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ABSTRACT

This thesis aims to determine how finite wing aerodynamic loads change in proximity to
the ground. In this study, the primary design tool is an inviscid panel method code, VORLAX.
The validation tool is a commercial volume grid CFD package, ANSYS FLUENT. [ use VORLAX
to simulate wings with different incidences and aspect ratios to look at how ground effect
impacts spanwise loading and incipient flow separation. Then the results were compared to
widely published equations such as McCormick, Torenbeek, and Hoerner & Borst. Because I
found that these “famous” equations function best only for specific conditions, | propose a
new empirical equation to estimate ground effect lift as a function of aspect ratio and
incidence. Using Stratford’s method to predict signs of flow separation in the inviscid
solutions, I found that variations in the height above the ground were not significant enough
to change the stall angle of low aspect ratio wings. I did find early signs of flow separation
with increasing aspect ratio. I observe significant changes in spanwise loading when in
ground effect; as I narrow the gap, the transverse loading builds higher near the center of the
wing. These effects were more apparent in wings with smaller aspect ratio; higher aspect
ratio wings experience a higher loading gradient near the tips in proximity to the ground. I
found that high aspect ratio wings have a smaller stall angle compared to that of lower
aspect ratio wings; these trends are consistent between the potential flow solution and the

volume grid CFD viscous solution.
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Chapter 1: Introduction

Aircraft pilots feel the “ground effect” when they fly in close proximity to the earth’s surface. They
note changes in lift, pitching moment and drag. While conventional aircraft experience ground effect
only during takeoff and landing maneuvers, specialized vehicles may be designed to exploit ground
effect. Among flying machines, Russian engineers developed a series of Ekranoplan’s, from the
Russian akpaHomniaH, to rapidly fly over the Caspian sea. These sea planes exploit the increase in
usable lift-coefficient and reduction in lift-induced drag found in ground effect to have a “cruise”

altitude measured in dozens not thousands of feet; see Figure 1.
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Figure 1. A-90 Orlyonok Ekranoplan [1]

Among ground machines, race car designers exploit the ground effect to produce high downforce
generating wings to improve steering and braking traction, such as the aerodynamic surfaces found

in race cars found in Formula 1 racing, see Figure 2.



Figure 2. Red Bull Racing - 2023 Sergio Perez, RB16B Formula One car with high downforce front

wing [2]

Some experts claim generally that the stalling angle of attack is less in ground effect, by
approximately 2-4-°, than in free air. [3] Of course, if the flow over a wing separates lift will decline
and drag will increase. Some aircraft can rotate so nose high on the ground that they can stall their
main wings before tail strike. Under such an over-rotation event, an aircraft might never leave the
ground. For example, the early De Havilland Comet jetliner had a recommended takeoff attitude of
a=6° incidence; its wing would stall if it were pitched to a = 9°. Under those conditions, the aircraft
could easily overrun the runway. [4]

Alternatively, with higher thrust an aircraft might well leave the ground with a partially stalled
wing. During certification testing of the Gulfstream G650, the test pilots over-rotated on the ground
pitching the nose up passed the predicted “In-Ground-Effect” stall point. The G650, with tall landing
gear, had a tail strike angle-of-attack far past its stall angle-of-attack. When the aircraft became

airborne with one wing stalled, the resulting uncommanded roll led to a fatal crash. [5] See Figure 3.



Figure 3. Remains of the flight-test Gulfstream G650 after pilots continued takeoff with an in-ground-

effect stalled wing [5]

Given this background, I set out to obtain a better understanding of the underlying mechanics of
ground effect. In this thesis, I investigate the influences of different wing characteristics in proximity
to the ground. I document the effects of incidence, aspect ratio with varying heights above the ground
and compare the results with known equations used for ground-effect aerodynamics. In addition to
changes in total lift, and total drag, I also studied how the height above the ground impacts the
nuanced pressure distribution of the wing and affects flow separation. Among the many research
goals, | sought out whether stall onset generally occurs at higher or lower angles of attack in ground

effect.



Chapter 2: Potential Flow Modelling Strategies

2.1 Introduction to VORLAX

This thesis uses the legacy inviscid panel method code VORLAX to simulate wings under different
conditions. VORLAX is a generalized vortex lattice method that creates an approximation of the
surface vorticity of a wing by solving a discrete vortex lattice. VORLAX was initially created by Luis
Miranda, Robert D. Elliott, and William M. Baker, while at Lockheed under a NASA contract.[6].
VORLAX was later refined and enhanced by T] Souders along with co-author Takahashi.[7]

Panel method codes are a type of numerical method used for CFD simulations that discretize the
boundary of an object into a series of panels. These panels are then used to approximate the behavior
of fluid flow around the object, allowing for the calculation of various properties such as pressure
and velocity. VORLAX only requires a discretization of the object's surface, rather than the entire
fluid domain, resulting in a more efficient set-up process.

2.2 Using VORLAX to Predict Ground Effect

Another capability of VORLAX is that it can also simulate flows in ground effect. VORLAX, while
limited as an inviscid code, has unique capabilities for this type of research. Since VORLAX can model
both double-impermeable (thin) lifting surfaces as well as single-impermeable (sandwich panel, or
“thick”) lifting surfaces, it can help determine what effects are attributed solely to the incidence and
camber of a finite lifting surface in proximity to the ground, and what other effects stem from
thickness. For the purposes of this thesis, VORLAX's compressibility corrections and supersonic
capabilities are not used. In this thesis I use both the VORLAX “thin lifting surface” and sandwich

panel” features to solve for the pressure distribution over the surface of the wings; see Figure 4.

Incoming Flow G i

Figure 4. VORLAX Sandwich Panel Formulation

4



VORLAX “in ground effect model” is a critical element used in this thesis. VORLAX models “ground
effect” by generating a fictitious “image plane” through the automatic generation of “reflected”
companion panels. The HAG (“height above the ground”) flag controls the distance separating the real
model from the “reflected” companion model; the code input governs the distance separating the
moment-reference-center of the primary model from the moment-reference-center of the “reflected”
companion; see Figure 5. It is possible for the user to generate nonsensical geometry if the primary
model is placed in close proximity to the “image plane” and then modeled at high angles of attack.

Physically this would represent a solution where part of the real wing would cross the ground plane.

‘l

HEIGHT ABOVE
GROUND
“IMAGE PLANE”

Figure 5. VORLAX “In Ground Effect” Model

2.3 Predicting Flow separation with an Inviscid Panel Method

The generalized vortex lattice method is a potential flow model; hence it lacks any ability to
model shock waves or flow separation. Lacking a viscous model, VORLAX cannot directly estimate
skin friction drag. With the relatively coarse sandwich panel meshes employed here, I also note that
VORLAX pressure drag computations will not be very accurate, as leading-edge-suction effects are
poorly resolved. For thin panels, VORLAX uses Lan’s method to analytically estimate leading-edge
suction.

[ understand that the trust range of VORLAX includes almost any geometry so long as the
predicted pressures do not exceed the shockwave producing critical pressure coefficient for a swept,

finite wing and do not imply separated flow conditions.



This thesis looks at the small and moderate angle-of-attack response of finite wings in ground
effect. For the purposes of this research, [ consider the primary application to be for downforce
generation on a race car. I address stall onset though viscous volume grid CFD results as a well as
through the use of the Stratford Criteria used to interrogate the inviscid pressure predictions made
by VORLAX. [8][9]. Ilater discuss more about Stratford’s criteria for flow separation in the

procedure section.



Chapter 3: Introduction on Ground Effect and Experimental Setup

3.1 General Observations on Spanwise Flow

The generally accepted understanding of finite wings is that the chordwise flow on the wing
creates a difference in pressure; when it generates lift, there are lower pressures over the top surface
than the bottom surface. This difference in pressure is what creates a net force upwards which
creates lift. This difference in pressure extends across the span to the wing tips. As a result, the slight
difference in directions in the flow creates vortices extending downward and behind the wing. This is
referred to as the vortex wake. Thus, the resultant angle of attack known as the geometric angle of
attack is the sum of the “effective” angle of attack and the induced angle of attack. Consequently, the
direction of the lift component is effectively changed creating a horizontal body force component
known as induced drag also known as drag due to lift. This was first noticed by Wieselsberger where
he defined the change in angle of attack as a reduction in C; required to achieve a given coefficient of

lift.[10][11]

fi' o« — Geometric angle of attack |I
/ w; — Induced angle of attack

g — Effective angle of attack

fl" I'.Id-rz i — O'{

Figure 6. Changes in angle of attack creating induced drag due to local flow in the wing [20]
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Figure 7. Picture of a commercial aircraft where wing tip vortices are visible [23]

3.2 Modeling Ground Effect procedures and the Method of Images

Wings that are in proximity to the ground can experience a reduction in induced drag, and other
changes in their aerodynamic loads. VORLAX uses the method of images to calculate the ground
effect for wings in proximity to the ground. The influences of “ground-effect” in a wing are normally
studied by comparing the coefficient of induced drag in free air with the coefficient of induced drag
close to the ground hence in ground effect. According to McCormick, downwash velocities decrease
when the airplane is operating close to the ground [12]. Since the ground is a solid boundary to
which the normal component of velocity must vanish, its presence alters the streamline pattern that
exists around the airplane out-of-ground effect. McCormick (as does Miranda) places a companion
vortex system opposite to the wing at distance equal to twice the height of the airplane above the
ground; refer to Figure 5. [12][6] Thus, midway between the two systems, their induced velocities in
the vertical direction will cancel, satisfying the boundary condition along the ground. Similarly,

Torenbeek created a two-dimensional analysis of the flow field resulting from the airfoil in free-air



and the induced velocity distribution created by the vortices formed by the image vortices below the
ground.[13]

Using the legacy inviscid panel method code, VORLAX, I can now look more closely into changes in
the spanwise lift distribution (bound vorticity) and chordwise pressure profiles (leading edge
suction) developed by finite wings in ground effect. From these solutions, I can better understand
how and why aggregate aerodynamic properties change. I also documented how chordwise pressure
profile changes impact stall-onset and help understand how detail design features may aid or hinder
both the maximum lift coefficient (Cl,,,,) and the maximum angle-of-attack before stall (@4 )-
Finally, I use ANSYS FLUENT to verify the inviscid observations.

[ started my investigation of the ground effect characteristics of race-car wings by using a flat
plate model in VORLAX with a rectangular wing with approximately the surface area of the 2020 F1
regulation wing as a starting reference point [14]. In addition, the results were modeled at Mach 0.21,
which is approximately 150 mph at sea level, this is a representative of an average cruising speed in
the straights. However, the results from this research can also be applied towards any type of wing at

low subsonic speeds in which aircraft normally approach runways during takeoff- and landing.



Figure 8. Picture of an F1 car where wing tip vortices are visible [24]

The Reynolds Number used in the viscous CFD calculations is based on this reference speed at sea
level.

To make this study more general yet, [ investigated the effects that aspect ratio has on ground
effect as applied to wing dimensions beyond those of a racecar. As a result, different simulations
were performed where AR was doubled with each iteration with various distances above the ground
as a function of the chord length, and by varying the HAG to span ratio. The distance above ground at
the moment reference center is input in VORLAX using the “HAG” variable to denote the height above

the ground and thus enabling ground-effect.
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Chapter 4: Spanwise Efficiency and Induced Drag

Equation (1) shows how the coefficient for induced drag is computed. Where the maximum
Oswald efficiency is defined as that of a wing with elliptical load distribution on free air as shown in
equation (2). Using equation (1) and equation (2) is possible to find the measured efficiency of the

wing as the ratio of the measured induced drag with the ideal induced drag as shown in equation (3).

D, — CcL?
'~ TARe
(1)
CL?
CDigear = CTLT[
(2)
e = CD;/CDigeqr (3)
Where the aspect ratio of the wing is:
b? 4
AR = 4)
Sref
The aspect ratio can also be represented as:
b
AR =— (5)
c

The lift influence in ground effect was found using equation (6) as the ratio of the coefficient of lift
at some HAG over the coefficient of lift on free air. The induced drag influences were measured using
the ratio of the induced drag coefficient over the square of the coefficient of lift in proximity to the
ground over the same ratio in free air, as shown in equation (7). The overall ground effect influence is
measured using equation (8).

| _ 6@l (8)
Lift Ground Ef fect Influcence = [C.(@)]w
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n
(8)

[ will compare the computational results with published equations such as McCormick’s equation

(9), Hoerner & Borst equation (10), Torenbeek (11) and the updated Torenbeek equation (12). The

estimate the induced drag on wings as shown on [16].

McCormick:
(Cpi/CEn _ (33h/mb)'®

/Cew 1+ (33h/mb)ts
(Cpi/CL) +(33h/mb) ©)

Hoerner & Borst:

(Coi/CHn _ (16h/b)>?
(Cpi/CHew 1+ (16h/b)?
(10)
Torenbeek:
2 0.768
(Cpi/Cin —1—exp[-248 <%> ]
(11)

(Cpi/CHeo
Torenbeek later updated his equation to account for changes in aspect ratio. Equation (11) shows

Torenbeek’ s updated version to calculate the influences of induced drag as a function of AR and the

coefficient of lift [13].
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1—exp [—2.48 (z—h)om]

(Cpi/CHn _ b
(CDi/CLZ)oo 1-— ﬁCL/(4T[12Rh)
(12)
Where: f = (1 + (%)2 - %h

Later Valenzuela & Takahashi created equation (13) to fit the results. [26] started with a similar
form as Torenbeek’s equation but with updated coefficients, and a power £ that is terms of both the
aspect ratio and the angle of attack to better fit the results found with VORLAX.

Valenzuela & Takahashi propose:

(Coi/CPn _ 2hyP
m =1- exp [—26 (F) ]

(13)
Where: f = —0.09 In(AR) sec (—5.5a(rad)) + 0.84
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Chapter 5: Predicting Incipient Flow Separation Through Stratford’s Method

In this chapter, [ modelled pressure distributions using a “Sandwich” panel in VORLAX where two
thin sheets are used to define the top and lower surface of an airfoil. For this study I model a
symmetrical NACA 0012 airfoil with zero camber. While VORLAX is a useful tool for design due to
ease of setup and quick execution, being an inviscid code, it cannot directly predict flow separation.
That is why I incorporated Stratford’s method to predict signs of early flow separation.

According to Prandtl, flow separation occurs by excessive momentum loss near the wall in a
boundary layer trying to move downstream against an adverse pressure gradient. Thus, due to this
rapid deceleration of the flow usually at the top surface for a conventional lifting airfoil and aft of the
airfoil the flow detaches from the wing creating vorticity and an area of low pressure. This drastically
reduces the performance of the wing, which is why it is important to obtain a deep understanding of

conditions when flow separation starts to occur.

Lo e

Figure 9. Diagram of Boundary Layer with Flow Separation Onset [25]

There are multiple methods for predicting flow separation with different approaches such as by
creating a boundary layer analysis such as in Thwaites Method, doing a boundary layer stability
analysis, using flow visualization techniques, doing wall shear stress separation method, or using
fundamental principles of fluid mechanics such as with the Kutta-Joukowski Criterion. Each of these
methods comes with its own set of advantages and disadvantages. For this investigation I used
Stratford’s method since it is considered to provide an accurate prediction of flow separation regions
based on local skin friction coefficients, it can be applied on flat plate geometries, and it has relatively

low computational cost compared to other more demanding methods. Additionally, it doesn’t
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require a detailed knowledge of the boundary layer. Stratford’s method is a means to predict when
and where flow will start to separate based on the nuance of an inviscid pressure distributions. [28]
and [29]. Stratford’s Equation to predict flow separation is shown below in equation (14) as shown in
[8] and [17]. Where “x” is the distance from the leading edge to the trailing edge of the airfoil, and C_ZzJ
is the coefficient of pressure in canonical form as shown in equation (15) and equation (16). Then,
the derivative of the coefficient of pressure distribution was estimated using forward difference.
Lastly, the Reynolds Number was calculated using standard atmospheric conditions at sea level and a
Mach number of 0.21.

—[ rdc, 2
e [x <d_;)] (14)

§= — 71

1
(10-6Re)To

— Uoo\ 2 15
Cp=<—> (c,-1)+1 (15)
Uo
= Cp — Cpml-n (16)
’ 1- Pmin

Canonical pressure distributions can be useful for separation analysis. To change the pressure
distribution to canonical form I used equation (16); the “canonical pressure distribution” is equal to
zero at the point of peak suction in standard form. In addition, the stagnation point of the airfoil is
clearly shown in canonical form where the coefficient of canonical pressure is equal to 1. “The
canonical plot is the one that is meaningful in separation analysis. With magnitude effects scaled out,
much more can be told by a simple inspection than by a conventional plot. We dwell on the canonical
pressure distribution at some length because most working aerodynamics do not realize its value”
[8]. Therefore, using equation (16) and equation (14) is possible to obtain the value for S from

Stratford’s equation. According to Stratford, when the S parameter exceeds 0.39, the flow cannot
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remain attached. Using this metric, is possible to estimate the percentage of the chord length where

flow first separates.
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Figure 10. Example Pressure Distribution in Canonical Form [8]

16



Chapter 6: Predicting Lift, Drag and Incipient Flow Separation through Volume Grid Viscous CFD

Next, I compared the results from VORLAX with CFD based results obtained with ANSYS FLUENT.
A NACA 0012 wing was subjected to a virtual wing tunnel in ANSYS FLUENT in which I was able to
change the wing and tunnel characteristics, such as, the wing aspect ratio, chord length, incidence,
and the height above the ground. I simulated a flow of approximately 156 mph (70-m/s), which
could be considered the average speed of racecars. Trade studies were computed using a wing with
an aspect ratio of 1.98, 3.96, and 7. 92, and multiple variations of the height above the ground. The
flow was initialized at the inlet and in the x-direction (chordwise direction) of the wing tunnel.

I modeled the wing tunnel as a rectangular volume enclosing the airfoil, with the length of the
sidewalls as 55% longer than the span of the airfoil. I consider this distance to be far enough to
minimize wall interference in the airfoil while still capturing important characteristics of some of the
flow’s wake for analysis. The top wall was modeled as being far from the airfoil to minimize
interference. The bottom wall height was varied to measure the ground effect influences. Next, I
varied the wing’s aspect ratio, incidence and the height above the ground and conducted multiple
trade studies. To change the height above the ground I changed the positioning of the wing with
respect to the wing tunnel. The reference height above the ground was measured with respect to the
leading edge of the airfoil while keeping track of the distance from the aerodynamic center of the

airfoil.

17



Figure 11. ANSYS Fluent Wing Model

Figure 12. ANSYS Fluent Mesh

I modeled the flow in ANSYS Fluent using a pressure based k — w, SST model, with the “no
turbulent viscosity” setting. The term “no turbulent viscosity” in ANSYS Fluent does not imply that
there is no turbulence in the flow; rather, it refers to a particular way ANSYS Fluent solves eddy

viscosity in the turbulent model. I chose the k — w, SST model since it is believed to perform slightly
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better than the standard k — € in near-wall flows of boundary layers and adverse pressure gradients
but may lead to worse results in turbulent flows that are far away from the walls.
The k — w model derives from the standard k — € model, a very common turbulence model. The

standard k — € where k stands for the turbulent kinetic energy and e refers to the turbulent

dissipation rate in the eddy viscosity expression v = C e [t is known as a “two-equation” model

u
since it consist of a linear equilibrium closure for the Reynolds stresses W along with modeled
transport equations for k and € resulting in mean flow continuity and momentum equations, the
gradient transport hypothesis and two additional transport equations for k and € to obtain the eddy
viscosity vy. [27] While the k — € is currently one of the most widely used models in CFD, depending
on the software, there may be some variations in the five constants used for closure in the set of
equations in the model. Certain models may use a different set of such constants to optimize the
results depending on the application. The k — w model, Shear Stress Transport (SST) is an extension

of the k — € that instead of working in terms of € introduces the adverse turbulent time scale term
w~ % thus the resulting eddy viscosity is given by vy = g The SST model employs the k — w

formulation in the inner region of the boundary layer where the flow is predominantly viscous-
dominated and then switches to the k — € model in the outer region where the flow becomes inertial
dominated.

With this hybrid approach, [ believe that these settings improve the performance of the model,
especially in applications in the vicinity of walls. Considering that in this thesis the ground effect is
being investigated which consists of near the wall flows I consider that the k — w, SST model is the
most optimal option for this research.

The boundary conditions were modeled as having the inlet as the absolute reference point and
moving walls having the same velocity as the flow. I computed the model with fifty iterations for each
trade study. The chord length was used as the reference length, and the product of the chord and
span as the reference area as shown in equation 20. I chose an edge sizing of 120 divisions with a
default growth rate of 1.2 and a local minimum size of 2.8 * 10~3 m. In addition, I added an inflation
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mesh around the body. The boundary conditions were set up with an automatic time step, a
conservative length scale method and a verbosity of 0. The inlet and outlet were selected with an
absolute reference frame, with a specification method of “Intensity and Viscosity Ratio” with a
turbulent intensity percentage of 1 percent and a turbulent viscosity ratio of 10. The boundary
conditions at the airfoil were set up as a stationary wall with a “No slip” shear condition with a
standard roughness. Finally, the boundary conditions at the walls were set up as a moving wall, with
absolute motion with a translational velocity in the x-direction with the same velocity magnitude as

in the inlet.

a =./YRT (17)
y == (18)
a
pvL
Re = — 19
p (19)
Sref = b C (20)

To compare the results using VORLAX I calculated the approximate Mach number for the wing by
using equations (17) and (18), with the designated flow speed 155-mph (70-m/s) with a speed of
sound of ~760-mph (340.17-m/s) found using standard atmospheric conditions at sea level; this
reflects operation at M~0.21, which was used in VORLAX. The Reynolds Number was calculated

using equation (19) with the wing operating at Re~2.97x10°.
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Chapter 7: Results

In this chapter, [ show the results obtained with VORLAX using a flat plate. Multiple trade studies
were performed by varying the incidence angle of the airfoil, the aspect ratio, and the height above
the ground.

7.1 Predicting Ground Effect through Flat Plate Panel Method Models (VORLAX)

Torenbeek postulated an equation that functions best for many types of wings that corrects for
changes in incidence and aspect ratio by using a correction factor . The induced upwash produced
by the vortices from the image is usually expressed as a reduction of the angle of attack required to
achieve a given C;. [13]. That is precisely what it was observed since the slope of C; vs a changed
when the wing was in close proximity to the ground with a more significant variation found on small
aspect ratios. The value for the slope was significantly smaller than two p per radian as predicted by
thin airfoil theory at small aspect ratios with decreasing difference as the aspect ratio increased. This

can be observed in Figure 13, 14, and 15.
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Figure 13. Cl vs a for varying height above the ground. AR = 1.98
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Cl vs Alpha
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Figure 14. C; vs a for varying height above the ground. AR = 3.96
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Figure 15. C; vs a for varying height above the ground. AR = 7.92
Just as in the previous results shown, similarly I can observe a stronger variation on wings with a

smaller aspect ratio in the coefficient of drag versus angle of attack as shown in Figure 16, and

Figure 17.
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Cdi vs Alpha
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Figure 16. Oswald Efficiency vs a for varying height above the ground. AR = 1.98
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Figure 17. CD vs a for varying height above the ground. AR = 7.92

While the theoretical maximum Oswald efficiency is 1 for a wing with an elliptical loading, I can
observe that for a wing experiencing ground effect the efficiency is higher than 1 which can be
attributed to the increase in the coefficient of lift and the decrease in the coefficient of drag. This can

be clearly seen in Figure 18, and Figure 19.
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Oswald Efficiency vs Alpha
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Figure 18. Oswald Efficiency vs «a for varying height above the ground. AR = 1.98
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Figure 19. Oswald Efficiency vs a for varying height above the ground. AR = 7.92
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Next, I looked at the ground effect influences on the coefficient of lift in free air over the coefficient
of lift in ground effect ratio against the height above the ground. Similarly, I observe the ground effect

influences on the coefficient of drag. This is shown in Figures 20 through Figure 25.
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Figure 20. Ground Effect Influence vs height above the ground. AR = 1.98. a=5°
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Figure 21. Ground Effect Influence vs height above the ground. AR = 1.98. a=10°
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Figure 22. Ground Effect Influence vs height above the ground. AR = 3.96. a=5°
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Figure 23. Ground Effect Influence vs height above the ground. AR = 3.96. a=10°
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Figure 24. Ground Effect Influence vs height above the ground. AR = 7.92. a=5°

26



cl (IGE)/Cl (OGE) or Cdi{IGE)/Cdi(OGE)
vs 2h/b (Alpha = 10 deg)

1.080

1.060

1.040

1.020

1.000

0.980 —0— Lift
0.960 —8— Induced Drag
0.940

0.920

0.900
0.000 0.500 1.000 1.500

2h/b

cl (IGE) / ¢l (OGE) or Cdi (IGE) / Cdi (OGE)

Figure 25. Ground Effect Influence vs height above the ground. AR = 7.92. a=10°

Furthermore, I can observe the changes in C; and Cp; as a function of the height above the ground
and span ratio on Figure 26, Figure 27, and Figure 28. Again, I observe a similar pattern with a
stronger variation on wings with a smaller aspect ratio. Additionally, it was interesting to see thata
smaller aspect ratio wing in ground effect at a higher angle of attack has almost the same lift and
induced drag influence as that of a higher aspect ratio wing at a lower angle of attack. This can be
observed in Figure 26. This agrees with the results shown in Figure 28 for the Oswald efficient
versus the height against the ground. I can see how for wings close to the ground there is an increase

in Oswald efficiency.
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Figure 26. Ground Effect Influence on CI vs height above the ground for multiple aspect ratio
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Figure 27. Ground Effect Influence on Cl vs height above the ground for multiple aspect ratio
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Figure 28. Oswald Efficiency, versus height above the ground for varying AR. a=5°
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7.2 Comparison of Flat Plate VORLAX to Empirical Methods

Next, I compared the ground effect influence using equation (8) with the known equations,
Equations (9), (10) and (12) for multiple incident angles and aspect ratios. The results are shown in
Figure 29, through Figure 39. I can see that significant variations occur on the induced drag influence
with increasing incidence and aspect ratios. While the ground effect influence increases with
increasing aspect ratio, it appears that changes in aspect ratio are not as significant as they are with
changes of incidence. Additionally, I can also see that changes in the ground effect influence are
minimum for low aspect ratios. Next, Figure 29 through Figure 39 shows that at high angles of attack
and high aspect ratios, the ground effect influence closely follows McCormick’s equation. While
Hoerner and Borst equation overpredicts the effect in all cases.

Torenbeek’s equation seems accurate only when a<5- °. [ also compared the results using
the updated Torenbeek equation (12) with the correction factor equation (12) and in terms of CL and
the AR. VORLAX results for high aspect ratios are better matched with Torenbeek’s correction factor.
Nevertheless, the updated Torenbeek equation overpredicts the simulated values at low aspect

ratios.
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Figure 29. Induced drag influence versus height above the ground. AR =1.98. a=1°
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Figure 30. Induced drag influence versus height above the ground. AR =3.96. a=1°
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Figure 31. Induced drag influence versus height above the ground. AR =7.92. a=1°
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Figure 32. Induced drag influence versus height above the ground. AR = 1.98. a=5°
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Figure 33. Induced drag influence versus height above the ground. AR = 3.96. a=5°
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Figure 34. Induced drag influence versus height above the ground. AR =7.92. a=5°
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Figure 35. Induced drag influence versus height above the ground. AR =1.98. a=10°
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Figure 36. Induced drag influence versus height above the ground. AR =3.96. a=10°
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Figure 37. Induced drag influence versus height above the ground. AR =7.92. a=10°
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Figure 39. Comparison of Torenbeek’s equation and Updated equation with correction factor . AR
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Furthermore, VORLAX results seem to predict higher ground effect influence when the height
above the ground to span ratio is small. While McCormick’s equation has a sharper change for small
h/b ratios it seems to slighly underpredict the data for small aspect ratios and then overpredict the
data as the aspect ratio increases.

Additionally, from Figure 39 is possible to see that the ground effect influence on induced drag is
small for small aspect ratios and incidence. This seems to suggest that a stronger ground effect
influence is created on wings with higher aspect ratio due to influences in spanwise flow. This is as
expected since circulation patterns are significantly different on wings with high aspect ratios
compared to smaller aspect ratio wings. “As the wing chord is made longer and longer, it reaches into
the space of the “fully” developed vortex system, thus interfering with its pattern: and the vortex field
in turn affects the flow past the foil section” [10]. As a result lift production in wings on small aspect
ratios comes mainly from the leading edge and thus changing the lift-curve slope with a smaller
curvature than that predicted by lifting-line theory. Therefore, the flow on small aspect ratio wings
differs from that predicted by 2-D flow thereby significantly changing the values for aerodynamic
loading and hence induced drag and consequently ground effect influences. While the flow in high

aspect ratio wings tend to have a more pronounce spanwise flow with smaller wing tip vortices.
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Finally, from these previously shown figures is possible to see that as the aspect ratio increases
changes in the ground effect influcence on lift and drag are less pronounce agreeing withprevious

observations.
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Figure 40. Lift and Induced Drag Influence vs 2h/b for multiple Aspect Ratios. AR = 1.98
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Figure 41. Lift and Induced Drag Influence vs 2h/b for multiple Aspect Ratios. AR = 7.92

Next, | also plotted the results as a 3-D surface to show the ground effect influence in terms of
various angles of attack as shown on Figure 42 and through Figure 45. 1 can see how closely results
from VORLAX match Torenbeek’s data for small aspect ratios and heights close to the ground.
However, as the aspect ratio increases VORLAX results seem to go towards McCormick’s equation at

higher height above the ground-over-span ratios.
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Figure 42. Surface plot for ground effect influence versus height above the ground. AR = 1.98
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Figure 43. Surface plot for ground effect influence versus height above the ground. AR = 3.96
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Figure 44. Surface plot for induced drag influence versus height above the ground and span ratio
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Figure 45. Surface plot for induced drag influence versus height above the ground and span ratio

Figure 46 through Figure 49 shows similar plots as in Figure 42 and Figure 43 however, on this

occasion I fitted the results predicted by Valenzuela & Takahashi equation (13) [26] along with

36



VORLAX results, McCormick and updated Torenbeek. [ can see from Figure 46 that Valenzuela &
Takahashi equation (13) closely fit VORLAX results with the next equation closely following is that of

Torenbeek with the 8 correcting factor.
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Figure 46. Surface plot for induced drag influence versus height above the ground. AR = 1.98
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Figure 47. Surface plot for induced drag influence versus height above the ground. AR = 3.96
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Ground Effect Influence (AR =7.92)
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Figure 48. Surface plot for induced drag influence versus height above the ground. AR = 7.92
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Figure 49. Surface plot for induced drag influence versus height above the ground. AR = 15.84
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7.3 Comparison of Sandwich Panel VORLAX Surface Pressures to Volume Grid CFD Span Loads.

Next, I looked at the spanwise load distribution of the airfoils using VORLAX. Torenbeek also
acknowledges that a change occurs in the spanwise loads for wings on ground effect causing early
flow separation. “The induced adverse pressure gradient at the leading edge may result in early
separation, while blocking or even reversal of the flow” [13].

Figure 50, Figure 51, and Figure 52 show the results for the sectional load, which is the
coefficient of lift multiplied by the local chord of the airfoil across the span length to show the
spanwise distribution of the lift. Results show that for an airfoil in proximity to the ground the
spanwise load distribution increases with increasing angle of attack as expected where the load
distribution became more elliptical with increasing incidence. However, it was observed that for a
wing in ground effect the load distribution increased more rapidly near the center of the airfoil
compared to the tips of the airfoil. As a result, it is expected that an airfoil in ground effect would
achieve a non-elliptical spanwise distribution that is flatter near the center of the airfoil with a higher
gradient near the tips. This effect is aggravated as the airfoil becomes closer to the ground, or with
increasing aspect ratio. Hence, an airfoil with a low aspect ratio shows a spanwise load distribution
that is flatter across the span with a small gradient near the tips. This agrees with previous results,
since I observed that the Oswald efficiency of an airfoil increased as the airfoil was found closer to
the ground. Thus, a wing found in ground effect would experience a greater load gradient near the
tips. Therefore, to maintain an ideal elliptical lift distribution in a wing in ground effect I would need

to increase the twist at the wing tips if the objective is to minimize ground effect influences.
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Spanwise Load Distribution (2h/b = 0.4)
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Figure 50. Spanwise Load Distribution with changing height above the ground and incidence
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Figure 51. Spanwise Load Distribution with changing height above the ground and incidence
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Figure 52. Spanwise Load Distribution with changing height above the ground and incidence
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7.4 Flow Separation Analysis Using Sandwich Panel VORLAX Surface Pressures

Figure 53 through Figure 58 show the changes in pressure in canonical form for wings with
varying HAG (Height above the ground). The results show a slight change in the pressure distribution
on wings in proximity to the ground compared to wings in free air far from the ground. As a result,
can see that wings that are on ground effect have a slightly higher velocity gradient near the trailing
edge than those compared to off-ground effect. Using Stratford’s method, I can estimate at what
percentage of the chord length the flow starts to separate starting from the trailing edge of the airfoil.
Thus, this can imply an early flow separation. However, [ was not able to detect significant changes in
flow separation within the pressure curves using Stratford’s method. Nonetheless, there were some
variations, especially near the trailing edge of the airfoil. As expected, flow started to separate earlier
as the angle of attack increased but the changes in pressure distribution with wings in ground effect
were not very significant with changes of the height above the ground. Thus, it seems to indicate that
the stall angle of an airfoil may not be a strong function of the height above the ground but rather just
a function of incidence and aspect ratio and other quantities not studied in this investigation such as
camber, twist or swept. I can see that there are no significant changes in the canonical pressure
distribution with changing HAG. Nevertheless, [ see that these changes become slightly more

apparent at a higher angle of incidence and increase aspect ratio.
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Figure 53. Canonical Pressure Distribution. AR =1.98. a=0°
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Centerline Canonical Pressure Distribution
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Figure 54. Canonical Pressure Distribution. AR =1.98. a=10°
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Figure 55. Canonical Pressure Distribution. AR = 3.96. a=0°
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Figure 56. Canonical Pressure Distribution. AR =3.96. a=10°



Centerline Canonical Pressure Distribution
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Figure 57. Canonical Pressure Distribution. AR =7.92. a=0°
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Figure 58. Canonical Pressure Distribution. AR =7.92. a=10°

Figure 59 through Figure 66 shows the pressure distribution in Canonical form for an airfoil in
ground effect. The plots on the left show the results for an airfoil with 2h/b = 0.40 and AR=1.98, and
the plots of the right have an airfoil with an aspect ratio of 7.92 also with 2h/b = 0.40. The values
shown in red on the plots indicate where the flow would have separated in the airfoil. I can see that
the flow separation initiates at the trailing edge of the airfoil. As expected, I can see that flow
separation is greater at higher incidence angles. In addition, I can see that there is a higher
percentage of detached flow in the higher aspect ratio with AR=7.92 when compared to the wing
under the same conditions with a smaller aspect ratio of AR=.98. For instance, at 2h/b = 0.40, the

wing with an aspect ratio of 7.92 has about 8% of the chord percentage of detached flow at an
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incidence angle of 5-°, while the wing with an aspect ratio of 1.98 at the same conditions has only 4%
detached flow. Thus, it appears that flow separation is more significant with changes of incidence and
aspect ratio, but much less noticeable with changes of height above the ground. Results with detailed

percentage of separated flow are shown on Table 2, in the appendix section.
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Figure 59. Canonical Pressure Distribution for 2h/b = 0.40. AR = 1.98, a=0°
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Figure 60. Canonical Pressure Distribution for 2h/b = 0.40. AR = 7.92. a=0°
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Centerline Canonical Pressure Distribution
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Figure 61. Canonical Pressure Distribution for 2h/b = 0.40. AR = 1.98. a=5°

Centerline Canonical Pressure Distribution

x/c

0.1
02
03

=

04

= —e—Separated Flow
05

—8—Alpha=5

0.6
0.7
0.8

Figure 62. Canonical Pressure Distribution for 2h/b = 0.40. AR = 7.92. a=5°
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Figure 63. Canonical Pressure Distribution for 2h/b = 0.40. AR = 1.98. a=10°
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Figure 64. Canonical Pressure Distribution for 2h/b = 0.40. AR = 7.92. a=10°
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Figure 65. Canonical Pressure Distribution for 2h/b = 0.40. AR = 1.98
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Figure 66. Canonical Pressure Distribution for 2h/b = 0.40. AR = 7.92

46



7.5 Comparison of Flat Plate VORLAX to Volume Grid CFD for Overall Lift, Drag and Stall Onset
Next, I present the results obtained using CFD with ANSYS FLUENT compared with the vortex
lattice method of VORLAX for varying incidence and aspect ratio.

Figure 67 through Figure 75, show the comparison results for the coefficient of drag and the
plotted against the incidence of the wing for a NACA 0012 wing with an aspect ratio of 1.98, 3.96, and
7.92, respectively. The top plot shows coefficient of drag versus the angle of attack for varying HAG
and the bottom plot shows the coefficient of lift for varying HAG. Just as in the previous parts multiple
simulations were computed using factors of two times the height over the span to observe the effects
of the ground effect. The results shown in blue are the results found using ANSYS FLUENT and the
simulated wing tunnel analysis while the results in red are the results found using VORLAX. The
results shown on the plots show the values found just before the wing started to stall. Near the stall
results in ANSYS FLUENT did not converge. The plots for the coefficient of drag had to be slightly

adjusted by shifting them based on the coefficient of zero drag found.
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Figure 67. CD vs o for NACA 0012 with AR = 1.98, and 2h/b = 0.40
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Figure 68. CD vs o for NACA 0012 with AR = 1.98, and 2h/b = 0.91
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Figure 69. CD vs a for NACA 0012 with AR =1.98,and 2h/b=1
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Figure 70. CD vs o for NACA 0012 with AR = 3.96, and 2h/b = 0.40
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Cd vs Alpha (h=1.114 m)
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Figure 71. CD vs o for NACA 0012 with AR = 3.96, and 2h/b = 0.91
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Figure 72. CD vs a for NACA 0012 with AR =3.96,and 2h/b=1
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Figure 73. CD vs o for NACA 0012 with AR =7.92, and 2h/b = 0.40
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Cd vs Alpha (h=2.23 m)
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Figure 74. CD vs o for NACA 0012 with AR =7.92,and 2h/b=0.91
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Figure 75. CD vs a for NACA 0012 with AR=7.92,and 2h/b=1

Similarly, Figure 76 through Figure 84 show the coefficient of lift versus angle of attack for
varying heights above the ground. Just as in the previous figures shown for the coefficient of drag,
results for the coefficient of lift show a NACA 0012 with an aspect ratio of 1.98, 3.96 and 7.92 with
varying 2h/b =0.40, 0.91, and 2h/b = 1.

Since VORLAX is an inviscid code, it fails to predict the stall of the airfoil which was very clearly
shown on the ANSYS FLUENT results. Nevertheless, VORLAX can be a great resource under some
specific circumstances and in conjunction with other methods to estimate flow separation. VORLAX
results were computed much more quickly in comparison with CFD results that required dozens of
hours to compute as opposed to minutes with VORLAX.

While it is broadly known that the stall angle of attack is normally less than that of a wing in free air,

it is not certain whether the stall angle of attack is a function of the height above the ground for wings
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in ground effect. An interesting observation from the results as shown on the results for the medium
to high aspect ratio wing with AR of 3.96, and 7.92, was that the stall angle seems to be mostly
unaffected with variations of heights for the NACA 0012 wing. The stall angle for the selected wing
with medium AR=3.96 and large aspect ratio AR=7.92 always occurred just past 10-°. Hence, the
results indicate that there is not a strong correlation of the height above the ground with the stall
angle for wings of medium to large aspect ratios.

However, when testing the airfoil with a small aspect ratio of 1.98 as wings found in racecars
results from ANSYS FLUENT differed from VORLAX results as shown in Figure 67, Figure 68, and
Figure 69.1 can see that as the HAG increases the wing with an aspect ratio of 1.98 can sustain higher
angles of attack before the flow on the wing starts to separate and become turbulent and stall as
compared to the medium and large aspect ratio wings. This was apparent when observing the values
for CL given by ANSYS FLUENT for each iteration. Results for low angles of attack quickly converge to
a value, while results near the stall region started to diverge with no apparent convergence as the
angle of attack increases. This is to be expected with viscous flow simulation. However, using these
stall indications I could study the stall onset as a function of the height above the ground. Thus,
results from ANSYS FLUENT seemed to indicate that the wing has an early stall for low distances
above the ground. The stall for the small aspect ratio wing occurred at 12-° for a height less than 50%
of the height-to-span ratio and a stall of 13-° for higher heights above the ground. A noticeable
difference compared to the 10-° stall found with the medium and large aspect ratio. Similar results
were found when looking at the coefficient of drag versus the incidence of the wing as shown in
FIGURES 20.

Moreover, from Figure 67, Figure 68, and Figure 69, [ can see the results from ANSYS FLUENT
start to deviate from those obtained using VORLAX as the height above the ground. This is especially
noticeable in the small aspect ratio wing with an AR of 1.98. Yet, VORLAX and ANSYS FLUENT results
from the medium and large aspect ratio with AR 3.96 and AR 7.92 are more closely match with smalls
deviations as the height above the ground increases, with a significant less difference with the large

aspect ratio wing. Hence, there is strong evidence that as the aspect ratio increases results from
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VORLAX approximate more closely to CFD results found using ANSYS FLUENT for wings in the
presence of ground effect. Lastly, since the height above the ground in the ANSYS FLUENT
calculations was varied as a reference to the aerodynamic center, since the results for the coefficient
of lift appeared to accurately match those from VORLAX, I can assume that VORLAX uses the

aerodynamic center as reference point as well.
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Figure 76. Cl vs a for NACA 0012 with AR = 1.98, and 2h/b = 0.40
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Figure 77.Cl vs o for NACA 0012 with AR =1.98, and 2h/b=0.91
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Cl vs Alpha (h=1.23 m)
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Figure 78. Cl vs o for NACA 0012 with AR =1.98,and 2h/b=1
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Figure 79. Cl vs a for NACA 0012 with AR = 3.96, and 2h/b = 0.40
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Figure 80. Cl vs o for NACA 0012 with AR = 3.96, and 2h/b = 0.91

53



09
0.8
0.7
0.6
0.5
0.4
03
0.2
0.1
0e

cl

Cl vs Alpha (h=2.455 m)

] @ ANSYS
8 ® VORLAX

4 6 8 10 12
Alpha (Deg)

Figure 81. Cl vs a for NACA 0012 with AR = 3.96, and 2h/b =1
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Figure 82. Cl vs o for NACA 0012 with AR = 7.92, and 2h/b = 0.40
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Figure 83. Cl vs a for NACA 0012 with AR = 7.92, and 2h/b =0.91
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Cl vs Alpha (h=3.71m)
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Figure 84. Cl vs a for NACA 0012 with AR=7.92,and 2h/b=1

Next, Figure 85, Figure 86, and Figure 87 show the coefficient of lift versus the incidence angle as
the height above the ground varied. In VORLAX parlance, HAG=0 represents the airfoil in “free air”
denoting a height far from the ground. In these figures I can easily see the variations of the
coefficient of lift and angle of attack slope Cl,. As expected for wings operating in ground effect there
is an increase in lift for any given angle attack due to the changes in their pressure distribution,
decrease of induced drag and other changes in the flow patterns around the wing. As a result, this
affects the lift angle of the attack slope, increasing the slope as the wing comes closer to the ground.

This was evident in the results found using VORLAX as previously shown.
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Figure 85. CL versus o for variation of height above the ground. AR = 1.98
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Cl vs Alpha (AR = 3.96)
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Figure 86. CL versus o for variation of height above the ground. AR = 3.96
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Figure 87. CL versus o for variation of height above the ground. AR = 7.92

Additionally, just as in the results found with VORLAX, viscous CFD results show this increase in
lift due to ground effect is much more apparent in small aspect ratio wings with decreasing ground
effect influence as the aspect ratio becomes larger. This is to be expected considering that the
induced drag of a wing is aspect ratio dependent as shown in equation (1), or more precisely a
function of their span as Max Munk postulated [22]. Hence, the faster increase in lift compare to its
induced drag thereby an increase in efficiency become less apparent on wings with larger aspect
ratios. This explains the results shown in the previous figures with minimal change in the curve slope
of the coefficient of lift with the high aspect ratio wing.

Next, | see in Figure 88 through Figure 114, comparing the ANSYS FLUENT results to the VORLAX
results. In Figures 88 through Figure 96 show the ground effect influence on the coefficient of lift

using equation (6) for multiple aspect ratios and angles of attack.
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Figure 88. Ground Effect Influences on Cl, AR = 1.98, a=2°
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Figure 90. Ground Effect Influences on Cl, AR = 7.92, a=2°
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Figure 92. Ground Effect Influences on Cl, AR = 3.96, a=5°

Cl (IGE)/CI (OGE)
vs 2h/b (Alpha = 5 deg)
L.O70
1.060
1.050
1.040
1,030 —&— il ANSYS

1020 —&—Lift vorlax

1.010

I {IGE) / CI {OGE) or Cdi (IGE) / Cdi (OGE)

Figure 93. Ground Effect Influences on Cl, AR = 7.92, a=5°
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Similarly, Figures 97 through Figures 104 show the ground effect influences in the coefficient of
drag using equation (7), and finally Figures 105 through Figure 114 show the overall ground effect
influence using equation (8). Iinvestigate the influence found on the wing with changing height
above the ground, incidence, and aspect ratio. It was observed that the viscous CFD results were
much more congruent with VORLAX and the updated Torenbeek equation. when comparing the
ground effect influence, while Barnes and McCormick, and Horner & Borst were providing, and
overestimate just as previously observed. Therefore, in the next three figures I only show the
comparison between the updated Torenbeek equation, VORLAX, and the viscous CFD results, as
shown on the right-hand side of the plots.

I can see from the results of the medium aspect ratio wing of AR = 3.96, that as the angle of attack
increases the results for the coefficient of lift ratio closely match those from VORLAX with the viscous
CFD results. However, the results start to deviate as the HAG becomes smaller and for small angle of
attack, as the general trend of lift influences was observed to reverse with increasing ground effect
influence with increasing height under these conditions. However, as the aspect ratio increases CFD
and VORLAX results for the ground effect influence for the lift ratio start to closely match. A similar
trend occurs for the ratio of the coefficient of drag in ground effect over the coefficient of drag off
ground effect. However, in this case I can observe a larger disparity which is suspected to be the
result of precision and rounding errors since values for the coefficient of induced drag deals with
much smaller quantities very close to zero. This could also explain some of the discrepancies shown
in the ground effect influence found using CDF when compared to VORLAX and known equations as
shown in the plots on the right on the following figures. Notwithstanding, results for the ground
effect influence are also found in agreement for the large aspect ratio wing. However, to increase the
precision of the ANSYS FLUENT results would require creating a finer mesh and expanding the “wing

tunnel” size which would substantially increase the computational time required for each test study.
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Figure 97. Ground Effect Influences on Cdi, AR = 1.98, a=2°
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Figure 98. Ground Effect Influences on Cdi, AR = 3.96, a=2°
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Figure 99. Ground Effect Influences on Cdi, AR = 7.92, a=2°
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Figure 100. Ground Effect Influences on Cdi, AR = 1.98, a=5°
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Figure 101. Ground Effect Influences on Cdi, AR = 3.96, a=5°
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Figure 102. Ground Effect Influences on Cdi, AR = 7.92, a=5°
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Figure 103. Ground Effect Influences on Cdi, AR = 1.98, a=7°

Cdi(IGE)/Cdi(OGE)
vs 2h/b (Alpha = 7 deg)

g

e o L L

. S

g

=)
3

o
2

—@— Induced Drag ANSYS

o
3

—&@— Induced Drag VORLAX

o
8

o
3

0.000 0.500 1.000 1.500
2h/b

CI{IGE) / CI (OGE) or Cdi (IGE) / Cdi (OGE)

Figure 104. Ground Effect Influences on Cdi, AR = 3.96, a=7°
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Figure 106. Ground Effect Influence, AR = 1.98, a=2°
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Figure 109. Ground Effect Influence, AR = 1.98, a=5°
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Figure 110. Ground Effect Influence, AR = 3.96, a=5°
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Figure 111. Ground Effect Influence, AR = 7.92, a=5°
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Figure 112. Ground Effect Influence, AR = 1.98, a=7°
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Figure 113. Ground Effect Influence, AR = 3.96, a=7°
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Figures 115 through Figure 117 show the results for the Oswald efficiency versus the height
above the ground for different angles of attack. I can see a clear increase in efficiency as suspected
when the wing is close to the ground since there is believed to be a reduction in induced drag and an
increase in lift on wings operating in ground effect. Next, I can see that as the aspect ratio increases
there is a clear reduction in efficiency due to the suspected reduction of these added benefits with
increasing aspect ratio as previously discussed. Finally, it is interesting to see how this increase in
efficiency is less significant for higher angles of attack. Note, that results for an incidence of 2-° may

fall into the precision and rounding error since it involves a division of very small values.

evsh
1.8000
1.6000

1.4000 \
1.2000 .

1.0000 —8—Alpha= 2
w

0.8000 Alpha= 5

D.6000 Alpha

04000 Alpha =10

0.2000

00000
0.0000 10.0000 20,0000 30,0000 40,0000

h {in}

Figure 115. Oswald Efficiency vs. height above the ground, AR = 1.98
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Figure 116. Oswald Efficiency vs. height above the ground, AR = 3.96
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Figure 117. Oswald Efficiency vs. height above the ground, AR = 7.92

7.6 Isobars and Flow Separation Prediction with CFD ANSYS Fluent

Next, I show a sample of the results found from ANSYS Fluent for the NACA 0012 wing with an
aspect ratio of 3.96. Figure 118 through Figure 135 shows a picture of the wing tunnel and wing
showing the isobar patterns on both the airfoil and wing tunnel. Additionally, I can see the coefficient
of drag and the coefficient of lift for each of the iterations. From these results I can clearly see as the
coefficient of lift and the coefficient of drag converges in the simulation for angles of attack less than
10 degrees and how as angle of attack becomes greater than 10 degrees the flow starts to show signs
of separation. Separation is suspected since the isobars shown on the airfoil start to show uneven
patterns and a higher-pressure distribution shown in red in the following figures especially shown aft
of the airfoil. In addition, this is apparent when I start to see a divergence in the coefficient of lift and
the coefficient of drag plots. I can see how the flow starts to show signs of flow separation just passed
10 degrees. Thus, Figures 118 through Figure 135 show signs of flow becoming turbulent as the angle
of attack increases and how can see a higher disturbance on the wall of the wing tunnel just as the
suspected wing tip vortices are suspected to increase. All of this in conjunction helps to identify signs

of flow separation using the CFD results with ANSYS Fluent.
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Figure 119. ANSYS Cd vs Iteration for NACA 0012, AR = 3.96, a=0°
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Figure 120. ANSYS Cl vs Iteration for NACA 0012, AR = 3.96, a=0°
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Figure 121. Scaled Residuals vs Iteration for NACA 0012, AR = 3.96, a=0°
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Figure 123. ANSYS Cd vs Iteration for NACA 0012, AR = 3.96, a=2°
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Figure 125. Scaled Residuals vs Iteration for NACA 0012, AR = 3.96, a=2°
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Figure 127. ANSYS Cd vs Iteration for NACA 0012, AR = 3.96, a=5°
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Figure 129. Scaled Residuals vs Iteration for NACA 0012, AR = 3.96, a=5°
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Figure 132. ANSYS Cl vs Iteration for NACA 0012, AR = 3.96, a=7°
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Figure 133. Scaled Residuals vs Iteration for NACA 0012, AR = 3.96, a=7°
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Figure 135. ANSYS Cd vs Iteration for NACA 0012, AR = 3.96, a=10°
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Figure 136. ANSYS Cl vs Iteration for NACA 0012, AR = 3.96, a=10°
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Figure 137. Scaled Residuals vs Iteration for NACA 0012, AR = 3.96, a=10°
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Figure 138. ANSYS Fluent Pressure Contours for NACA 0012, AR = 3.96, a=12°
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Figure 139. ANSYS Cd vs Iteration for NACA 0012, AR = 3.96, a=12°
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Figure 140. ANSYS Cl vs Iteration for NACA 0012, AR = 3.96, a=12°
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Figure 141. Scaled Residuals vs Iteration for NACA 0012, AR = 3.96, a=12°

Next, Figure 136 and Figure 137 shows a comparison of the pressure distribution of a wing
with a 5-° incidence and 2h/b = 0.40. The top results were computed using ANSYS FLUENT, and the
bottom results were obtained using VORLAX. I can clearly see a maximum pressure distribution near
the trailing edge of the airfoil in both cases where flow starts to become detached from the airfoil. In

addition, I can also see some similar changes in their spanwise pressure distribution. However, I can
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see the similitudes in the flow patterns by looking at the isobars found using both methods
individually. It is remarkable how close the results obtained using VORLAX are to those obtained
with CFD using ANSYS Fluent.
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Figure 142. Top pressure distribution of AR = 1.98, a=5°, 2h/b = 0.40 airfoil. Top plot shows results

from VORLAX. Bottom plot shows results from ANSYS FLUENT
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Figure 143. Bottom pressure distribution of AR = 1.98, a=5°, 2h/b = 0.40 airfoil. Top plot shows
results from VORLAX. Bottom plot shows results from ANSYS FLUENT

82



Chapter 8: Conclusion

In this thesis, | documented how lifting properties of wings change significantly when in ground
effect. I gained a deeper understanding of the changes in aerodynamic loading due to gap spacing.

I saw that properties of the flow conditions on wings in ground effect are very sensitive to
changes in incidence and aspect ratio. Especially in small aspect ratio wings such as those found in
racecars. While higher aspect ratio wings such as those found in aircraft may experience higher
ground effect influences, they may not be as sensitive in these changes. Many race cars such as the
one found in Formula 1 have multiple aerodynamic surfaces with flow close to the ground or
enclosed. Thatis why it is important to have a deeper understanding of the nuances of the air flow in
ground effects. Accurately predicting the values for the coefficient of lift or drag in aerodynamic
surfaces in ground effect, or accurately predicting when the flow separates may be key to improve
the performance of race cars.

When I compared widely cited equations with VORLAX results I observed that none of the
methods agreed with one another; it is difficult to predict ground effect influence with a simple
equation. Torenbeek’s equation works well at small AR and low angles of attack, but failed to predict
the results at higher angles of attack and/or AR. The opposite can be said about McCormick and
Hoerner & Borst; they work better for relatively high AR wings.

I created a new equation that is not just a function of the height above the ground and span ratio
but is also a function of the angle of attack and aspect ratio. “Valenzuela & Takahashi” equations seem
to do a better job in predicting and fitting VORLAX results. However, this equation also fails at
relative high angles of attack (a > 15 °) post stall as well as at very small height over span (h/b) ratios.
Thus, the preferred choice of empirical equation depends on the application (aircraft or racecar).

[ also studied the ground effect influences on the stall of a NACA 0012 airfoil in ground effect
using a viscous CFD solution. These ANSYS FLUENT results found at best a weak relationship
between the height above the ground and the stall angle of attack in the medium and large aspect

ratio wings. The low AR wings are able to sustain higher angles-of-attack before stalling when
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compared to the same proportion of HAG. I found that viscous CFD follows the same trends as
observed with the updated Torenbeek’s equation as well as with the inviscid VORLAX.

I found some deviation between the results of the lowest AR wings. I also observed a greater
ground effect influence on small aspect ratio wings. Changes in induced drag, and Oswald efficiency
were more pronounced in the lowest AR wings. I continue to be impressed with how closely the
viscous CFD results height above the ground trends match those from VORLAX so long as I defined
the gap based on the height above the ground from the aerodynamic center closely match those of
VORLAX. However, for the chosen chord length there were not significant changes if the values were
measured near the leading edge.

I looked at the use of Stratford’s method to predict the onset of flow separation using the inviscid
VORLAX model. These solutions did not exhibit significant changes in flow separation as the wings
entered in ground effect. I did find that airfoils with higher aspect ratio would experience early signs
of flow separation compared to smaller aspect ratio airfoils. Nevertheless, these differences may not
be significant enough to change the stall angle in the airfoil. Thus, I believe that the stall angle of an
airfoil may not be a function of the height above the ground in high aspect ratio wings but rather just
a function of incidence and aspect ratio. These trends are confirmed with the parallel viscous CFD
study.

[ analyzed the transverse, spanwise load distribution of the airfoil. I found that to keep an ideal
elliptical lift distribution in an airfoil in proximity to the ground it would be needed to twist the tips
of the airfoils if needed to minimize ground effect influences. Since airfoils that were closer to the
ground had a higher load distribution near the center of the center with a higher gradient towards
the tips of the airfoil. However, a qualitative analysis of this area to find precise values of twist are
beyond the scope of this thesis but are expected to be researched in later studies. In addition, I
observed significant changes in the spanwise lift distribution with changing aspect ratio for airfoils
found in ground effect. A smaller aspect ratio airfoil has a considerably different spanwise loading
than that of an ideal elliptical airfoil agreeing with previous observations for flow separation using

Stratford’s method.
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Some areas where this research could be improved, and some sources of error includes the
following. There was some discrepancy between the results found using VORLAX and known
equations and those found using CFD ANSYS FLUENT, especially in the low aspect ratio wing.
Nevertheless, as previously stated a portion of this discrepancy could be the direct result of rounding,
and precision error. Nevertheless, to increase the precision of the CDF results would require an
increase in grid density in the Mesh, which in turn would significantly increase the computational
time needed for each test trial. In addition, the results could be affected by the relatively small size of
the wing tunnel. While [ was interested in studying the effects of changing the lower surface, there is
possibly some interference from the other surfaces as well such as the top surface. I tried to keep the
top surface sufficiently far away to minimize this interference. However, increasing the size of the
wing tunnel, in any direction also increases the size of the grid points needed for the calculation,
therefore, in most cases the wake of the airfoil’s could possibly still have had some interference with
the top surface. Next, there could be some discrepancy in the definition used for “height above the
ground.” In some of the known equations this definition is clearly stated such as in the case for
Torenbeek’s equation defined it as the average between the height of the airfoil’s aerodynamic center
to and the height at the trailing edge, while in other instances this term was left ambiguous.
Nevertheless, considering this difference becomes insignificant as the aspect ratio increases since the
percentage of the chord to the span becomes smaller. Lastly, more accurate predictions could be
made by increasing the sample size of this research. For instance, I could have determined a more
accurate stall prediction by collecting finer incidence data rather than collecting the data at each
whole degree. Nevertheless, I opted for this data size again in the interest of optimizing time and
resources.

[ hope this investigation can bring a deeper understanding of wings found in proximity to the
ground. I qualitatively measured the ground effect influences by measuring changes in the coefficient
of lift and induced drag, and I looked at how other quantities such as the Oswald efficiency varied, I
believed that I collected sufficient evidence to see a significant difference in the ground effect

influence and loading on wings with a considerable small aspect ratio compared to those of higher
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aspect ratio. Small aspect ratio wings are often overlooked since most aerodynamic work may consist
of aircraft wings. Nevertheless, I consider that understanding these nuances in small aspect ratio
wings in ground effect can be crucial to accurately predict flow conditions on wings such as those

found in racecars and other ground or low flying vehicles.
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APPENDIX A

CASE STUDIES AND AIRFOIL PROFILE USED
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Next, Table 1 and Table 2 show the different cases used for this study, where multiples of the aspect

ratio for the NACA 0012 were used by varying the span, and the height above the ground.

AR 2*AR 4*AR 6*AR 8*AR 16*AR
AR 198 396 792 1188 1584 31.68
WING Span 1230 2455 4910 7380 9820 19640
DIMENSIONS: Chord 620 620 620 620 620 620
2h/b HAG HAG HAG HAG HAG HAG
0.40 025 050 099 149 198 3.96
0.50 031 062 124 186 247 495
0.60 037 0.74 148 223 297 594
0.71 043 087 173 260 347 6.93
0.81 050 099 198 298 396 792
0.91 056 111 223 335 445 891
1.01 0.62 124 247 372 495 990
1.51 093 186 371 558 742 14.85

Table 1. Different case studies using a Flat Plate, where HAG is the height above the ground. Values

shown in italic indicate the computed values with ANSYS FLUENT
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a(?)/ b =4910 mm b =2455 mm b=1230 mm

2h/b 04 071 151 O 04 071 151 0 04 071 151 0

0 3.8 38 3.8 38 14 14 1.4 14 14 14 1.4 1.4
2 3.8 3.8 3.8 38 38 38 3.8 38 14 14 1.4 1.4
5 74 74 7.4 74 38 74 7.4 74 14 14 14 3.8
7 12.0 120 12.0 120 74 74 7.4 74 38 3.8 3.8 3.8
8 12.0 12.0 120 120 74 7.4 7.4 74 38 3.8 3.8 3.8
9 12.0 12.0 120 120 74 74 12.0 12.0 3.8 38 3.8 3.8
10 12.0 12.0 120 12.0 12.0 12.0 120 120 38 3.8 3.8 7.4
11 12.0 120 175 175 12.0 120 120 120 38 3.8 7.4 7.4
12 175 175 175 175 12.0 120 12.0 120 74 7.4 7.4 7.4

13 175 175 175 175 120 120 120 175 74 7.4 7.4 12.0

Table 2. Values found for percentage of detached flow from the trailing edge for varying (2h/b) and
span (b).

Finally, Figure 138 shows a top view of the airfoil used in the flat panel method and Figure 139
shows the side profile of the NACA 0012 airfoil used in the Sandwich method also using the vortex

lattice method.
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Figure 144. Top view of wing used for flat plate analysis of a NACA 0012 airfoil
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Figure 145. Airfoil view of NACA 0012 used for sandwich model
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