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ABSTRACT

A model based on the image technique developed previously to compute the
unsteady potential flow around cambered plates moving near the ground was
extended to handle airfoils with thickness. The airfoil and its image were
represented by panels with linearly varying vorticity. A wake that grew with time
was formed as a result of vortex shedding from the trailing edge to satisfy the
unsteady Kutta condition. The model was used to study the effects of airfoil
thickness ratio, position of maximum thickness and thickness profile shape on the
relative deviations in the aerodynamic coefficients (from their values far from
ground) as the airfoil approaches the ground. For negative pitch angles, i.e. nose
below trailing edge, the results indicated that thickness effects on the relative
deviations are generally very small. This is in sharp disagreement with the results
in steady ground effect, which indicated substantial thickness effects. When the
pitch angle is positive, the relative deviations were observed to drop near ground
with increasing thickness ratio in agreement with the trends obtained by using the
steady approach. This trend was attributed to suction on the lower surface of the
airfoil caused by a “Venturi effect” very close to the ground, as demonstrated by
computed pressure distributions.
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UNSTEADY GROUND EFFECTS ON THE AERODYNAMIC COEFFICIENTS
OF THICK AIRFOILS

INTRODUCTION

At the begining of the twentieth century, it was observed that airplanes take off easily and tend to “float”
during landing. This phenomenon has been called ground effect for obvious reasons. Ground effect was found
to increase the lift force coefficient above its value far from ground, in general. Such an increase is utilized in
designing wingships which “fly” (or “skim”) between 6 and 30 meters above sea [1]. Extensive research, both
theoretical and experimental, was conducted in order to understand and predict the ground effect phenomena
as reviewed in the next section. Because of the high expense needed in terms of time and resources, systematic
and parametric studies are not well suited for experimental work especially when the number of parameters is
not small. For such studies, theoretical or computational investigations are much more convenient provided that
reliable and proven models exist. Experimental verification of the results of such studies is still needed.

The ground effect problem is a classical example of this. The parameters affecting the change in aerodynamic
coefficients at various levels as the ground is approached are: the flight-path angle, angle of attack, and airfoil
geometry. The airfoil geometry alone is described by its camber and thickness distribution and each of these
is usually described by a number of parameters. The authors [2] presented a comprehensive parametric study
for ground effect on cambered plates by using an unsteady model they developed and verified earlier for zero-
thickness airfoils [3]. Camber parameters such as position and location of maximum camber and camberline
geometry (family) were varied systematically for various angles of attack and flight-path angles. As for the
unsteady effect of thickness, it appears to be lacking in the literature. Even steady effects of thickness reported
in the literature are very limited and appear to be conflicting. In the steady analysis, the flow is solved around
an airfoil at a fixed height above the ground. Repeating this at various heights was thought to simulate ground
effects for an airfoil approaching the ground. It has been shown by the authors [2, 3] and others [4] that the flow
is inherently unsteady even if the airfoil moves with constant velocity in a straight line towards the ground plane.
This is due to the continuous change in the airfoil bound circulation and the resulting shedding of vorticity into
the wake as the ground is approached.

The main objective in the present paper is to investigate theoretically the effects of thickness of the airfoil
on the changes in the aerodynamic coefficients as the airfoil approaches the ground. The model [3] developed
previously to represent the unsteady nature of the problem for airfoils with zero thickness is extended to handle
airfoils with thicknéss. Thickness effects are accounted for by using linear vortex distribution over surface
elements (panels) similarly as in reference [5]. The developed model is verified and then used to quantify the
effects of thickness parameters such as thickness ratio, position of maximum thickness and thickness profile shape
on the deviations in C; and C,, as the airfoil approaches the ground. These results are compared with those
obtained by using the steady ground approach. The objective of this comparison is to show to what extent the
results of the steady approach can be disastrous for a range of flight-path angles and angles of attack and in what
range do they agree with those of the unsteady analysis. Identifying the range of such parameters in which this
approach can be trusted is of great value because of its simplicity and extreme numerical efficiency compared to
the unsteady analysis.

PREVIOUS WORK

The first study on ground effect dates back to 1922 when Wieselsberger [6] modeled such effect by placing the
image of the real wing below the ground plane. He used the lifting-line theory of Prandtl for an elliptic wing
and treated the flow as steady. The work on (steady) ground effects up to 1935 was summarized by Pistolesi
[7]. This included the exact solution developed by Tomotika et al. [8] for steady flow past a flat plate above the
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ground. This solution showed that C; and C,, decrease slightly initially and then increase sharply as the ground
is approached with small to moderate angles of attack. Using the conformal mapping technique, Green obtained
the exact solution for a circular-arc airfoil in 1940 [9] and later for a thick airfoil in 1947 [10]; both moving
steadily near the ground. By keeping only 3 terms in the series expansion of the lift he found that thickness and
camber have opposite effects on the aerodynamic coefficients near ground and concluded that a flat plate may
approximate a real airfoil as far as the ground effects are concerned. Again using conformal mapping, Tomotika
et al. [11] studied the steady ground effect on the lift of a Joukowski-type airfoil in 1951 and on the lift and
pitching moment of a circular-arc plate in the same year [12]. They found that effects of thickness and camber
are additive near the ground in the sense that both reduce AC;/C) below those of a flat plate. This contradicts
Green’s results [9,10]. However they reported some calculations, in which 5 terms of Green’s expansion of the
lift coefficient were used, showing that thickness always reduces the deviation in C; near ground, in agreement
with their results.

All of the above work dealt with steady ground effect as described in the introduction. Only recently, Chen
and Schweikhard [4] solved the problem of a flat plate approaching the ground including the unsteady effects.
However, their model has the shortcoming of assigning the wake trajectory along the flight path. Katz [13] used
a vortex-lattice method to study the flow around wings, used in racing cars, near the ground. Chang [14] and
Chang and Muirhead [15] studied delta wings in unsteady flow near the ground experimentally. Nuhait [16],
Nuhait and Mook [17], and Mook and Nuhait [18] used the vortex- lattice method to study unsteady flow around
finite wings moving near the ground. The wake positions and vorticity were computed as part of the solution.
Kemmerly et al. [19] experimentally evaluated a moving-model technique for the measurement of unsteady
ground effect. They simulated the sink rate by moving the model horizontally over an upwardly inclined ground
board. Lee et al. [20] conducted tests on finite wings near ground in unsteady flow.

Nuhait and Zedan [2, 3] used a 2-D vortex-lattice method, allowing the wake to deform and roll up, to study
the unsteady flows around flat and thin cambered plates approaching the ground. They found that camber and
angle of attack effects work in the same direction. For small angles of attack or small camber ratios, they showed
that the aerodynamic coeflicients decrease first and then increase as the ground is approached. For large angles
of attack or large camber ratios, the aerodynamic coefficients are always weakened by the ground effect. The
relative deviations of C; and C,,, from corresponding values far from ground were found to decrease as the camber
ratio or angle of attack increases. Based on this review, it appears that the unsteady effects of thickness of an
airfoil approaching the ground have not been studied in the literature.

APPROACH

The flow i1s assumed to be 2-D and irrotational and the fluid to be incompressible and inviscid. The ground
effect is simulated by placing an image of the real airfoil below the ground and thereby making the ground a
plane of symmetry (Figure 1). The airfoil in the present model is rigid and it moves through the air which is
otherwise still. The flight-path angle y and the vertical speed of the airfoil (with respect to the ground) are related
by ¥ = tan™! —V4y/Vax. In the present paper, the airfoil moves along a straight line (i.e. v = constant).
Three coordinate frames of reference are used. The first is fixed to the ground, the second is fixed to the airfoil
(at the leading edge), and the third one is attached to each element (panel) on the airfoil surface. The ground
and airfoil coordinate systems are shown in Figure 1 and the element coordinate system is shown later. In the
following analysis all variables are made dimensionless by using the characteristic variables: speed of the airfoil
U, physical length of the chord divided by half the number of elements L, pUU? for the pressure and L/U for the
time.

The airfoil, its wake and their images are represented by sheets of vorticity. The bound vortex sheets repre-
senting the airfoil and its image have their positions specified. By placing the vortex sheets on the airfoil surface,
thickness effects are accounted for and therefore there is no need to use source panels. The positions of the vortex
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sheets representing the wake and its image are not known in advance. The wake rolls up and deforms into its
force-free position. The vortex sheets representing the airfoil and its image are discretized into N elements (N +1
nodes). The mid-point on each element is selected as the control point at which the no-penetration boundary
condition is satisfied. The vorticity, which according to Kim [21], Kim and Mook [5], Dong [22], and Mook et
al. [23] is equal to the surface velocity, is assumed to vary linearly along each element as shown in Figure 2. In
order to make the calculations efficiently, a local coordinate system (x',y’) for each element is used. This is the
third frame of reference mentioned earlier. Some additional definitions are given in Figure 2.

The length of each element is normalized to unity for the purpose of computing the induced velocities (this
is done locally in a subroutine). The vorticity 7 over element j consists of two linear functions: (Gj4+1)z’ and
(G;)(1 — 2') as shown in Figure 3. In this figure, the two linear functions are referred to as Case 1 and Case 2.
G; and G, are the unknown intensities of vorticity at nodes j and j + 1, respectively. The velocity components
induced by the vorticity over element j at point p(a:;,,y;,) are given in the element frame of reference by the
following formulas:

'\

X
(6]
P4
VA ’,." ‘\path of
. flight \9
V4
Ho.25
) gt Ground plane

9

Image

Figure 1. A Sketch of Airfoil and Its Image.
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Case 1
oy = Gzi“ [z;AB-i-%E In R]
s = sz;‘ {1 —y;A0+—x-2[£ In R} (1)
Case 2
Ver, = %?r- [(1 ~z,)A0 —y—z;’ In R]
Vi, = % {(1 _2”;) n R—1 +y;,A9] 2)

node

® control point

G vorticity at a node

local coordinate system for

each element

Figure 2. Vorticity Distribution Over Elements and Element Coordinate System.
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(0,0) (1,0) x' (0,0) (1,0) X
Case 1 Case 2

Figure 3. Splitting the Vorticity Distribution Over Element j Into Two Linear Functions.

where

Al = 92-—91
T z, —1
= tan~'(-F) - tan~ ' (-F5—)
p Yp

o\ 2
- (3
™
(z, - 1)% +y,2
a:’pZ +y;2

Subscripts j and j + 1 refer to the induced velocity contributions in terms of the vorticity at nodes j and j+1,
respectively. The subscripts 1 and 2 denote Case 1 and Case 2, respectively.

The velocity components in the body-fixed (z,y) frame of reference are given by:

V%‘H.x - V“Q’H.l
= [T} 3
Viisra Vy§+,,1

for Case 1 and

Vz,-,z Vz"i’g
= [T (4)
V;lj,Z Vy;]g
for Case 2. The transformation matrix T is given by

October 1994 The Arabian Journal for Science and Engineering, Volume 19, Number 4A.

603



A. O. Nuhait and M. F. Zedan

element element
j-1 j-1 J Jjtl

Figure 4. Vorticity Strength at Node j as it appears in Two Neighboring elements.

1 (Tj41 ~ x5) (Yj+1 — ¥5)

[T] = (5)

Vzin =) + Wi = 0" | (g0 - y) — (@501 - 25)

in which z;,y; and x;41,y;+1 denote the coordinates of nodes j and j + 1 in terms of the body-fixed coordinates.

Equations (3) and (4) give the induced velocity at a point p by the vorticity over element j in terms of the
vorticity at nodes j and j+1. The velocity induced at point p by unit-intensity vorticity at node j (vorticity
- over element j-1, case 1, plus vorticity over element j, case 2, see Figure 4) is given by

Vj =Vj,1/Gj +V"2/Gj. (6)

Point p is a general point in the flow field. In order to impose the no-penetration boundary condition, point p is
selected at the control point of element i. The normal velocity at the control point ¢ induced by the vorticity at
node j (with unit intensity), A;;, is equal to the normal velocity induced by the vorticity over element j (case 2)
plus the normal velocity induced by the vorticity over element j — 1 (case 1) and their images, at control point
i. That is

A,;j = Vj.n,; (7)

where n; is the unit vector normal to element i and V; is the velocity induced at control point ¢ by the vorticity
at node j and its image as given by Equation (6).

To simulate the unsteady flow, we follow Kim and Mook [5] and Mook et al., [23] by placing a vortex core
with a circulation I'; at the trailing edge. The normal velocity Q; at control point ¢, induced by this vortex core

(with a unit circulation) and its image, is given by
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Qi = (Vrg)in; (8)

where (V7g); is the velocity induced at control point i by a vortex core with unit circulation at the trailing edge
and its image.

The no-penetration boundary condition enforced at control point i on the airfoil is given by

N
> AyG; - QiTe=(Va-Vw),m; fori=1,2,.,N (9)

=2

V 4 is the airfoil velocity and Vi is the velocity induced by the vortex cores in the wake and their images.

It follows from Kelvin's Theorem that the total circulation must be conserved (zero in this paper):

N NT-1
Z(lj..] + lj)Gj —I'e = Z T'wik (10)
j=2 k=1

LD | =

where | denotes the length of the element. I'y, is circulation of wake vortex core k. NT is the number of time
steps the solution has advanced as discussed later.

Equations (9) and (10) form an overdetermined system of N+1 equations in N unknowns (G, G3, ..., Gy and
I'c). We use the method of Lagrange multipliers to minimize the sum of the squares of errors of Equatior. (9)
subject to the constraint of Equation (10) to obtain a solution of this system.

At the begining of the first time step (NT = 1), Vi is zero (no wake exists yet). The solution of the system
of equations yields (G2, G3,Ga4,...,Gn and T;). At the begining of the second time step (NT = 2), the vortex
core at the trailing edge (T';) is shed at the local fluid particle velocity (in order to satisfy the so called unsteady
Kutta condition [16]). Its circulation does not change to satisfy the temporal conservation of circulation. The
new position of the vortex core (starting vortex) is computed by the Euler method using the following equation.
Thus

r(t + At) = £(t) + v(t) At (11)

where v(t), the local fluid particle velocity at position r(t) at time ¢, is computed by using the following equation

VZV—VA (12)

where V is the absolute velocity induced by the bound and free vorticity and their images. The values of v used
in Equation (11) are those computed in the previous time step (NT = 1). Convecting this vortex core starts the
generation of the wake.
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The right-hand sides of Equations (9) and (10) are computed. The solution of the over-determined system of
equations at the end of the second time step yields new values for Go, G3, Gy, ...,Gny and T, . At the begining
of the third time step, the new vortex core at the trailing edge I', is shed and the one from the start is convected
downstream. This procedure can be repeated indefinitely. To start the procedure, one needs initial conditions.
These are the position of the airfoil, pitch angle, flight-path angle, and wake positions and vorticity.

The aerodynamic forces and moments are computed by integrating the pressure distribution on the surface
of the airfoil. The pressure on each element is given by the unsteady Bernoulli equation:

9% 1
5 3V V+P=Px (13)

where ® is the velocity potential in ground-fixed coordinates, and P and P, are the dimensionless pressures on
airfoil surface and at infinity, respectively. It is more convenient, in the present problem, to apply Bernoulli’s
equation with respect to the moving coordinate system. Denoting the velocity potential in the moving coordinate
system by ¢, one can show that (Karamcheti [24]) 8®/8t = 8¢/0t — V.V 4. Thus, Equation (13) becomes

9 v
5%5 ~V(Va-5)+P=Pu (14)

The pressure coefficient at a control point 7 is given by

C, 2(P: — Ps)
d
- 5? - Vi(V —2Vy,); (15)

1

]

I

V; is the absolute velocity at control point ¢ which is induced by the bound and the wake vorticity and their
images. 0¢/8t at control point i is approximated by the following finite-difference expression:

0| _ #i(t+ At) — ¢i(t)
at|, At

1

(16)

The values of all ¢; for two successive time steps are stored. The value of ¢; at the current time level is obtained
by numerically evaluating the line integral,

Si
¢i=¢i1+ V.dS a7
Si-1

where V is the particle velocity and S represents the integration path. For control point 1, Equation (17) reduces
to
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51
$1=¢o + V.dS (18)

So

where “0” represents some reference point. In order to compute ¢;, one has to know ¢g at each time step. In
the present paper, point 0 was selected to be very far (200 chords) in front of the airfoil. This was verified to be
too far to be affected by the airfoil motion at any time level even when the airfoil reaches the ground. The value
of ¢o was chosen to be zero (impulsive start). The chosen path between point 0 and control point 1 consists
of two straight lines. One line is vertical and the other is horizontal. The integral term in Equation (18) is
approximated by using the trapezoidal rule with unequal steps. The number of integration steps were chosen to
be 20 in the vertical direction and 100 in the horizontal direction. Once ¢; is computed at a given time level,
the values of ¢ at other control points can be evaluated by the recurrence integral relation of Equation (17). The
results were checked by allowing the solution to reach steady state and comparing it with known exact steady
results as discussed below.

CALIBRATION OF THE METHOD

The method described in the previous section was programmed and run on an IBM- 370 8083 JX mainframe
computer. To save computer time the earlier shed vortex cores are ignored once the number of cores in the
wake reaches a certain number N,,.. To determine appropriate values for Nye, the number of elements

.........................................

L
1.0 F C!m,exact —
0.8
Clm

0.6
1100 Cores, 1100 time steps
800 Cores, 1100 time steps

0.4

0.2 r

0.0 | | | ! L | ]

0 10 20 30 40 50 60 70
Distance travelled (Chords)

Figure 5. The Variation of Lift Coefficient of NACA 0012 Airfoil Far from Ground with Distance Traveled as Computed
by the Model at a = 8.3°.
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N and the time step At, a limited sensitivity study was made. In this study Neore, N and At were varied
systematically by varying one parameter at a time while fixing the other two. The test case used is a NACA
0012 airfoil impulsively started very far from ground with o = 8.3°. The solution is continued until steady flow is
established. The computed lift coefficient C; increases with time until it reaches an asymptotic value. Comparing
this value with the exact steady lift coefficient (which is 1.0 for a = 8.3°) [25] is used as a criterion to judge the
accuracy of the solution. The values of the parameters investigated are: N o = 800 and 1100, N = 36,60 and
72 and At = 1,2, and 3. With 1100 times steps, all combinations of parameters gave small erros in general. A
combination of Ngyre = 800, N = 72 and At = 2 gave reasonably accurate results. In fact such a combination
presented a good compromise between accuracy and computing time. The latter is quite important because
unsteady calculations are time consuming. Figure 5 shows the variation of C; versus time for this combination
of model parameters once with truncation at Ngore = 800 and another time without truncation. A negligibly
small jump is noticed at the time corresponding to when truncation occurred. The asymptotic value is very close
to the exact Ci(= 1.0) in both cases. The unsteady results presented from this point on were obtained by using
these solution parameters.

We found no results for the unsteady ground effect for thick airfoils in the literature to compare with. There-
fore, the present (unsteady) model was verified near the ground by comparing the asymptotic values of AC;/Cj
with the corresponding results of a steady-flow vortex-panel method that accounts for ground effects. In the
steady method, the system of over determined equations (9) with V,, = 0 (no wake) and @; = 0 (no starting
vortex) is solved for G; by using a least-square-error method. The steady Kutta condition (37.p = 0) is im-
plicitly satisfied in this system (G}, = Gn41 = 0). Table 1 gives such a comparison for a NACA 0024 airfoil

with a = 6° and v = 07, at hg 25 = 0.25 and 0.375. The results indicate that the method works very well. The
deviations in C) and C,,, are defined as

AC/Cio = (C1—Cix)/Cico

and hg o5 is defined as the height of the 1/4-chord point above the ground normalized by the chord.

Table 1. Comparison Between Asymptotic Values of AC;/Ci, and AC,,/Cr with Values Obtained from
Steady Ground Effect program

Unsteady ground effect (asymptotic ‘values) Steady ground effect
hoos ACH/Clo ACH/Crmco AT T AC/Clo ACH[/Cmoe AT
0.25  -0.14151 -0.27721 -0.06874 -0.14145 -0.27709 -0.06867
0.375  -0.00205 -0.01581 0.04066 -0.00201 -0.01561 0.04071
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RESULTS AND DISCUSSION

The effects of thickness on the deviations in the aerodynamic parameters AC;/Cix and AC,/Cnoo as the
airfoil approaches ground are investigated systematically by using both the steady and unsteady approaches
described earlier. The thickness parameters whose effect is investigated are: the thickness ratio 7, the position
of maximum thickness m and the shape of the thickness profile.

Results of Steady Ground Effect

Figure 6a shows the deviation in the lift coefficient versus the height of the 1/4-chord point for symmetric
airfoils (camber ratio e = 0) moving steadily parallel to the ground (y = 0°) with a = 6°. These NACA 4-digit
airfoils have different thickness ratios. We observe that the effect of thickness on the deviation is limited to

(a)
30 e=0
— 20 = T
=~ .06
= ok
S 10 - - 24
N oFf
2
_10 =
__20 ] | | | |
0 1 2 3 4 5
ho.zs
(b)
10 e=0.03
—
=~
A -
o 5
-9
@)
S
o 0 F
q
-5 | i | 1 i
0 1 2 3 4 5

ho.25

Figure 6. Effect of Thickness Ratio on Deviations in C; of Symmetric (top) and Cambered (bottom) NACA 4-Digit
Series Airfoils in Steady Ground Effect (v = 0°) at a = 6°.
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ho.2s < 1.0 where increasing the thickness ratio tends to reduce AC}/Cjoo as the ground is approached. It is
interesting to note that this reduction increases very fast with 7 to the point of giving negative deviation (C;
is below Cjo) very close to the ground for 7 = 0.24. This may be attributed to the constriction of the flow
(Venturi effect) which causes a reduction in the pressure on the lower surface of the airfoil resulting in lower C;.
This effect appears to dominate over the effect of the airfoil image for this extreme thickness ratio very close to
the ground.

The investigation was repeated for cambered airfoils with e = 0.03 as shown in Figure 6b. The trends are
similar to those observed in Figure 6a, however for the same thickness ratio, the magnitudes of AC;/Cj., are
lower because of the effect of the 3% camber which causes further reduction as expected [11,12]. An exception to
that is the results for T = 0.24 very close to the ground where the cambered airfoil gives higher AC;/Cjo than
the case with zero camber. We attribute this behavior to the fact that adding camber eases the constriction of

(a)
40 e=0

(b)
e=0.03

Figure 7. Effect of Thickness Ratio on Deviations in Cr of Symmetric (top) and Cambered (bottom) NACA 4-Digit
Series Airfoils in Steady Ground Effect (y =0°) at a = 6°.
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the flow between the airfoil and the ground for such a large 7. Increasing the camber further causes the effects of
7 to decrease quite fast. Figure 7 shows the deviation in the moment coefficient for same airfoils used in Figure
6. The trends are similar to those observed for AC;/Co; however the magnitude of the deviations are generally
bigger.

The effect of the location of maximum thickness m on AC,/Cly and AC,, /Cmeo Was investigated for r = 0.12
at a = 6° by using the modified NACA 4-digit series airfoils [25]. Although m was varied over a wide range (0.2
to 0.6), the effect was negligible for symmetric (e = 0) and cambered airfoils (¢ = 0.03) as shown in Figure 8.
Again the deviation in the moment coefficient is larger than the deviation in the lift coefficient. The effect of
the shape of thickness profile was investigated by comparing AC}/Cie and ACy,/Creo for a symmetric NACA
4-digit series airfoil with 7 = 0.18 and m = 0.3 with those for a symmetric Karman—Treffitz airfoil with the same
7 and m; both at & = 6°. The results of the comparison, which are shown in Figure 9, indicate negligible effect.

(a)
20
—— m
e =
10 —_—_ 3
S |\ DI 8
\ e=0 7 )
-~
o 0r
] R
e=0.03
-10 ; ‘ ‘ ' '
0 1 2 3 4 5
h0.25
30 (®)
—_—
° \
3-\—; 20 - m
g .2
&) I — — — .3
~N 10 STl
(.)ﬁ e=0
4 0 F
e=0.03
__10 | | | | 1
0 1 2 3 4 5

h0.25

Figure 8. Effect of Position of Mazimum Thickness on Deviations in C; and Crn of Symmetric and Cambered NACA
4-Digit Series (Modified) Airfoils with r = 0.12 in Steady Ground Effect (v = 0°) at a = 6°.
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Results of Unsteady Ground Effect

The unsteady model was used to study the effects of the thickness parameters considered above. In these
investigations the airfoil is impulsively started with the appropriate values of v and « far enough from the ground
to allow reaching steady flow before ground effects become noticeable as done in reference [3].

Fixing v at 30° and a at 6°, the effects of 7 on AC}/Cie and AC,,/Cye Were investigated for symmetric
and cambered NACA 4-digit series airfoils. The results of this investigation are shown in Figure 10. It seems
very surprising that the effect of 7, on the deviations in C; is negligible for both camber ratios and is generally
small on the deviation in C,, for e = 0 and negligible for e = 0.03. This appears to be in clear conflict with
the results of the steady analysis presented earlier. Figure 11a shows that the effect of the location of maximum
thickness on AC;/C) is generally small. The corresponding results in Figure 115 indicate that AC,, /Cnoo is
slightly reduced as the maximum thickness is moved towards the trailing edge for both symmetric and cambered
(e = 0.03) airfoils. The effect of thickness distribution (profile shape) is studied by comparing AC;/Cj and
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Figure 9. Comparison of Deviations in C; and Cr, for Symmetric Karman-Treffitz and NACA 4-Digit Series Airfoils
with 7 = 0.18 and m = 0.8 in Steady Ground Effect (y =0°) at a = 6°.

The Arabian Journal for Science and Engineering, Volume 19, Number 4A. October 1994



A. Q. Nuhait and M. F. Zedan

ACrn,/Cmoo for a Karman-Treffitz airfoil and the NACA 0018 airfoil; both airfoils are symmetric with 7 = 0.18
and m = 0.3. The results shown in Figure 12 indicate that the two profiles have essentially the same AC;/Cjo;
however the Karman—Treffitz airfoil has a slightly higher ACy,/Croc.

The apparent contradiction between the steady and unsteady effects of = indicates that the effect of v (or 8)
may be the key to explain it. Therefore it was decided to add the effect of « for a given airfoil to the original
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Figure 10. Effect of Thickness Ratio on Dewiations in C) and Cr, of Symmetric and Cambered NACA j-Digit Series
Airfoils in Unsteady Ground Effect; v = 30° and a = 60°.
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investigation. We investigated two symmetric NACA 4-digit series airfoils with 7 = 0.24 and 0.12 at a = 6°.
The variation of AC;/Cix for the NACA 0024 airfoil is shown in Figure 13a, at ¥ = 50°,30°,10°,5° and 2° in
addition to the steady results (v = 0°). The values of the pitch angle 8 corresponding to these values of v are
given on the figure. The corresponding results for the NACA 0012 airfoil are shown in Figure 13b. As expected,
the effect of v is quite substantial and shows a clear trend. Reducing -, decreases AC;/Ci for both values of
7. Further it is noted that the reversal of the sign of AC;/Cjo near ground for 7 = 0.24 is not limited to the
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Figure 11. Effect of Position of Mazimum Thickness on Deviations in C) and Cp of Symmetric and Cambered NACA
4-Digit Series Airfoils in Unsteady Ground Effect; v = 30° and o = 6°.
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steady case (y = 0); in fact it appears at v = 2° and 5°(@ = 4°and 1°). Since @ is positive (airfoil nose is higher
than its trailing edge) in these three cases only at 6°,4° and 1°, it appears that the constriction of the flow
between the airfoil and the ground, is the reason for the drop in the aerodynamic coefficients very close to the
ground. To test this hypothesis, the pressure distribution on the NACA 0024 airfoil when it is located at hg.25
= 0.25, as it moves towards ground with y = 30°, 5° and 2°, is plotted in Figure 14. The pressure distribution
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Figure 12. Comparison of Deviations in C; and Cm for Symmetric Karman-Treffitz and NACA 4-Digit Series Airfoils
with 7 = 0.18 and m = 0.3 in Unsteady Ground Effect; v = 30° and v = 6°.
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obtained from the steady analysis (v = 0) with the airfoil at the same height is also shown on the same figure.
The results indicate a reduction in the pressure on the lower surface of the airfoil as -y decreases with the lowest
pressure given by the steady analysis (v = 0°). For values of v < 5° (6 > 1°) the pressure becomes lower than
the freestream value causing suction in a region on the airfoil’s lower surface; the extent of this region increases
as v decreases. The presence of this suction region is responsible for the reduction in C; very close to ground.
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Figure 13. Effect of Flight Path Angle on Relative Deviation in Ci for NACA 0024 and NACA 0012 Airfoils in
Unsteady Ground Effect; a = 6°
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Limited results on the effect of thickness ratio on AC;/Cis at various vy(or 6) are extracted from Figures
13a and 13b and plotted in Figure 15. The results indicate almost no effect at v = 30°(0 = —24°), very little
effect at v = 10°(6 = —4°) and clear effect especially close to the ground at v = 5°(6 = 1°). For these last
two values of v, AC;/Cix is lower for 7 = 0.24 than for 7 = 0.12. To investigate this further we examine
the pressure distributions. Figure 16a shows the pressure distribution over the thicker airfoil (r = 0.24) at
ho.os = 0.5,0.375 and 0.25 for v = 5°. These results indicate that the extent of the suction region grows as
the ground is approached. The corresponding results for the thinner airfoil (7 = 0.12) with the same v at the
same « are shown in Figure 16b. We observe that the pressure on the lower surface increases as the ground is
approached which explains the reason for the sharp increase of C; near ground for thin airfoils.

SUMMARY AND CONCLUDING REMARKS

A model based on the image technique developed previously to compute the unsteady incompressible potential
flow around cambered plates moving near ground is extended to handle airfoils with thickness. The model
has been verified by comparing the computed asymptotic aerodynamic parameters for an impulsively started
airfoil out of ground effect with the known exact steady parameters. The effects of airfoil thickness on the
relative deviations in the lift and moment coefficients (from steady values out of ground effect), as the ground
is approached, are studied by using this model. Airfoil thickness parameters whose effect is investigated are
thickness ratio, location of maximum thickness and thickness profile shape. These parameters were varied one

1.5 NACA 0024

a=

Figure 14. Pressure Distribution on the NACA 0024 in Unsteady Ground Effect at ho.os = 0.25 for Different Flight Path
Angles.
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at a time. The investigation was conducted for symmetric airfoils and for airfoils with 0.03 camber ratio. The
whole investigation was also repeated by using the steady analysis approach (v = 0). The results of the steady
approach are compared with those of the unsteady approach to identify the range of flight parameters in which
the steady approach can be trusted and the range in which they are in big error.

The results indicate that the effects of thickness on AC;/C),, are negligible and are generally small on
ACy, /Cpnoo, When the airfoil nose is lower than its trailing edge (:.e. for combinations of flight path angles v and
angles of attack a giving negative pitch angle ). As the value of 8 increases above zero , both AC;/Ci and
AC,,/Cmeo drop with increasing thickness ratio. In fact with > 0°, AC}/Ci and ACp,/Cyroo become negative
near the ground for very high thickness ratios. This is attributed to the constriction of the flow between the
ground and the airfoil which results in a reduction of the pressure over the lower surface of the airfoil. This may
explain the apparent contradiction between the results of the steady approach, which showed substantial effects
for the thickness ratio, and the results of the unsteady approach, which showed small effects, as a consequence
to the differences in the pitch angle. Of course more work needs to be done to show that the effect of thickness
on the deviations in the aerodynamic coefficients depends on the pitch angle mainly.
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Figure 16. Pressure Distribution Over Airfoils at Various Heights Above Ground in Unsteady Ground Effect.
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