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Experiments have been conducted to determine the
effect of flat ground proximity on the aerodynamic R.
characteristics of a slender un-cambered Departmen®

dynamic pressure (=14®°)
Reynolds number (gVC /i)
wing area

free air stream velocity
location of aerodynamic centre in pitekQP)
location of aerodynamic centre in heighCH)

of Hydro-Mechanics of the Marine Technical V
University (DHMTU) rectangular wing of aspect Xa
ratio 3. The experiments were performed to providé<h
data for an ongoing experimental and computational

fluid dynamics (CFD) study examining the effects of C'€€
non-flat ground on the performance of wings in ¢
ground effect. The wing was tested in an open jef
wind tunnel test section fitted with a flat moving %'
ground plane. Experimental measurements wer
carried out at a flow Reynolds number of 2210°

for relative ground clearances of 0.06 <k 1.8, and 1. Introduction

angles of attack _between -9 a_lnd_ 37°.  Data ¥he phenomenon today known as ground effect was
presented for lift, drag, pitching ~moment, ghserved very early in the birth of aviation. Rilavould
aerodynamic centre in pitch (ACP), aerodynamicnote their aircraft tended to “float” in the air & close to
centre in height (ACH) and static stability margin the ground. The benefits of operating an airdrafjround
(SSM) versus angle of attack and ground clearanceeffect are generally recognised by an increaséftirahd
The data shows that at relative ground clearanceslecrease in drag, translating to an increase ith ¢@arying

ho < 0.5, the wing experiences a rapid deterioratioh Ccapacity and range. . .

the SSM for typical flight cruise angles. This efftis  AS early as 1921, Wieselsbergetheoretically and
attributed to a loss in lift as the ground is experlmentall_y anal_ysed the effect of_ the groundJ\_mngs.
approached. The ACH was found to beIn 1935 Kaario designed one of the first craft eegred to

: . take advantage of ground proximity efféctsThroughout
predominantly behind the ACP. The SSM was, thusthe ‘cold war’ era, Rostislav Alekseev and Alexande

predominantly negative at all ground clearances, jppisch made significant contributions to the diel In
implying that the wing was unstable in ground eftec 1966, Alekseev designed the largest wing in groetfielct
(WIG) craft flown to date. Known as the KM, it waser
500 feet long and weighed 550 tdns

However, the benefits of operating in ground effeict
not without complication. To date, only conventibmwing-
tail configurations demonstrate sufficient levels mtch
stability for sustained operation in ground effect.
Furthermore, to achieve pitch stability, horizorgtbilizers
are typically 20 to 80 % larger than conventiongtraft

k

angle of attack

angle of attack at zero lift

stall angle

free air stream dynamic viscosity
free air stream density

Nomenclature

Roman

AR  aspect ratiol?/9)

b wing span

c wing chord

C mean aerodynamic chord (mac)

Cp  drag coefficient with the same moment afm Kumar' é, IrodoV, ZhukoV,
C.  lift coefficient and Staufenbiel and Schlichtthgll addressed the issue of
CLmax Mmaximum lift coefficient pitch stability in ground effect; determining thhe relative
Cw  moment coefficient position of the aerodynamic centre in height antthpi

D drag influenced the nature of the pitch stability.

ho relative ground clearandg= h/T) Numerous studies have been conducted analysing the
H ground clearance, measured between the belt and ti@fluence of the ground on wing performatfcé:
trailing edge of the wing However, few papers discuss wing performance with
lift particular attention paid to the two aerodynamiaties.
pitching moment (about ¥4 mac) Hence, the inherent stability near the ground igdly
overlooked.  Rozhdestvenskypresents a synopsis of
research examining the influence of wing profiledan
planform on the positioning of the two aerodynageatres.
Gadetski?, one of the first researchers to identify a trajli
edge flap as a means of improving stability, fouthe
upward deflection of the trailing edge improved chit
stability in ground effect. Staufenbiel and Kldaem'
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identified a wing with ars-shaped mean line, as well as the

sweeping of the wing tips, as further enhancinghpit
stability.

However, the majority of such studies are condueted
analytical and numerical investigations. Some aege is
validated through wind tunnel experiments,
generation of such data is greatly complicated bg t
presence of the simulated ground. Furthermoresectly
simulating the ground in a tunnel requires speszali
equipment. These factors are a major cause for
relatively low number of wind tunnel experimentsgiround
effect.

This study serves to contribute further experimiethéaa
to the existing body of knowledge specific to agrmamic
ground effect. The study also forms part of anaimg CFD
study concerning wing-in-ground effect.

Presented in the following sections are the gene
equations required for the analysis of longitudistdtic
stability; the experimental apparatus to determhee lift,
drag and moments on the wing; the test procedand;a
matrix of lift, drag, and pitching moment data peted as a
function of angle of attack (AoA) and ground cleara for a
wing in and out of ground effect.

2. Static Longitudinal Stability in Ground

Effect
Aircraft operating in close proximity to the grourwhn
experience significant changes in the aerodynamices
acting upon them. For positive angles of attackow the
stalled condition, the influence of the ground,deneral,
produces an increase in the lift-to-drag (L/D) aati This
arises as a result of the restriction in the dgwalent of the
wing-tip vortices, and, an increase in pressureveen the
wing and the grourid These changes usually only becom
significant for ground clearances less than thgtleof the
mean aerodynamic chord (mac). For this reasongritnend
clearance is usually non-dimensionalised relativthe mac
of the primary lifting surface. This descriptiorf the
relative ground clearance is denotedhgs h/T where the

ground clearancéy is measured from the trailing edge (TE)
of the wing, andc is the mean aerodynamic chord of thexh =

wing.

All lifting surfaces in close proximity to the grod are
susceptible to pitch instability as a result of ttenging
aerodynamic forces. The static longitudinal stgbibf a
wing in ground effect can be evaluated by analgdishe
derivatives of the lift coefficient,C, and the moment
coefficient,Cy with respect to the angle of attaeckand the
relative ground clearanch, respectively. The principle
variables involved (figure 1) are the lift, drag, D, and
pitching momentM. They act on a wing of chord, at an
angle of attackx, and at a heighth, above a flat ground
plane. The reference point for all moments is ¥henac
unless otherwise stated. The ground plane movés avi
velocity V in a free stream of velocity, density p and
dynamic viscosity..

The derivatives o€, andCy, are written in the following
way for convenience;

= 9C,

C =
La aa

1)
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Figure 1: Wing in ground effect
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The static longitudinal stability of a wing in gmuad
effect depends upon the location of the aerodynaedres
in height and pitch. The position of the aerodyitacentre
in pitch (ACP) is the point wher€C,, remains constant
with changing angle of attack;, It is defined &s

_ Cua

= 5
c ()

a
La

The position of the aerodynamic centre in heightkf
is the point whereC,, remains constant with changing
height, h,. It is defined &s

C
—~Mh (6)
Cin

Equations 5 and 6 give the non-dimensional

x-coordinates of the ACP and ACH, relative to themmeat
axis, as a function ofr and h, respectively. It should be
noted these equations are approximations of the tru
aerodynamic centres and can only be consideredratecu
for small angles of attack and configurations whbeelift is
significantly larger than the drag. For most dngsaircraft
these assumptions are valid. Figure 1 also ibtistr the
orientation of the relevant body-fixed coordinagstem and
nominal positions foiX, andX, relative to the moment axis.
A ground-effect craft must be stable in both heighd
pitch. A disturbance in pitch angle or in heighbeae the
surface must be compensated for by a restoring mbore
force respectively. Static pitch stability is asisted with a
negative slope of th€,, vs. a curve and is given By

Cya <O (7)
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Static height stability is associated with a negaslope a loop and to ensure smooth running over the cglimdt
of theC, vs.h, curve and this is representedby high speed.

C,<0 (8) 3.3 Model wing
A DHMTU 10-40-2-10-2-60-21-5 rectangular airfoil twia
span,b, of 465 mm and a chord, of 155 mm (aspect ratio,
AR = 3) was tested. The relatively slender wingu(feg 1)
had a 10 % maximum thickness ratifc) at a chordwise
station from the leading edgec = 40 %. The wing had a
X, =X, >0 (9) flat section on the lower surface fromc=10% to
xlc =60 %. The flat section was parallel to the dhand
The distance between the aerodynamic centres A% below it. The nose radius parameter was 5.e Th
referred to as the Static Stability Margin, SSMXz— X,.  coordinates of the wing were generated using a DHMT
Figure 1 illustrates a positive SSM. profile generatdf and are listed in table 1.
The wing was suspended from the 3-component balance
3. Experimental Apparatus and Procedure by three vertical struts that were enclosed inastined
. shields to obviate drag on them from the free stred he
3.1 Wind .tunnel . . wing was attached to the struts through trunnioms pat
The experiments were conducted_ in a closed retuml w points 115 mm in from the wing tips along the lemgéedge,
tunnel with an open jet test-section (figure 2).heTtest 5 4t the centre of the trailing edge, such that able to
section had an octagonal profile, with a maximunighie ot ahout its leading edge trunnion pins while trear

and width of 580 mm and 876 mm respectively.  They,t could be adjusted vertically to change thelerof
maximum airspeed achievable in the test sectiond@as/s. giiack.

The static pressure gradient along the test sectas

A further condition for static height stability fat X, is
located upstream of,. If the positive direction of the body-
fixed x-axis is upstream, Irodo\’<riterion for static height
stability is given b

approximately zero with a turbulence intensity oft @. [ Station o vic Station G vic
The dynamic pressure was measured near the tunnel o 1 0 25 0 0
centreline using an inclined manometer. A 3-congmbn 1 | 0.9961 | -0.0006 26 0.0039 | 0.0071
force balance, positioned in the over-tunnel canfigion, 2 109843 | -0.0023 2r 1 0.0157 | 0.0159
was used to measure the lift, drag and pitching eminto 3 0.9649 | -0.0048 28 0.0351 | 0.0262
. 4 0.9382 | -0.0079 29 0.0618 | 0.0376
accuracies of 0.222 N, 0.0890 N and 0.0170 Nm @spe——5 59045 | 00112 30 00955 1 00498
tively, while the height of the balance above theving 6 0.8645 | -0.0142 31 0.1355 0.0621
ground plane was adjustable to within an accuraty p 7 0.8187 | -0.0167 32 0.1813 0.0739
0.5 mm over a range of approximately 300 n2(C ). 8 107679 | -0.0185 83 102321 | 00844
9 0.7129 | -0.0196 34 0.2871 | 0.0929
. 10 0.6545 | -0.0199 35 0.3455 | 0.0983
3.2 Moving ground plane 11| 05937 | -0.02 36| 0.4063 | 0.1
12 0.5314 | -0.02 37 0.4686_ | 0.0978
alevatar 13 0.4686 | -0.02 38 0.5314 | 0.0924
J-companent 14 0.4063 | -0.02 39 0.5937 | 0.0844
balance 15 0.3455 | -0.02 40 0.6545 | 0.0743
16 0.2871 | -0.02 41 0.7129 | 0.0632
17 0.2321 | -0.02 42 0.7679 | 0.0516
18 0.1813 | -0.02 43 0.8187 | 0.0404
W 19 0.1355 | -0.02 44 0.8645 | 0.0301
— 20 0.0955 | -0.02 45 0.9045 | 0.021
|y | 21 0.0618 | -0.0194 46 0.9382 | 0.0134
— ] | 22 0.0351 | -0.0168 47 0.9649 | 0.0075
/ \_ 23 0.0157 | -0.0122 48 0.9843 [ 0.0033
tunnel tunnel 24 0.0039 | -0.0063 49 0.9961 | 0.0008
25 0 0 50 1 0
moving _If Table 1: Wing section co-ordinates in percent chord
ground plane
Figure 2: Wind tunnel test section 3.4 Experimental procedure

The belt velocity was synchronised with the aireain
A rolling road type moving-belt was used to simeldhe Vvelocity,V = 20 m/s. This corresponded to a dynamic free
ground plane. The belt had a span of 890 mm avmlved sStream pressure of 242 Pa and a Reynolds number of
around two steel cylinders one of which was dribgnan R.=2.2x 10°. The angle of attack was varied from +8°
electric motor. The cylinders had a diameter & 8¥n and 37°, in 2° increments. The ground clearahcevhich was
an axle spacing of 1060 mm. No bevel or surfacdilpry measured vertically from the trailing edge of thegwvo the
was made across the cylinders; however, the fsfaere surface of the moving ground plane (figure 1), wased
knurled to improve belt-cylinder contact. from 10 mm f, = 0.06) to 290 mmhg = 1.80). Foihg > 1,
The belt itself was formed from two-ply, reinforcedwhere the influence of the ground was expectedetdebs,
polyvinyl chloride (PVC), with the ends hot weldedform the ground clearance was changed in 20 and 40 mm
increments.  Belowhy =1, the ground clearance was
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changed in 10 mm increments. The data was coddote from negative to positive over the region 0.25x< 0.5
tare and interference, while boundary correctionsrew (indentified in the brackets). In these regions thing

applied as specified by Barlostal.*®. becomes marginally stable or unstable in height.
At negative angles of attack, there is a decreadg i
4. Results and Discussion with decreasind,. The slope of the curve is positive and

4.1 Lift coefficient, C, the wing is thus unstable in height.

The C_ data are plotted in figures 3 and 4 as functidng o
andh, respectively. In figure 3, the increasedy is due to
the increase in the slope of the lift cuné€ /da, and is : o
similar to the results of Fink and Lastinfer and, 12l e . ggg‘;a' area: |
Serebrisky and Biachutv = : changes sign
The stall angle is identified as that angle whesai@dden d,
decrease in lift occurs, and figure 3 shows thatstll angle g e Sy I R TR
remains approximately constant as the ground iscaghed
until at abouthy = 0.37, when a further decrease in heigh
causes a significant increase in the stall angta thie stall 0BF-
itself decreasing in severity. It is seen that ligr= 0.06
there is insufficient data to identify stall.
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Figure 4: Lift coefficient vs. ground clearance at
constant a

4.2 Drag polar

TheC, vs.Cp data are plotted in figure 5 for constant values
of hp. For 0.1 <C_ < 0.4,Cp increases with decreasiihg,
Over this regionCp is primarily due to skin friction and
form drag, and suggests a net increase in theseffects as
the ground is approached. Furthermo@g,., increases
o with decreasing ground clearance. Howe¥gy,at stall is
Figure 3: Lift coefficient vs. angle of attack at constant ~ S€en to simultaneously increase under these consliind

ho the efficiency of the wing rapidly deterioratesiglife 5 also
shows that subsequent to stalD decreases fdny > 0.37,
but remains approximately constant fgr< 0.37.

0214

-0.4

06
-10 0 10 20 30 40

The change in the slope of tle vs. hy curve affects the
requirement that for the wing to be stable in hgitfte slope . L
of the C, vs. h, curve should be negative (equation 8). Foft-3 Aérodynamic centre in pitch, ACP
rearward of the ¥ mac and towards the trailing eafggne The ACP, as determined by equation 5, is most keadi
wing. For 0.45 <C, < 0.9, except foh, = 0.06, the slopes observed by considering a plot of the d&a vs. C_ for
of the curves are positive and therefore the Aé®florward constant values df, (figure 6). Each point on a given curve
of the ¥4 mac. Since the slope decreases with ease in represents a different AoA, and the slope at thaintp
ho, this implies that the position of the ACP applwexcthe represents the position of the ACP correspondinghtd
Y mac with decreasinl, positive angles of attack below A0A and value oh,. Since the moments are given relative
the stall angle figure 4 indicates a transitiontlod slope to the ¥ mac, a positive slope value indicategdisence is
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forward of the % mac, measured along the chordhef t4.4 Aerodynamic centre in height, ACH
wing. A negative value indicates a rearward measarg. Tpq ACH, as determined by equation 6, is most headi

The particular region of interest on these curveshat

corresponding to 0° <@ < Qggy,

the limits of likely flight cruise angles of attack

0 02 04 06 08 1

%

Figure 5: Lift coefficient vs. drag coefficient at constant
ho
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Figure 6: Moment coefficient vs. lift coefficient for
constant hg

For 0.2 <C_ < 0.45 andhg < 0.43, the horizontal slope of
the curves indicates th&}, is approximately constant with
C.. Thus the position of the ACP is approximatetyaied

at the Yamac at these lower ground clearances.
hy > 0.43, the slopes are negative; therefore thE A&s.

observed by considering a plot of the d&a vs. C_ for

, which approximately .,nstant values af (figure 7). Each pointon a given curve
corresponds to the lift range 0.2Gt < 1.0 and represents

i

-0.05

CM A idmac

i I 1 |
0.2 0.4 0.6 0s 1 1.2

G

025 i i
o

Figure 7: Moment coefficient vs. lift coefficient for
constant a

represents a different value lnf and the slope at that point,
represents the position of the ACH correspondinghemt
value of hy and AoA. Once again, the coordinates are
calculated relative to the moment reference axiam@a).
The curves of interest are again those correspgnidir0®
<a <agy (flight cruise angles), which approximately
corresponds to 0.2 €, < 1.0. In figure 7, for 3° @r< 11°,
the S-shaped curves imply that the gradients, amtdX,
have infinite positive and negative values at d¢ertalues
of ho. The shape of the curves are a direct resui@tmall
loss in lift, between 0.19 K, < 0.5, identified by the critical
area in figure 4. For 11° @ < 19° the curves display large
positive and negative gradients, therefirels expected to
move forward and rearward of the % mac.

4.5 Static stability margin, SSM

For stability reasons when in ground effect, idesirable
that the position of both the ACP and ACH remain
approximately constant with changing ground cleegasnd
AoA. For the position of the ACH to remain congtaith
changingh,, each curve in figure 7 should form a straight
line. For the ACH to remain constant with changingthe
slope of each line should be the same. Furtherntbee
slope of each curve should be such that the AQkbstream

of the ACP (equation 9).

Figure 8 shows the ACP and ACH Vg.ata = 3°. The
ACP is seen to remain approximately at the Y2 maty o
moving forward forhy < 0.2. The ACH is seen to lie
predominantly forward of the ACP fdy, > 0.7 (satisfying
equation 9). However, at lower ground clearantes ACH
is seen to oscillate between large positive andatieg
vdlues. This behaviour is again attributed todtitical area
identified in figure 4.
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Figure 9 shows the ACP and ACH asat hy = 0.87.
Both curves illustrate a rearward shift of the exgjve
aerodynamic centres with increasing AoA. Furtheamthe
relative positions of the two centres predominarséyisfy
equation 9.
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Figure 8: Variation of ACP and ACH with h,
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Figure 9: Variation of ACP and ACH with a

For simplicity, figures 8 and 9 only show the ACiRda

ACH at one AoA and value df, respectively. The figures

indicate reasonable performance in consideration

equation 9. However, the trend of the curves was,
general, found to illustrate a rapidly deteriorgt®SM over
the specified region of interest, with a negatind anstable
SSM dominating the flight envelope.

5. Conclusions

The aerodynamic centre in height (ACH) was foundé¢o
predominantly downwind of the aerodynamic centrpitoh
(ACP). At relative ground clearanceds; < 0.5, the data
indicated significant movement of the ACH.
concluded that this was a result of a temporary iodift as
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the ground was approached. The data from the sisaly

indicated that the static stability margin,
predominantly negative at all ground clearancesse on
these findings, the wing was concluded to be utetab
ground effect. The practical implications of thdgalings
suggest that additional control surfaces woulddsgiired to
ensure static stability in ground effect.
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