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Numerical Simulation of Unsteady Flow Induced by a Flat
Plate Moving Near Ground

A. O. Nuhait* and M. F. Zedant
King Saud University, Riyadh 11421, Saudi Arabia

An aerodynamic model based on the general unsteady twe-dimensional vortex-lattice methed and the method
of images was developed to predict the unsteady ground effect on the aerodynamic characteristics of a flat plate.
The wake is computed as part of the solution by allowing it to deform and roll up into its natural force-free
position. The model is not restricted by angle of attack, sink rate, and camber. The results agree perfectly with
available exact (steady) solutions. It is also shown that the increase in the magnitude of C, and C,, as a resuit
of unsteady ground effect is greater for high sink rates, in a general agreement with published results. On the
other hand, the effect of ground on wake shape and position is greater for lower sink rates. For large sink
rates, the wake becomes very close to the flight path with its position less dependent on the height above the

ground.

Introduction

HE aerodynamic characteristics of an aircraft are known

to be influenced by ground proximity during takeoff and
landing. The interaction of the aircraft with the ground is
known in the literature as “ground effect.” This phenomenon
is also observed in ship motion near a canal wall or near a
second ship and in the motion of land-based vehicles. The
extensive research conducted to understand and predict ground
effect was motivated mainly by the fact that takeoff and land-
ing are among the most dangerous phases of flight. The flow
during these phases is inherently unsteady even if the aircraft
is moving at constant velocity. This is attributed to the con-
tinuous change in the bound circulation around the wings as
the ground is approached causing vorticity to be shed into the
wake. Experimental studies of this unsteady phenomenon
proved to be extremely difficult.

On the analytical side, the problem is too complicated to
model a full aircraft; however, valuable insight can be ob-
tained by considering the lifting surfaces. This can be further
simplified by considering two-dimensional airfoils or even flat
plates. Unfortunately, most of the previous investigators dealt
with this unsteady flow situation in a quasisteady fashion.
Basically, they tried to obtain the ground effects on the aero-
dynamic parameters (C, and C,,) by solving the steady flow
around an airfoil moving parallel to the ground at a fixed level
(height). This solution is repeated at various heights; each
time with an angle of attack equal to that of the airfoil ap-
proaching the ground at that height.

The accuracy of this steady simulation is not established
yet. The work of Chen and Schweikhard! appears to be the
only two-dimensional study to address the unsteady aspects
of the problem. These aspects may be called unsteady (dy-
namic) ground effect. However, their results are limited and
their approach does not seem to be rigorous in the treatment
of the path of the wake.

The objective of the present study is to present a rigorous
model to study the unsteady ground effect, in which the wake
is properly considered by allowing it to deform and roll up
into its natural force-free position which is calculated as part
of the solution. It should be noted that the analysis is com-
pletely unsteady. Even when steady results are needed for
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comparison purposes, they are obtained by means of the un-
steady solution using an impulsive start of an airfoil moving
parallel to the ground.

Previous Work

The early studies on ground effect were analytic or semi-
analytic and dealt with the steady problem. The tremendous
improvements in computational hardware capabilities and in
numerical techniques in recent years made it possible to study
the unsteady ground effect for airfoils and finite wings.

Wieselsberger® was apparently the first to solve this prob-
lem. He used the method of images, thus satisfying the no-
penetration boundary condition on the ground surface au-
tomatically. About 10 yr later, Tomotika et al.> used the
conformal mapping technique to obtain the exact solution for
the flow around a flat plate near ground. In 1935 Pistolesi*
gave a comprehensive review of early work related to ground
effect. Havelock® obtained an exact solution for the flow past
an elliptic cylinder between two parallel plates by conformal
mapping. Using a limiting process he obtained a series so-
lution for the flow past a flat plate near a single wall (ground)
which matched Tomotika’s solution far from the wall. Green®
obtained the solution for a circular-arc airfoil and later’ for
an airfoil with finite thickness near a plane wall also using
conformal mapping. He showed that camber tends to increase
the lift, while thickness tends to decrease it first and then
increase it as the ground is approached. Based on the opposite
effects of camber and thickness, one may expect the results
of a flat plate in ground proximity to give a reasonable ap-
proximation for actual airfoils.

All the above studies, except Wieselsberger’s were two-
dimensional and all of them treated the problem by solving
steady flow around the airfoil at fixed heights above ground.
As mentioned, in the introduction Chen and Schweikhard!
solved the unsteady (dynamic) problem for a flat plate in
which the height above the ground varies continuously with
time, but their solution had the shortcoming of assigning the
wake along the flight path. They reported lift increases (as
the ground is approached) greater than when the problem is
treated as steady. Recently, ground effect for three-dimen-
sional configurations was investigated. Katz® used a vortex-
lattice method allowing the wake to deform freely to inves-
tigate the performance of a lifting surface close to the ground
as found in racing cars. Chang® and Chang and Muirhead?®-!
experimentally investigated the steady and unsteady ground
effects for flat delta wings. They reported an increase in the
aerodynamic coefficients as the ground is approached in both
cases; however, the increase was less in the unsteady problem
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in contrast with the two-dimensional results of Chen and Sche-
wikhard.? Recently, Nuhait and Mook, Nuhait,* and Mook
and Nuhait'* used the vortex-lattice method, allowing the
wake to deform freely, to study the unsteady ground effect
for finite wings. When the height is measured by the level of
the 3-chord point above the ground, their results indicated
that increases in aerodynamic coefficients are weakened in
the unsteady problem in agreement with Chang® and Chang
and Muirhead.!®'" Clearly the general three-dimensional
problem of the ground effect is quite complicated and involves
too many parameters to make any study universal. The pre-
sent authors believe that a good understanding of the two-
dimensional problem, when considered properly, may be of
‘great benefit at the present time. Such proper handling of the
unsteady two-dimensional problem appears to be lacking in
the literature. The objective of this article is to provide such
a solution for this problem with minimum or no approxima-
tions.

Method of Analysis

The flow is assumed to be two-dimensional, incompressible,
and inviscid. Following Wieselsberger,? we simulate the ground
effect by placing the image of the real plate and its starting
vortex (wake) below the ground plane as shown in Fig. 1.
The present method is based on a flat plate moving through
the air instead of the air blowing over the plate. Two reference
frames are used; one is fixed to the ground (G-F) and the
other is fixed to the body (B-F), as shown in Fig. 2. Other
definitions are given in the figure.

Real Plate

Real Wake
Ground Plane

Image of Wake

Image of Plate
Fig. 1 Plate and its wake and their images.

Y ¢ Flight-path angle
8 : Pitch angle

o :Y+8 : Angle of attack

X-Y : Ground-Fixed Frame

x-y : Body-Fixed Frame

VAX : X-Component of the plate velocity

VAY : Y-Component of the plate velocity

H : Height of the 1/4-chord point above
0.25C the ground
¢ : Chord
h
0.25 : HO.ZSC/C'

Horizon

Ho.25¢

Ground plane

Ho.25¢

the ST T T T T
image

Fig. 2 Two coordinate systems: ground-fixed (G-F) frame and body-
fixed (B-F) frame.

Basic Equations

The plate, its wake, and their images are represented by
sheets of vorticity. The sheet representing the plate has its
position specified and is called a “bound vortex sheet”; a
pressure jump may exist across it. The sheet representing the
wake, whose position is not known in advance, deforms freely
and assumes a force-free position during the simulation. As
aresult, it is called a “free vortex sheet’”” and a pressure jump
cannot exist across it. The bound and free vortex sheets are
joined along the trailing edge of the plate. The two vortex
sheets are replaced with discrete vortices. The total velocity
field induced by these vortices must satisfy the continuity
equation and the conditions: 1) Viumance — 0 at infinity;
2) the vertical velocity component is zero on the ground plane;
3) the no-penetration condition is satisfied on the plate;
4) the total circulation around a closed fluid line around the
plate and its wake is conserved (zero in this case); 5) the so-
called unsteady Kutta condition is satisfied at the trailing edge
of the plate; and 6) the pressure is continuous in the wake.

Before proceeding further, we write all variables in dimen-
sionless form by introducing the characteristic variables: the
speed characterizing the motion of the plate U, the physical
length of a bound element /, and the characteristic time //U.
The dimensionless variables are as follows:

v+ N ¢
V=1 "="71u *=0u
r* P* U

—_ — — e = * =

r 7 P p*Uz’t ]

where V, w, ¢, r, P, and p denote velocity, angular velocity,
velocity potential, position vector, pressure, and density, re-
spectively. The asterisk denotes the physical quantities.

The velocity induced by the discrete vortices is computed
by using the Biot-Savart law. As a result, the continuity equa-
tion and the first of the conditions stated previously are sat-
isfied. Because the method of images is used the ground is a
plane of symmetry, and therefore, the second condition is
satisfied too. The third condition is written simply as

(V=V)n=0 (1)

where V is the absolute velocity of a fluid particle, n is a unit
vector that is normal to the plate, and V, is the absolute
velocity of a point on the plate in contact with the fluid par-
ticle. V, is given by

V,=V,+wXxr,+ (8r,/81) 2

in which V, is the linear velocity of the plate at point A (Fig.
2); w is its angular velocity; r, is the position vector of point
p with respect to point A, and 8r,/8t is the local velocity of
point p with respect to point A. The plate is considered rigid,
hence, 6r, /6t is equal to zero. Also, w is assumed zero. There-
fore, V, is equal to V,,. This means that all points on the plate
have the same velocity. The plate is discretized into (N - 1)
equal length panels (elements). The vorticity on each element
is considered to be uniform and is replaced by one-point vor-
tex of strength I' located at a distance equal to % of the element
length behind its leading edge, as shown in Fig. 3.
Following Mook et al.'* we simulate the starting vortex by
placing a vortex core with unknown strength (I',) at a point
1/4 behind the plate trailing edge (Fig. 3). As the number of
elements increases, the location of the first-point vortex will
approach the plate leading edge, and the location of the start-
ing vortex will approach the plate trailing edge. The no-pen-
etration boundary condition is imposed at one point (called
a “control point”) on each element located at a distance equal
to 3//4 behind the leading edge of the element. With the above
considerations in mind, and assuming the location and strength
of the wake cores have been computed (the computation of



NUHAIT AND ZEDAN: UNSTEADY FLOW 613
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Fig. 3 Discretization of the plate.
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Fig. 4 Actual computed wake; starting vortex is shown at various
time levels.

these at various time levels is discussed later), we can write
Eq. (1) as

N=1
2 Aijrj - Qirc
J=1

= (V, — V,)-n, on the plate 3)
fori=1,2,...,N—-1

in which the influence matrix element A, represents the nor-
mal velocity component induced at a control point i by the
vortex core (having a unit circulation) of element j and its
image. In general, the elements A, are functions of space and
time. I'; is the unknown circulation of the vortex of element
j. O, represents the normal velocity component induced at
control point i by the starting vortex having a unit circulation
and its image. V,, is the velocity induced by the wake vortex
cores and their images whose positions and circulations are
known. At the moment motion begins V,,; is zero.

The fourth condition (total circulation around a closed fluid
line must be conserved) is dictated by Kelvin’s theorem. Since
the total circulation was zero at the beginning of motion, then
it will continue to be zero for a path that contains the same
fluid particles. This condition can be written as

N—1 NT-1

Z Fj - l—‘c = kgl I-‘wakek (4)

ji=1

where NT is the number of time steps. I, is the circulation
of a wake core at node k, which is zero at the start of motion.
The fifth condition (unsteady Kutta condition) is satisfied by
shedding the vorticity generated at the plate trailing edge (I',)
at the local fluid particle velocity. The wake is created as a
result of shedding and convecting the starting vortex at each
time step as shown in Fig. 4.

The sixth condition (pressure is continuous in the wake) is
satisfied by convecting the wake cores at the local fluid particle

velocity as required by the Kelvin-Helmholtz theorem
(Konstadinopoulos'®). This local fluid particle velocity is com-
puted according to Eq. (2) with w = 0. The local fluid particle
velocity simply becomes

(5r/t) =V - V, (5)

where V is the absolute velocity induced by all the discrete
vortices (bound and free) and their images. The new position
of wake core k is computed by using the Euler method. That is

r{t + A = r () + (8r/8f), At 6)

where r, is the position of the wake node core and At is the
time step by which the solution is advanced.

Numerical Procedure

In order to solve Eqgs. (3) and (4), an initial condition de-
scribing the wake (position and vorticity) must be prescribed.
One special case of interest is when the plate is put into motion
impulsively. At this instant no wake exists; hence, V,,; is zero,
and Egs. (3) and (4) reduce to

N-1
> AL — Ol =V,n for i=1,2,...,N—1
j=1
%
N-1
>, -T. =0

Equation (7) is solved for the unknown circulations by Gaus-
sian elimination. At the beginning of the first step (NT = 1)
all the circulations in the bound and free vortex sheets are
zero. At the end of this step, all the bound circulations have
changed and a starting vortex is generated at the trailing edge.
At the beginning of the second time step (NT = 2) in order
to satisfy the unsteady Kutta condition, the trailing edge
(starting) vortex is shed and convected downstream at the
local particle velocity [Eq. (5)]. Its new position is computed
by using Eq. (6), and in order to guarantee the temporal
conservation of circulation, its circulation is set equal to the
circulation of the starting vortex at NT = 1. The wake is
created as a result of shedding and convecting the trailing-
edge vortices. The bound circulations are calculated at the
end of the second time step by using Eqs. (3) and (4) including
the effects of the wake and its image. A second starting vortex
is generated at the trailing edge and is then shed and convected
downstream to its new position as required by the unsteady
Kutta condition. Simultaneously, the first trailing-edge vortex
is convected to its new position. The wake is growing. The
bound circulations are computed at the end of the third time
step. A third vortex forms at the trailing edge. The procedure
for finding the solution of Eqgs. (3) and (4) is repeated for any
desired number of time steps. In Fig. 4, an actual computed
wake for a flat plate at « = 14 deg near the ground is shown
for demonstration purposes.

Computation of the Aerodynamic Loads

The normal force and pitching moment are computed after
the pressure-jump distribution is found. The pressure jump
across each element is computed at the control point of that
element by using the unsteady Bernoulli’s equation. The pres-
sure-jump coefficient at control point i, ACp;, takes the fol-
lowing form:

ACp; = (G, = G

J
=2 a_t (d)u - ¢1)i + (Vu - Vz)i'(V:VI - 2VAx)i (8)
in which the u and ! denote the upper and lower surfaces,
respectively, ¢ is the velocity potential expressed in terms of
the body-fixed frame, V,_is the x compenent of the plate
velocity in terms of the body-fixed frame.
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The quantity (¢, — ¢,); is evaluated by integrating the
velocity along a path that starts just above the control point
i, goes upstream all the way around the leading edge, and
then comes back downstream to just below the same control
point. The following simple result is obtained:

(d)u - ¢1)i = 21 T,

The term (9/9t)(¢, — ¢,); can be approximated by

i

a%(d’u - &) = {[21 It + A — ,Zl Fk(t):l/At} ®

The right side of Eq. (9) is evaluated by storing the values of
I'; for two successive time steps. V, and V, can be written in
terms of the mean velocity V,, and the velocity jump vy as
follows:

(10)

V.. is the velocity induced by all the discrete vortices of the
plate and its wake and their images at the control point.
From Eq. (10), y and V,, are given by

y=V.-V, (11)
2V, =V, +V,
The velocity jump v is evaluated using the relation
¥, = {[(Facton)I’; + T, J/2I} (12)

in which “Factor” takes the value of 1, except for the first
element it takes the value of 2. Substitution of Eqgs. (9), (11),
and (12) into Eq. (8), the pressure jump ACp, becomes

ACp, = <{2 Z [T(t + Af) - Fk(t)]} / At>

+ {[(Factor)T, + T, JI}(V,, — V.) (13)

Once the pressure jump is known across all panels, the
calculation of the normal force and the pitching moment by
simple integration becomes straightforward. Standard defi=
nitions are used to calculate their coefficients (Cy, C,, and

Ch)-

Results and Discussion

The method described in the previous section has been
programmed and run on the IBM 370 3083 JX of King Saud
University. The dimensionless time step (Af) by which the
solution is advanced in time was taken initially as 1; physically
this is equal to the time required to travel a distance equal
to one panel length at the freestream (reference) velocity. To
get a feel for the program performance, it was run for a plate
impulsively started very far from the ground (no ground ef-
fect) with a flight-path angle y = 0 and an angle of attack a
= 10 deg. Figure 5 shows that the normal force coefficient
C, obtained increases monotically with time towards an
asymptotic (steady) value. A preliminary run was made with
NT = 900. At the last point in this run (NT = 900). Cy =
1.04. The exact steady value for this case is 1.07. Apparently,
longer time (NT > 900) is needed to reach the steady value.

Selection of N .. and At

Running the program for a longer time is quite costly, be-
cause under normal conditions the number of vortex cores
(N.ore) shed into the wake is equal to the number of time steps
(NT). However, at large values of NT, some of the vortices

1.2
Without Ground Effect
I «=10 .
1.0
Neore =1100
i NT =1100
0.8 I e Nege = 900
r NT  =1100
Cy 06
0.4
0.2 r
0.0 i 1 1 | 1 ! X 1 i L L J
0 200 400 600 800 1000 1200

TIME (Dimensionless)

Fig. 5 Effect of truncation of early shed vortex cores on C, for a
plate far from the ground at & = 10 deg using At = 1.0.

shed earlier are expected to be too far away in the wake to
have any noticeable effect on the flow around the plate.
Therefore, to save computer time and storage, it was decided
to limit the number of cores by truncating the early ones once
they are far enough from the plate; truncation is done once
the number of cores reaches a certain preset value. To study
the effect of truncation, the program was run up to NT =
1100 once without truncation, and another time with the num-
ber of cores truncated at 900 for a plate far from the ground.
The results are shown in Fig. 5. A small jump is noticed at
NT = 900 (which corresponds to the N_,. kept). We con-
cluded that all the vortices shed earlier in the wake still have
a significant effect and NT = 1100 (which corresponds to ¢
= 1100 in this case) is not enough to reach a steady condition.
To avoid long computer run times, we doubled the time step
(At = 2) and later tripled it while N_,. was truncated at
different values. This was done in a systematic way when the
plate was far from the ground, and was repeated when the
plate was impulsively started with the height of the i-chord
point equal to 0.5¢ (hy,s = 0.5) with y = 0. Increasing the
time step for a given number of cores substantially reduced
the jump in C,. Increasing the number of cores for a given
time step had a similar effect when the airfoil was far from
the ground and a negligible effect when close to the ground.
Based on these results we concluded that choosing At = 2
and N, = 1100 (which correspond to r = 2200) is expected
to provide excellent results.

Validation of the Method

There are no exact solutions available for the unsteady
ground effect to compare with. However, a reasonably good
check on the method is made by comparing the steady results
obtained by the present unsteady model and the analytic so-
lutions of Tomotika et al.® and Havelock.” In the present runs,
the plate is impulsively started to move at an angle of attack
a parallel to ground at a fixed height (i.e., y = 0) until steady
flow is established as indicated by the constancy of C, and
C,, with time. The exact results of Tomotika et al. were picked
up very carefully from a graph in Ref. 4 and tabulated as (C,
— C..)/C,.. Vs hy 5 for various values of e, where C; and C,..
are the steady lift coefficients with and without ground effect
at the same «, and A, ; is the height of 3-chord point above
the ground (as used in Ref. 4). Figure 6 shows almost perfect
agreement between the exact solution and the present results
for all values of « (up to 36 deg), and for h,5; = 0.20-4.0.
Chen and Schweikhard! also used Tomotika’s (steady) results
to validate their unsteady model, however, they reported some
differences, especially at small 4 and large «. The series ex-
pansion of Havelock, as given by Plotkin and Kennell'” which
converges very fast for /1, s > 1, was also used for comparison.
We found that AC,/C, .. obtained from this series was almost
identical to the present results as well as to Tomotika’s so-
lution, and therefore, is not shown in Fig. 6. In fact, the series
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Tomotika et ala.
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Fig. 6 Comparison between the steady results of the present model
and the exact solution of Tomotika; y = 0 deg.
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Fig. 7 Steady ground effect on moment coefficient (about leading
edge); v = 0 deg.

expansion of Tomotika’s solution* for A, s > 1 can be shown
to be identical to Havelock’s expansion by using simple, but
somewhat lengthy, algebraic manipulations.

The results for the deviation in the steady moment coef-
ficient around the leading edge (C,, — C,,..)/C,... as obtained
from the present model shown in Fig. 7 are similar to the
corresponding lift results; however, the effect of the ground
on C,, seems higher at small angles of attack. We note that
no exact rcsults are shown because nonc is available to us;
the dashed lines are simply curve fits of the results.

Unsteady Ground Effect on Aerodynamic Coefficients

. The present model was run for a plate impulsively started
far enough from the ground such that steady flow is estab-
lished long before ground effect becomes noticeable. Typical
results for the normal force coefficient Cy are shown in Fig.
8..We note that # in this figure, and from this point on, is
measured from the i-chord point. Since we are interested in
ground effects, we will concentrate on a small region in such
plots near ground (h,,s = 4), and the deviation of C, is
presented instead of Cy. In these computations the effects of
the sink rate are obtained by varying the flight-path angle y.
Results are also compared with those of Chen and Schwiek-
hard.! .

In Fig. 9 we show such a comparison for a« = 2, 6, 10, and
14 deg. In order to compare with Chen and Schweikhard,’
the results are presented for two values of y (30 and 10 deg),
and for vy = 0 deg which represents steady ground effect. For
vy = 10 deg and for y = 0 deg, the agreement is not bad
(except very close to ground) for all values of «, which in-
dicates that C, increases as the ground is approached. How-
ever, the increase in unsteady ground effect is larger than the
increase in the steady case. For y = 30 deg the two studies

1.6 |

C
=
=]
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h0.25

Fig. 8 Unsteady ground effect on normal force coefficient of a plate
approaching the ground with ¥ = 30 deg at @ = 10 deg.
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Fig. 9 Unsteady ground effect on lift coefficient. A comparison for
a = 2, 6, 10, and 14 deg is shown.

agree far from ground, but differ progressively as the ground
is approached; in fact, they disagree clearly very closely to
the ground. The present results indicate a trend similar to
that observed at y = 10 deg at all values of « considered,
whereas, the results of Chen and Schweikhard indicate a smaller
rate of increase in AC,/C, .. for ¢ = 2, 6, and 10 deg, and a
decrease for @ = 14 deg. Their assumption of known wake
position may be the reason for this behavior. This assumption
may be acceptable far from the ground but not close to the
ground. : v

Figure 10 shows the relative deviation of C,, from C,,.. for
the cases presented in Fig. 9. The trends are generally similar -
to those of AC,/C, ., in that the ground causes the magnitude
of C,, to increase, and the increase is higher in the unsteady
case than in the steady one except for « = 14 deg and y =
10 deg for A, ,s > 1.0 (Fig. 10).
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Flg 10 Unsteady ground effect on moment coefficient (around lead-
ing eédge). A comparison for & = 2, 6, 10, and 14 deg is shown.

Unsteady Ground Effect on Wake

The wake position was computed as dlscussed earlier and
updated after each time step as the solution progressed. In
Fig. 11 we show the wakes in the ground-fixed coordinate
system; computed after 200, 500, and 800 time steps very far
from ground, and at h,,5s = 0.75 with @ = 14 deg and y =
0. In both cases, the plate was impulsively set into motion.
To show the effect of the ground, the plate in the case with
no ground effect was set above an imaginary ground at kg ,;
= (.75. The figure indicates that the free vortex sheet of the
wake (as represented by discrete cores) rolls up in both cases;
the roll-up intensifies and its region is convected downstream
as time progresses: However, the downward deflection of the
sheet (wake) is much higher when no ground is present; in
fact, it crosses the imaginary ground as shown in the upper
part of Fig. 11. In contrast, when ground effect is considered
the, force-free position of the wake is always above ground
(as expected physwally) although the rolled-up part comes
very close to it far dowtistream of the plate.

In Fig. 12 we show the progress of wake position as the
ground is approached at ah angle of attack of 14 deg. In Fig.
12a we show the wake position of a plate impulsively started
at values of 4, ,; = 0.25, 1.0, 4, and o0, while moving parallel
to the ground (y = 0) ThlS case is presented to serve as
reference for the other two cases where the plate moves to-
wards ground (y # 0). In this figure we note that the wake
is shifted in a way to make the plate identical for all values
of h; therefore, the vertical coordinate should not be inter-
preted as level above ground: The results in Fig. 12a indicate
(as expected) that ground effect on the wake increases as h
decreases; in fact for h,,s; < 1 the wake (excluding the roll-
up part as well as the part near the trailing edge of the plate)
becomes almost parallel to the ground. Figure 12b shows the
progress of the wake for a plate approaching the ground at a
sink rate corresponding to y = 10 deg. Steady conditions are
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Fig. 12 Unste_ady ground effect on wake shapes at various heights
from the ground for & = 14 deg with different sink rates.

established very far from the ground, therefore, the differ-
ences in the wake positions at various heights are caused only
by unsteady ground éffects. The resuits indicate that the ground
causes the wake to be displaced away from it compared to
the case with no ground effect. However, such a displacement
effect is not as dramatic as in the case with y = 0. Again,
this is expected because of the flight path. For the highest
sink rate investigated (y = 30 deg), the effect of ground on
the wake becomes slightly weaker as shown in Fig. 12¢.
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Summary and Concluding Remarks

A numerical model has been developed to predict the un-
steady ground effect on the aerodynamic characteristics of a
flat plate as it approaches the. ground. As in previous work,
the effect of the ground is simulated by placing the plate image
below ground surface. However, the wake is allowed to de-
form and roll up into its natural force-free position which is
calculated as part of the solution. The method was calibrated
by using extensive sensitivity studies and comparisons with
available exact steady solutions. Steady results obtained by
the present unsteady model agreed nearly perfectly with the
exact solution for a wide range of 4 and a.

Case studies showed that the increase in the magnitude of
C, and C,, as ground is approached with y = 10 and 30 deg
is greater than in the corresponding increase in steady ground
effect. This trend agrees with the results of Chen and Schweik-
hard except very close to the ground for y = 30 deg at rel-
atively large values of a. The tesults showed that the effect
of ground on wake shape and position is greater at small values
of h and vy (as expected). For larger sink rates, the wake
becomes very close to the ﬂlght path with its position less
dependent on h.
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