VOL. 25, NO. 4

J. AIRCRAFT

APRIL 1988

Stability of Airplanes in Ground Effect

R. W. Staufenbiel* and U.-J. Schlichtingt
Technical University Aachen, Aachen, Federal Republic of Germany

In ground effect, the aerodynamic coefficients vary considerably with height. Longitudinal motion in ground
effect reveals modes and stability conditions remarkably different from out-of-ground characteristics, a fact that
has a large impact on a successful concept of ‘‘wing-in-ground’’ vehicles. Using calculated aerodynamic coeffi-
cients and a linearized approach, static and dynamic stabilities were studied for a chosen more conventional con-
figuration. In addition, flare maneuvers were studied for an aircraft equipped with a simple two-term controller.
It is shown that the performance of the controller is considerably influenced by the ground effect. The interrela-
tion between height-dependent aerodynamic coefficients and longitudinal stability is explained and shows par-

ticular importance in flare maneuvers.

Nomenclature

= coefficients of the characteristic
equation (B1)

= coefficients of the characteristic
equation (B4) with flight controller
included

=aerodynamic coefficients

=mean aerodynamic chord

=c.g. position as a fraction of ¢

=position of neutral point

= height of mean quarter-chord point
above ground

=measure of static height stability
defined in Eq. (1)

=radius of gyration in pitch

=nondimensional gain of the two-
term controller defined in Eq. (BS)

=c/i

= Laplace variable

=wing area

=unit of time,=v,/g

=time constant of the controller
defined in Eq. (B3)

=unit of speed, =~ (W/S)/(p/2)

=nondimensional speed, = V/v,

=gain of controller defined in Eq.
(B3)

=vertical velocity at touchdown

=total weight of the aircraft

=H/é

=angle of attack

=flight path angle

=relative mass parameter,= W/pSgc¢

=nondimensional time,=1¢/¢,
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Subscripts
0 =initial state
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Introduction

IRCRAFT move close to the ground during takeoff and
landing. During these phases of flight, the ground
distance is relatively small in comparison with the dimensions
of the airplane and the ground effect is expected to influence
the aerodynamic characteristics considerably. The basic na-
ture of the changes in the aerodynamic coefficients in ground
proximity has been well known for some time, the result of
both experiments and theoretical models. One of the earliest
contributions, published in 1921, was directed toward the per-
formance aspect of the ground effect, which was analyzed
through a simple model based on the Prandtl lifting-line
theory.! More recently, Gratzer and Mahal®> discussed in
detail the characteristics of STOL aircraft near the ground and
explored the influence of the more important aircraft design
parameters, primarily the performance aspects for takeoff and
landing. For investigating flight characteristics in ground
proximity, perturbation terms (depending on height) have
been added to the equations of motion (see, e.g., Ref. 3).
The influence of ground effect on flying qualities was of
particular interest for the concept of ‘‘wing-in-ground effect
vehicles’’ (WIG’s), which intentionally operate within ground
effect for a long time. In several papers, the static and
dynamic longitudinal stability of WIG’s in linearized ap-
proaches were studied*® and the investigation then extended
into the area of nonlinear effects.”® From these studies, it was
concluded that the characteristics of longitudinal stability in
ground effect can have considerable influence on the landing
paths, particularly on the flareout from the approach path.
The relationship between the Ilongitudinal stability
characteristics and the flare maneuver is illustrated in Fig. 1,
in which the flare technique is considered to be an excited
phugoid.!® Better knowledge of this relationship in ground
proximity may contribute to a more realistic design of
simulators and flight controllers. Then, pilot control of a dif-
ficult flareout situation could be improved, and the danger of
accidents during this critical phase of flight might be
diminished.
In the next section, aerodynamic coefficients, calculated by
a panel method, will show the general effects of ground prox-
imity. For this principal investigation, a wing with a rec-
tangular planform and trailing-edge flaps has been chosen.
Based on the lift and pitching moment coefficient, depending
on height, the ‘‘static height stability’’ will be introduced as an
important stability measure in ground effect. Then, the dy-
namic longitudinal stability will be discussed without and with
a flight controller optimized for automatic flare maneuver.
The paper concludes with a presentation of the simulation
results illustrating the ground influence on the flare maneuver,
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which is evidently related to the adverse static and dynamic
stability characteristics in ground proximity.

Aerodynamic Characteristics
of Airfoils and Wings in Ground Effect

The flow around an airfoil or a wing is considerably
modified under the influence ‘of ‘ground effect. A typical
modification of the streamlines around an airfoil of moderate
camber is shown in Fig. 2 at different heights above the
ground. By diminishing the ground distance, the streamlines
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Fig. 2 Streamlines around an airfoil for various heights above
ground,

Fig. 3 Lift and pitching moment
coefficients of a Clark-Y airfoil.
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become increasingly rectified, and their density is reduced at
the lower side of the airfoil, leading to an increase of pressure
called the ‘‘ram effect.”” On the upper side, the streamlines
show a reduction in the effective camber, which results in a
distinct decrease of the suction pressure.
The lift and pitching moment coefficients are shown in Fig.
3 as a function of angle of attack and height for a Clark-Y air-
foil. For this moderate cambered airfoil, the ram effect pre-
vails, and a gain of lift is obtained over a wide range of angles
of attack. For the chosen location of the center of gravity, the
static stability margin is positive. If-the airfoil is trimmed for
higher’ lift coefficients (C, >0.5), a decrease in height will
result in a reduction of lift, which can be considered to be a
static instability in height. Therefore, the condition of “‘static
height stability’” (HS) was introduced in Ref. 5, given by
(%)
HS={—=) <o 4y
a Cm

4
Using the concept of derivatives in the form
’ 86C, =Cp 00+ C, 0z
8C,y =Ch éa +C,02 @
it follows 'that

C C
8C, = [CLZ - (C"" )cLa]au ( CL" )50,,, 3)

mao mo

Thus, the stability equation (1) can be written as
HS = CLZ - (sz/cma)CLa <0 (4)

If the influence of ground effect on pitching is neglected
(equivalent to C,,, =0), Eq. (4) reduces to

HS=C,,<0 | 5)
Under this constraint, the Clark-Y airfoil is stable in height
(C,,<0 due to Fig. 3b). -
If the static stability margin is constant (independent of the
angle of attack and height), the relationship
Cm:Cmo_cL(hN_h) (6)

leads to
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Fig. 4 Lift and pitching moment coefficients for an aircraft configuration described in Appendix B.

This means that the increase in lift at lower heights (as seen in
Fig. 3b) is just offset by a reduction in the angle of attack
because of a nose-down pitching moment. In this case, the air-
foil is neutrally stable in height. Thus, the reason for the
height instability of airfoils is the fact that, in general, the
neutral point is shifted backward, mainly due to the ram ef-
fect. As shown in Refs. 6 and 7, it is possible to find special
airfoils, characterized by an S-type mean line, that are stable
in height over a range of lift coefficients.

Unlike the static stability in the pitching motion, height
stability cannot be achieved by shifting the center of gravity.
The reason can be easily understood from Fig. 3a. A change in
the c¢.g. position will rotate the bundle of moment curves as a
whole without changing the sequence of the curves, such that
HS will not change the sign. But stability in height can be
achieved by incorporating horizontal tails working out of the
ground effect. Then, the absolute value of C,,, increases,
while C,,, is not changed. This will reduce the value of the nor-
mally adverse second term in Eq. (4).

If a finite wing approaches the ground, a decrease in the in-
duced angle of attack can be observed as an additional ground
effect. This effect is favorable insofar as the lift increase leads
to a more negative C, .. Furthermore, the horizontal tail is in-
fluenced by the ground effect. Whereas only a weak direct in-
fluence of the ground effect is expected, the indirect influence
originating from a reduction in the downwash is considerable.
It results in a favorable increase of tail efficiency and an
adverse nose-down pitching moment.

These finite wing effects certainly depend on the aspect
ratio. For configurations with a high horizontal tail and wings
of small or moderate aspect ratios, height stability can be
achieved. To give an example, for a typical WIG vehicle
(X-113, see Refs. 6 and 11) with a low aspect ratio of 1.7, the
derivatives for a height of z=H/¢é=1 and the chosen c.g. posi-
tion are

Cpo=3.2,
Cpo=—0.7,

Cp, = —0.035
C,,, =0.003

Then, the stability condition [Eq. (4)] is met, in terms of the
above figures, by

HS=-0.035+0.014=-0.21<0 (8)
For this vehicle, the stabilizing effect of C,, exceeds the

destabilizing influence of the nose-down pitching motion,
given by the second term in Eq. (8).

A completely different and unstable behavior is shown in
Fig. 4. Notice that, for lift coefficients above 1.3, a distur-
bance in height changes the lift in such a way that the airplane
is carried away from the trimmed height. These characteristics
have been found in a wing/tailplane configuration having a
rectangular wing of aspect ratio 10. The static stability margin
chosen is 0.3. For a typical WIG vehicle, the aspects of static
and dynamic longitudinal stability have been discussed in
Refs. 5-8. In this paper, we are concerned with the more con-
ventional high-aspect-ratio wing/tailplane configuration, the
aerodynamic coefficients of which are shown in Fig. 4.

Longitudinal Stability and Flare Maneuvers
in Ground Effect

For a more complete evaluation of flight qualities in the
presence of the ground effect, it is necessary to consider the
dynamic stability. The longitudinal equations of motion used
for this purpose are given in Appendix A. For the purpose of
stability investigations, the equations of motion have been
linearized and the concept of derivatives is introduced in
which the derivatives due to height are included. (The sets of
derivatives for various heights, used in the following investiga-
tion, are summarized in Table Al. Additional parameters of
the chosen configuration are listed in Table A2. See Appendix
for both.)

Linearization of the equations of motion leads to a charact-
eristic equation of fifth order,

As®+Bs*+ Cs* + Ds* + Es+ F=0 %)

The coefficients A-F are given in Appendix B as functions of
the derivatives and the additional parameters. Equation (9)
turns into the well-known fourth-order form for out-of-
ground conditions. Then, coefficient F becomes zero because
C,;. and C,, equal zero.

In ground effect, three root-locus branches can be derived
from Eq. (9). Figure 5 shows the root loci for a height range of
z=H/¢=10 down to 0.5, where z=10 practically represents
out-of-ground conditions. The ‘‘alpha branch’’ moves away
from the short-period roots and is influenced only slightly by
the ground effect. The ‘P branch’’ emanates from the low-
frequency, low-damping phugoid roots and shows con-
siderable changes in ground effect. This mode becomes
unstable at heights below z=6. An aperiodic solution
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describes the transients following speed disturbances. In
general, this mode is stable.

To simulate flare maneuvers, the chosen aircraft configura-
tion has been equipped with a flight controller. The controller
is a simple two-term feedback system using the elevator for
controlling the flare, where an ideal flight path, given by

H=—(1/tp)H (10)

with ¢t =5 s, is assumed. The feedback controller commands
pitching angular accelerations proportional to the deviations
from the ideal flight path in height and in vertical speed, so
that

O =— VR (AH+ T,AH) ¢8))

In addition, it has been assumed that, by implementing an
ideal autothrottle system, the flare is carried out at constant
speed.

If the autothrottle system and the two-term controller are
introduced, the characteristic equation of the longitudinal mo-
tion will be of fourth order with the coefficients summarized
in Table B2.

The root-locus plot as a function of the controller gain V is
shown in Figs. 6 and 7 for heights of z=10 and 1, respectively.
The gain varies between ¥, =0 and 0.08 rad/s?-m, while the
time constant 7, is kept constant at 2 s. Alpha and P modes
behave differently in and out of ground effect. For z= 10, the
frequency of the P mode is considerably augmented at an in-
creased gain, while the damping ratio is only slightly
augmented. The mode becomes unstable for higher gain. The
damping ratio of the alpha mode is continuously augmented
by increasing the gain. The aperiodic roots are obtained at
about ¥V, =0.035 rad/s?-m. For z=1, the unstable P mode is
induced in stability by increasing the gain and the damping is
augmented, but the frequency is kept low. While the P mode
remains stable, the alpha mode is destabilized by raising the
gain.

It is to be expected that the influence of the ground effect on
longitudinal stability must also be noticed in landing, par-
ticularly during flareouts. In investigating this relationship,
flare maneuvers have been simulated for the chosen aircraft
configuration.

Figure 8 shows the ideal flare, corresponding to Eq. (9),
compared with a controlled path, without ground effect, for
controller gains of 7,=2 s and ¥;=0.03 rad/s>-m. At
touchdown, which is assumed to happen at a height of the
wing of 3 m, the position and sinking speed are near the ideal
values. In Fig. 9, the influence of ground effect is shown.
Observe that a considerable deviation from the desired path
occurs. In this case, the aircraft will touch the ground much
earlier and at a remarkable higher sinking speed. This result
can be understood from the root loci (Fig. 7), which show a
low-frequency P mode. An increase in the controller gain, un-
favorable in any case, will not give much better results. Even
when the gain is increased from ¥y =0.03 to 0.08 rad/s?-m,
the deviations from the ideal path is not satisfactory (Fig. 10).
The observed larger excitation of an oscillating flight path
stems from the fact that the higher gain will lead to an
unstability of the P mode at greater height (see Fig. 5). Ap-
propriate control laws for the flareout of an aircraft, which is
not stable in the P mode at ground proximity, should be in-
vestigated in the future.

Summary

Aircraft move close to the ground during takeoff and land-
ing. The influence of the ground on the stability and control
characteristics has often been neglected. In this paper, the in-
terrelation between height-dependent aerodynamic coeffi-
cients and longitudinal stability is explained and shows
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Fig. 5 Root-locus branches depending on height (z=H/¢).
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Fig. 7 Root loci for an aircraft with flare controller (z=1).

particular importance in flare maneuvers. The flight controller
for automatic landings should be optimized by considering the
basic longitudinal stability characteristics in ground effect.

Appendix A

The equations of longitudinal motion, derivatives of the
aerodynamic coefficients, and parameters used in stability in-
vestigations and simulations follow.

The longitudinal equations of motion are written in non-
dimensional form. Wind axes have been used as the reference
axes. The three equations can be written as

——=——~—Cp?* —siny A1
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The kinematic relation is

dz L.
—— =y siny (Ad)
dr

In general, the aerodynamic coefficients depend on z=H/¢
and a. Equations (A1-A4) have to be solved with given initial
conditions and control inputs. For stability investigations, the
equations of motion must be linearized. The derivations of the
aerodynamic coefficients are written in the form

6Cp=Cp,ba+Cp,éz (ASa)

8C, = Cpoda+Cp b2

1 ) [ do
) | G
ug dr

Derivatives, used for stability investigations, are given in
Table Al for various heights. The values are valid for an
equilibrium state of C,,=1.8 and a static stability margin of
h,—h=0.3 out of ground effect. In addition, parameters of
the chosen aircraft configuration are listed in Table A2.

(ASb)

do
8C,y = Cpodor+ Cpp 82+ ( +Cogrg ] (A5¢)
T

Table A1 Aerodynamic derivatives for C;4 =1.8 used in stability
investigations and simulations
H/é
Derivative 10 5 2 1 0.5
Crq 5.79 5.77 5.52 5.05 4.29
Iz 0.001 0.003 0.020 0.070 0.034
D 0.64 0.62 0.44 0.25 0.10
Cp, 0.001 0.004 0.025 0.047 0.061
e -1.71 -1.72 —-1.93 —-2.22 -2.53
ma 0.001 0.002 0.015 0.041 0.082
"y —4.33 —4.30 —-3.69 —2.66 —1.64
mg -14.4 —~14.4 —-14.4 —14.4 -14.4
HS 0.00 0.01 0.06 0.16 0.17

Table A2 Aircraft parameters used in stability

investigations and simulations

Wing loading W/S 500 da N/m?
Wing planform Rectangular
Aspect ratio 10
¢ Sm
Tail volume 1
¢/iy 1
U 163
Cro 1.8
¥y 0.745
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Fig. 8 Flare maneuver without ground effect.
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Fig. 10 Flare maneuver with ground effect at various control gains.

d
z?d7 =, % — cosy
T
dzy
) =pl2C,,
-

(A2)

(A3)

Appendix B: Characteristic Equations
Linearizating Eqs. (A1-A4) and substituting Eq. (5) into the
equations gives a characteristic equation of the fifth order,

AsS+Bs* +Cs* +Ds*>+ Es+F=0 (B1)
The coefficients A-F, expressed in terms of derivatives and
aircraft parameters, are listed in Table B1. For assisting the
landing, a simple control system with an ideal speed control of
0 =0, =const (B2)

and a two-term controller of
.= — Vg (AH+ T,AH) (B3)

is used. Substituting Eqgs. (B2) and (B3) into the linearized
equations of motion leads to a characteristic equation of the
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Table Bl Coefficients of Eq. (B1)

A 1
30lCLe +2Cpp = (Crg + Cimg )3
C  D3[—pICLs + ConalBl~ CLoCrmal2 = 2C o (Cpg + Crg ) 3 +2C3,
+2(CpoClLa—CroCpa)l

12

D 53{(=2CE0+BCL) (Cras Cpyg) 2 = 2C g [C g Coa 2
+p(Crz+ Crug N +2C 1 IuCp;y + Cpy Cria 21)

E 32 BICL,Cry = CrLoCumzl + 2C 1 8Cpo (Crng + Crig ) 2
—=2C10[#Cp; (Cr + Cong )3 + BC Lo Crne 21+ 2C ponC 1, C o, 07

F  0§-2Cpl2p*[(Cr,Crugy —CroCriz)

+(CLo/Cpo) (CmzCpa = CmaC2 )]

Table B2 Coefficients of Eq. (B4)
(flight controller included)

Ap 1

Br  6o[CrLa =B (Crg+Cpg)l

Cr  Gl—pCr;—pBC e Criyl

Dg  G3uB[CL (Crg + Crg) + 5gC 1o KT,

Egp O3l [u(Cr,Cruy = CroCmz) + CraK]

fourth order,

Ags*+ Bgs® + Cps? + Dps+Ep =0 (B4)
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the coefficients of which are given in Table B2. The non-
dimensional control gain X is related to V by

Rev, (BS
RAFTTE )
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