnel test section 

 

In Fig. 15, it is evident that the plate modification has 

been effective. At various speeds, the boundary layer 

thickness on the plate has decreased from about 6 cm to 

1.5 cm, reaching the desired level. The first distance from  

Plate 

Boundary 

Layer Rake 

NACA0012 airfoil 

 

Hoses 

Boundary 

Layer Rake 
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(a) 

 
(b) 

 
(c) 

Fig. 16 (a) Variation of pressure coefficient on the 

lower surface of NACA0012 airfoil at v=30 m/s, 

α=0 and different h/c and static state, (b) Changes 

in the pressure coefficient measured by the 

boundary layer rake behind the NACA0012 airfoil 

at V=30 m/s, α=0 and different h/c and static state, 

and (c) Comparison the experimental and 

numerical pressure coefficient results for 

NACA0012 airfoil at h/c=0.2, α=0 and V=30 m/s 

 

the airfoil's trailing edge to the plate's surface for h/c=0.2 

is 3 cm, which falls outside the boundary layer impact 

area. Due to the limitations of the airfoil installation 

structure in the test section, the application of dynamic 

motion, and its distance from the boundary layer impact 

area, preparing h/c values less than 0.2 was impossible. 

After ensuring that the current formed on the surface was 

suitable, the model was positioned alongside the plate on 

the dynamic Alpha mechanism. This is depicted in Fig. 15. 

This mechanism allows us to swing the airfoil at different 

attack angles. 

The following are the test results of the NACA0012 

model in static and pitching oscillating motion. A total of 

1000 samples were used for pitching experiments. As 

shown in Fig. 16 (a), with increasing height from the 

surface in the static state, the pressure coefficient on the 

bottom surface of the airfoil reaches its free stream value 

(h/c=1). In this figure, the effects of the airfoil 

approaching the surface can be observed as decreasing 

pressure in the middle area of the airfoil. In contrast, 

increasing pressure is near the leading edge of the airfoil 

bottom surface. In Fig. 16 (b), changes in the pressure 

coefficient of the flow behind the airfoil at a distance of 2 

cm are observed at different heights. When the airfoil is 

positioned close to the surface with a low h/c ratio, the 

interaction between the boundary layer and the flow below 

the airfoil near the surface, which has undergone a static 

pressure drop, is very strong, leading to a reduction in the 

pressure on the bottom part of the airfoil due to the 

interaction of the surface with the airfoil, despite the 

airfoil’s symmetry. With a larger width and height of the 

plate, this effect and interaction decrease, leaving only the 

boundary layer effect on the plate. 

As can be seen, the wakes formed at the trailing edge 

of the airfoil at each h/c ratio reduce the pressure behind 

the trailing edge. The pressure coefficient changes are 

recorded by the pressure rake and plotted in the 

corresponding diagram. At each h/c ratio, at the height of 

the probe rake equal to the distance of the airfoil from the 

surface, the effect of reducing the wake pressure on the 

pressure coefficient change is evident, and at higher 

altitudes, flow recovery occurs, and the measured Cp 

value approaches zero. In Fig. 16 (c), a comparison is 

presented between the results of an experimental study and 

numerical investigation on the NACA0012 airfoil at V=30 

m/s, α=0, and h/c=0.2. The results reveal an excellent 

agreement between the experimental and numerical 

results due to the meticulous setting in the numerical 

study. Despite the NACA0012 airfoil’s inherent 

symmetry, the pressure coefficient on the upper surface’s 

pressure points is lower than on the lower surface. This is 

due to the ground effect phenomenon, resulting in a 

pressure difference that generates lift force. 

Figure 17 (a, b) illustrates the results of an 

experimental test on the pitching oscillating motion of the 

NACA0012 airfoil at α0=0, h/c=0.2, k=0.026, and αa=1°. 

There is a satisfactory agreement between numerical and 

experimental results. The oscillating nature of the pressure 

coefficient at this point is attributed to the oscillating 

motion of the airfoil, ultimately causing the aerodynamic 

coefficients to oscillate. Figure 17 (c) illustrates the changes 
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(a) (b) 

  
(c) (d) 

Fig. 17 Comparison of experimental and numerical unsteady results of pressure coefficient at point 9 on the (a) 

upper and (b) lower surfaces of NACA0012 airfoil at α0=0, h/c=0.2, k=0.026, and αa=1º, Results of pressure 

coefficient on the (c) upper and (d) lower surfaces of NACA0012 airfoil in experimental test at α0=0, h/c=0.2, 

k=0.026, αa=1º and different points, respectively 

 

in the pressure coefficient derived from experimental tests 

on the oscillating airfoil at α0=0, h/c=0.2, k=0.026, and 

αa=1°, considering the presence of the ground effect 

phenomenon. When compared to Fig. 17 (d) and the 

results of the surface below the airfoil, it becomes clear 

that the pressure changes and their reduction on the lower 

surface exceed those on the upper surface. This is 

attributed to the increased impact of the ground effect, and 

the diagrams exhibit opposing trends and concavities. 

The pressure coefficient obtained from the 

experimental test for the pitching oscillating motion at 

different points on the lower surface of the NACA0012 

airfoil at α0=0, h/c=0.2, k=0.026, and αa=1° in the presence 

of the ground effect is shown in Fig. 17 (d). The airfoil's 

lower convex shape on the surface reduces pressure. This 

reduction is more pronounced at the middle points and less 

in points near the trailing edge. In addition, the pressure 

changes at the initial points (near the leading edge) are 

relatively minor than those in the middle and more 

significant than those at the endpoints (near the trailing 

edge). This phenomenon is attributed to the formation and 

recovery of flow on the airfoil surface in the subsonic flow 

regime. 

The aerodynamic coefficients loop from the 

numerical solution of flow around the NACA0012 airfoil 

with pitch oscillation motion at α0=0, k=0.026, and αa=1° 

in ground effect with different h/c are shown in Fig. 18 (a, 

b). At low altitudes, where the ground effect phenomenon 

is compelling, the Cl coefficient increases and is more 

significant than at other altitudes. As the plate height 

increases, the ground effect decreases. This is so that the 

average Cl coefficient at h/c=1 reaches approximately the 

amount of free flow, a zero condition for the NACA0012 

symmetric airfoil. However, a small positive lifting force 

is generated due to the pitching oscillating motion. This is  
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(a) 

 

(b) 

Fig. 18 Loop of aerodynamic coefficients of 

NACA0012 oscillating airfoil in different states 

α0=0, k=0.026, αa=1º, and h/c (experimental 

results). (a) Cl values, (b) Cm values 

 

due to the flow pattern changes around the airfoil, and the 

surface pressure is below and above it. 

Consequently, the lift force coefficient at h/c=1 may 

not necessarily be zero. At h/c=0.2, the lift force 

coefficient is zero at an angle of attack of -0.95° (in the 

third quarter of the oscillating motion) and 0.6° (in the 

second quarter of the oscillating motion) due to the 

airfoil’s pitching oscillating motion, its curved and convex 

shape, and the interaction of the Venturi effect and ground 

effect. This pressure distribution leads to temporary zero 

lift. At different altitudes, these angles decrease due to the 

reduction of the Venturi effect and ground effect, 

approaching free flow conditions. The lift coefficient 

increased at h/c=0.5 compared to h/c=0.3 despite the 

minor amplitude changes attributed to the reduced Venturi 

effect at that height. At h/c=0.2, the ground effect is 

prominent as a pitching oscillating motion and a positive 

angle of attack (0.45°) create a Venturi, resulting in an 

increased lift value, peaking at -0.35. With a further 

increase in the angle of attack, the low-pressure area under 

the airfoil shifts towards the trailing edge, causing a 

relative decrease in the lifting force. At an angle of attack 

of 1°, the effectiveness of the low-pressure zone and the 

Venturi diminishes beyond the airfoil maximum thickness 

point. During sinusoidal motion and a reduction in the 

angle of attack, a low-pressure area forms under the 

airfoil, moving towards the leading edge. The lift 

coefficient experiences an upward trend until -0.3, 

followed by a downward trend. Due to proximity to the 

plate, the ground effect dominates, leading to a relative 

increase in lift. In sinusoidal motion with an increase in 

the angle of attack from -1° to zero, the downward trend 

in the lift coefficient persists, attributed to the ground 

effect phenomenon. 

The airfoil torque is located at point c/4. Under 

pitching oscillating motion at h/c=0.2, as the airfoil 

approaches the surface, a substantial force is exerted due 

to the current trapped between the convex lower surface 

of the airfoil and its bottom plate, leading to an increase in 

the pitching moment coefficient (Cm). At increasing 

altitude, the force diminishes, reaching an average of 

approximately zero at h/c=1, indicative of free flow 

conditions. However, at h/c=1, the oscillating motion 

causes some negative pitching moment. At h/c=0.2, the 

maximum pitching moment occurs during motion, 

attributed to the angle of attack increasing from zero to 

one. This is influenced by the rotation’s location, the 

proximity of the leading edge to the plate, and current 

trapping. This results in a lifting force applied to the 

airfoil’s end, creating a negative pitching moment. During 

the oscillating motion from an angle of attack 0.8° to its 

upper limit and back 0.8°, the lever effect on the airfoil’s 

forces reduced. This led to a reduction in pitching 

moments. Despite the oscillations, the pitching moment 

coefficient remains constant when the angle of attack 

decreases -1°. This indicates that the applied forces and 

their points of application remain unchanged. Continuing 

the oscillations and increasing the angle of attack, the 

pitching moment coefficient exhibits a decreasing trend 

relative to the lift coefficient increase. This is attributed to 

the ground effect efficacy. 

4. CONCLUSION 

In this research, the aerodynamic behavior of the 

NACA0012 symmetrical airfoil adjacent to the surface has 

been studied statically and dynamically with experimental 

methods and numerical solutions. The correctness of the 

modeling and the numerical solution method in this work 

were examined in Figs 6, 7 and 8. In order to establish the 

flow with the minimum amount of the boundary layer on 

the surface, the Plate must be flat and have a wedge on the 

front edge and be placed at an angle of 2 degrees to the 

vertical axis of the wind tunnel. 

 As shown in Figs 16(c), 17(a) and 17(b), the results 

of the experimental method and the numerical solution 

have a good similarity. The results indicate that height 

reduction can have varying effects on the lift coefficient 

for airfoils with lower surface convexity. As the height 
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from the surface decreases, as shown in Fig. 16(a), the 

value of Cp clearly changes and grows, causing a pressure 

difference between the lower surface and the upper surface 

of the airfoil, and naturally, the lift value also increases. 

This change in pressure caused by the phenomenon of the 

ground effect in the points on the upper surface and the 

lower surface of the airfoil is also clear in Figs 17(c) and 

17(d). 

During the pitching oscillating motion of the 

NACA0012 airfoil, the pressure coefficient, lift force, and 

pitching moment exhibit proportionally with the 

amplitude of motion and reduced frequency of oscillation. 

When the airfoil pitches near the surface, aerodynamic 

behavior changes compared to without ground effect. 

These changes appear as variations in the oscillation 

amplitude relative to the ground effect condition. As the 

height from the surface increases, the effect of the surface 

effect phenomenon decreases and almost from h/c= 0.5, 

the aerodynamic coefficients do not change and are equal 

to the free flow conditions (Figures 8(b), 16(a), 17(c) and 

17(d)). 

This research contributes insights to investigate the 

aerodynamic behavior of ornithopters and model birds' 

movement near the surface. 
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