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ABSTRACT

The potenial positive effects of ground proximity on the asrodynamic performance of a wing
or agrofoi have long been established, but at transonie speeds the formation of shock waves
between the body and the ground plane would have significant consequences. A sumerical study
of the aevodynamics of an RAEZRZ2 aerofoil section in ground effect Right was conducted at
freestream Mach purobers from §-3 to §-9, at a range of ground clearances and angles of
merdence. it was found that m general the aerofoil’s hifting capahility was still improved with
decreasing ground clearance up vl the point at which a lower surface shock wave formed (most
commaonty at the lowest clearances). The critical Mach number for the section was reached
considerably sarlicr 1n ground effect than # would be 18 freestream, and the butfet boundary was
theretore also reached at an carlier stage. The flowfields ohserved were relatively sensttive to
changes i any given variable, and the lower surface shock had a destabilising effect on the
pitching characteristics of the wing, indicating that sudden changes 1n hoth altitude and attitude
would be experienced during sustained transonic flight close to the ground plane. Since ground
proximity hastens the lower surface shock formation, no gain in aerodynaimic efficiency can be
gained by flying in ground effect once that shock s present.
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NOMENCLATURE

0 angle of ineidence
¢ chord

C, co-efficient of 1ift

¢ co-efficient of drag

{ co-cfficient of skin ficton

Oy co-efficient of pressure

D drag force

i munimom height above ground plane
i ngegative bt force (downforce)

M local Mach number

M., freestream Mach number
v, freesiream veloeity

X distance from leadmg edge

1.0 INTRODUCTION

Tradionally, acronanbical ground effect research {exclodmg study of vertical take-of T and landing
{VTOL)) has concentrated on the properties of wings in mcompressible flows at relatively low
subsanic Mach nonbers, Applications have ncluded areraft inlandiag or takeoft modes or aweraft
designed specifically to fly in ground effect (Wing-m-ground-effect, or WIG vehicles). In these
cases, proxinaty to the ground serves to enbance the hfiing performance of the wing, and often
the aerodyramic efficiency (ift/drag, L/ as well'™, The principal effect of the ground is to move
the stagnation point downwards as the wing cxperiences a reduction i velocity and an inCrease
n pressure on the lower surface, accompanied by an increase n local velocity at the upper surface
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highlighting shock/surface interaction (with permission: Matt Miesan.



suction peak near the leading edge’”. This increases the effective angle of attach of the wing and

iift as a2 consequence. Depending on the geometry, the ground etfect can have a relatively small
effect on drag. Therefore, the overall efficiency (L3} of the wing can be greatly improved as
ground clearance s decreased.

A mupch-1mproved understanding of the aerodynamic influence of compressible ground effects
and of shock/ground miteraction i hmely, patticuladdy given recurring miferest in high-speed
subsonic (freestream Mach nomber, M, > -4y WIG m‘cmiﬁ‘ as well az magnetic-levitation space
vehicle launch systems™, and high speed rail vehicles increasingly pushing towards the mid-
subsonic Mach namber range™, An example of shook/ground (in this case, water) interaction is
showr in Fig, |, where a US Navy Blue l\ng o1 performs an extremely low-level pass m San
Franciseo and generates a series of shockwaves, some of winch inflaence the water surface,

Irian extensive review of WIG aircrafta L‘rod\'mmu and technology, Rozhdestvensky affiems ‘it
cant be stated that fittle i3 sull known with regard to GE {ground effect) at high subsonic Mach
mumbers™. Brief test studics indicate that increased acrodynamic efficiency may be possible for a
High aspect ratio wing m ground effect at high subsoric Mach mumbers™, but some simple analvtical
freatments suggest the opposite™. However, the effect of the formation of shock waves cither on the
wing upper surface, or between the wing and the ground, has not been considered 1n detail.

Other analvtical studies using boundary element mothods which considered subsome and
supersonic compressible fow over aerofoils in ground effect were limited by formulations can only
be generally applied to thiv asrofoils™, Despite this, resulis were presented for a (relatively thick)
MNACA 4412 acrofoil at 0° incidence, mdicating that for a freestream Mach number of -5, the
corapressible case prodicts ¢ as being 12% hgher for ground clearances greater than a beight-
to-chord rafio {#/c) of 0-5, below which the compressible (; increasingly agrees with the
meompressible prediction. No discussion was offered as (o why this occurs and the method does
not facilitate a dotailed examination of the flowfield.

The present study apphes RANS maodelling to the situation of a two-dunensional asrofoil 1o
ground cffect at Mach pumbers from 65 up to §-9. The inchision of 2 comprchensive set of experi-

vendal reselts for wings and aercfois i fransome flowlields i the Advisory Group for
Acronautical Research and Development (AGARD) report of the late 19703 .A,'Euch was specif-
wally compliei to provide nurmerical researchers with a validation database™”, has led the
RAEZEZ2 to become a commen benchmark for transonic acrodynamic simulations. The decision
was raade to make vse of this georuetry not just beeanse of the obvious possibility for validaton
of the numenical methods employed, but 1 order to enable the recontextualisation of this well-
known acrofoil, soch that ity changed characteristics when o ground effect wonld stand m
contrast to their “freeflight’ traits familiar 1o any researcher who has undertaken transonic aerofoil
code vabidation. The present study mehuded angle of weidence, Mach nonber {and by inderence
Reynolds number) and ground clearance as variables. Although tih, shape and camber of the body
are clearty alsa mmportant vartables, addmg these influences would have resulted 1 a probibniive
amount of data. Relevant parameters for the aerofoil in ground proximity are shown in Fig, 2.

2.0 NUMERICAL METHOD

The nmumerical method applied to prodoce all results in this section 1s very similar to that
described 1o defai] the accorapanying pari o this paper, ‘Methods for blowdown wind-tunnsi
scale testing’'V, only differing in that in this instance it was applied to a purely two-dimensional
geometry. In order fo snsure the method established for conducting three-dimensional pumerical
analbysis of the US MNaval Academy wind-tunnel experiments was also sufficiently applicable to
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Figure 2. Parameters for an aarofail in ground affact.

the present cases, addmional validation was undertaken using the two-dimensional RAE2822
with reference to the AGARD report previcusly mentioned!'™

A commercial fmite-volume Reynolds-Averaged Navier %mk s code, Fluent £3%%, was
used to generate the results, A pressure-based, coupled solver was apphied to obtain flow
sofutions, and convergence criteria were deemed o be met not only when the mass and
momentum scaled-residual errors ceased to change by more than approximately 8-01% over
1,040 contmued tcrations, but also when the acrodynamic forces on the body ceased to change
by more than $-:01% over 1,000 further iterations {for the steady-state simulations). All cases
were run in 64-bit double precision vsing & second order node-based upwind discretisation
scheme, and a standard three-coetficient Sutherland viscosity modet was applied™, The choice
of the pressure-based solver over the avatlable density-hased solver ts discossed at the end of
this seclion.

2.1 AGARD ‘Case & comparisons

~

The AGARD "Case 9’ (a freestream Mach number of §-73 and a corrected angle of incidence
Gf 2:79°0% mvah'“s a strong normal shock wave sitting on the upper surface at approximately
x/‘* = §-53. The houndary layer behind the shock does not separate, allowmg the Howfield o

be effectively treated as stable and steady-state. The report indicates that a transition trip was
located at x/c = 0:03, and the turbulent intensity of the oncoming flow was determined o be
{3-1%. Both of these features were reproduced in the comparison simulations. The RAE 2822
section, at an aspect ratio of three and chord of 0-61im (in conditions yielding a Reynolds number
of approximately 63 x 109, was designed to provide two-dimensional flow at the semi-span.
It has since been %Emwn that this aspect ratio is ot necessanly sufficient (0 ensure two-
dirnensional flow!"™ and the results were influenced by the tunne! walls, Skotted walls were
used to freat the bmmd ry layers thore; not ondy 1s Hitle detail given about this m the ungma]
report, bt this presents a scenario difficuit to replicate in CFD,

Due to the wall nfluesce, flow conditions for two-dirnensional stranlations are tontinely
corrected, sometimes by fixing the solution vahies for ), and letting the selption find its own
freestream conditions, or by adjusting either the Mach nuraber or angle of inaidence mannally
o mateh the experimental pressure distribution. The latter approach has been used here based
on the suggestions of Cook ef af'Y, The value of ¢ used, 2-79°, is considerably altered from the
experimental valoe of 3:19° As i3 common practice, the ﬁ:mmd walls are not considered, and
the acrofoud is therefore treated as existing 1 free, unbounded fthght,
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Figure 3. Sampie mash (a) and domain exiant (b) for RAE 2822 'Case 9 simulations.

2.2 Mesh and boundary considerations

The results presented in this section were generated by the Spalart-Allmaras wrbulence model,
the chotce of which is discussed in the following section. Al meshes were structured malti-block
anids, the general layout of which can be seen i Fig. 3{a). The appropriate Jocation for the
farfield boondaries was examined simply by companng the results from one stmulation with
boundaries as shown in Fig. 3{b), to those with an addition ten chord lengihs in the domain 1o
all directions. The influence of the boundaries on the selubion when placed this far from the wings
proved to be neghgible, resulting in 2 changed prediction of the aerodynarnic coefficients of fess
than (-031%,

To ensure a mesh-independent solution, coarse, standard and fine roeshes were constructed
for evalnation. Local hanging-node refinement of the mesh at the shock location was also
performed on the standard mesh. The coarse mesh contained 326 nodes on the wing surface and
a total of 130,008 cells. The standard mesh contamed 256,000 cells with 545 nodes on the wing.
The fine mesh was simply the standard mesh with cach coll quartered, and thus contained a hutle
over | mmilion cells. The intlial companson to the expertmental pressure distnibution, prosented
ig. 4, shows excellent agreement for all meshes, The shock tocation 1s well-predicied, at
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Figure 4. Predicted prassure distributions for coarse, standard and fine meshes.
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Figurs 5. Resatution of density contours at the shack within the mesh for incraasingly-refined node-spacing;
a) coarse mash, b) standard mesh, ¢} standard mesh first adaption, d) standard mesh with a second adaption.

aroond x/c = §-54, and although the shock strength s slightly overestimated and the pressure
recovery exaggerated in the region imunediately behind i, agreement o the trathing edge is
generally good. Figore 4{a) mdicates that the coarse mesh shightly anderestimates the skin
frichion coofficiont on the apper surface over the fore half of the acrofoil, bt all raeshes
perform very similarfy at and downstream of the shock.

A gualtative assessment of these meshes in the shock region s presented 1 Fig, 5.
Although the mesh resolution does not have & marked influence on the actual location of the
shock, the sroearing of the confours in the coarse and standard meshes 18 potable. Local
refinement of the mesh around the shock achieves a sinufar or even betier resolution of the
shock as seen with the fine mesh, albert wih only a fow thousand additional cells, and thas
was adopied as the preferred method 10 order to better capture the more comphicated shock
structures, including reflections, seen 1 the grovnd effect study.

Comparisons to the experimental lift and drag values are presented in Table 1. The expen-
mental resolts do not incorporate a measure of error, but nevertheless the simulations
provide a goed mateh, with only the coarse mesh failing to achieve adequate drag predictions.
There 18 essentially litthe to choose between the other meshes, and 1t 15 noted that while hit
is within | 10 2% of the experimentally-obtained value, drag is over-predicted in all cases
and thos that feature is independent of the mesh density.

Table 1
Fredicted {ift {a) and drag {b) coeflicients for different meshes

Experiment c¢oarse  standard fine standard-+ adapt

< G-803 791 §-789 (789 (-784
O 0168 3-H5142 8-0177 3-6177 4-0177

2.3 Turbulence modelling

The Spalart-Allmaras (34, Realisable &-¢'7, and k- SST' turbulence models were
evaluated for their effectiveness in capturing the flowfield accurately. In the coniparisons to
experiment, transition was retained at x/c = 0-03. However, a case was also run without
transition (fully-turbulent) and, as seen in Fig. 6{(a}, very ittle observable ditference i shock
{ocation and sirength was chserved. As this difference was so minor, the simelations i the
main body of the ground effect study were thus rus as fully turbulent as there was no reliable
free-transition comparison data for such a wide range of shock behaviour m groond effect,
and 1mposing one of more arbifrary transition focations would bave introduced an additional
influential variable,
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Figure 6. {a) Predicted pressure coetficients for two turbulence models with and without forced transition
at 0-03c, and (b} predicied skin friclion coefiicients with forced transition (upper surface onlyl.

The pressure distributions for all models 1 Fig. 6(a) show relatively minor differences
between the predictions of the nrbulence models, with the SA and Realisable models
oroving to be marginally closer to the experuuncental readings in the region of the shock, The
&A model is also closest in reproducing the experimental it coefiicient, as shown in Table
2, although drag is still somewhat over-predicted. The case involving fixed transition
actually features increased drag due to the slightly eshanced strength of the shock wave and
the small increase to boundary layer thickness. The results indicate that the model will most
accuraiely reproduce the experiment with the Spalart- Allmaras rodel when the transition
is considered. but a fully-turbulent assumption is generally a very good approximation of the
flow. This 15 particularly true for the parameine study which follows, where 1t s not
necessary to consider transition as 2 variable in order to compare the resulis. Comparisons
to skin-friction coefficients m the vicinity of the shock indicate that the SA turbulence model
chosen bas been shown to adequately capture the nature of the shock/boundary layer
interaction in the validation case, as further demonstrated in literature"®'™ Its performance
is near~identical to that of the Realisable model, with the 5S8T prediction shghtly under-
estumating the C; over the region of the upper surface forward of the shock,
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fransition at 0.03¢, and b) prediciad skin friction coefficients with forced ransition.



Returning to the choice of solver, comparisons {o the reference experiments were made
for results generated by the coupled pressure-based solver already described, and the explici
density-based solver also available in Fluent, Figure 7 wndicates an essentially neghgible
difference o results for predicted pressure and skin friction coefficients, however the
pressure-based solver was able to achieve satisfactory convergence in fewer than half the
terations. It also provided a more stable Howfield i the cardy stages of sclution, particularly
as the shock wave was established, and for all these reasons was deemed to be an appropriate
and preferable solver for the study deseribed in this manoscript,

Table 2
Predicted Iift {a) and drag {b} coeflicients for different turbulence modsis
Experiment Turb. 54 Transition 8A Turh. Turb. &6
Healisable &-2 SST
o §-803 §-789 ¢-580 {3768 G776
T 30168 0-0177 G-0i80 0-0182 0-0163

3.0 RESULTS AND DISCUSSION

Inttially, results for AGARD *Case 97 conditions were re-cxamined for various ground clearances
to provide an infroductory comparison of cases for increasmg ground proximity. Subsequent to
this section, the full range of results for all vartables is presented in feoms of asrodynamic costli-
cients for two contexts: decreasing ground clearance for a fixed Mach number {analogous to
reducing aliitude at a controlied speed in a situation stmdar to thatin Fig. 1), and increasing Mach
number for a fixed grouvnd clearance {acceleration of an atreraft at a fixed altitode more akin to
what a wing-in-ground effect atreraft would expenence),

3.1 ‘Case ¥ with decreasing ground clsarance

Here, the ground clearance 15 the only vartable considered, 1n order to provide a clear
indication of the cffeet on acrodynamic performance of increasing ground proximity as
compared to the freeflight condition, The Reynolds nomber and scale remain the same as o
the previous section; 62 » 16° and a chord of 0-61m, respectively. As outlined in the
previous section, the flowfield was treated as fully-turbulent for all cases,

Figure 8 illustrates the way 1n which the pressure distribution around the aercfoil changes
as the ground clearance is reduced 1o stages. Several pomts ef note are immediately apparent.
Most importantly, the upper surface shoek location raoves progressively upstream from its
freestream location, by about 25% of the chord by 4/c = -1, It also gradually reduces in
intensity, resniting 10 a less severe pressure 1acrease across the wave, Ouoe of the main reasons
for this behaviour is the downward movement of the stagnation point at the leading edge,
which also increases the strength of the suction peak near the leading edge on the upper
surface. This increase in the effective angle of incidence draws the shock upstream, and
creates a sfronger adverse pressure gradient across the forward portion of the upper sorface
feading to the earlior, weaker shock and a reduction in the region of ‘rocfiop” pressure distri-
bation. The flow remains attached at the foot of the shock.

At the sarce fume, the pressure distribution on the lower surface of the agrefoil is affected
as the air which is forced underneath s increasingly constricted by reducing ground
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Figure 8 Prassure distribution for decreasing ground clearance at ‘Case 9 condilions.

clearance. As more mass is directed over the npper surface, the lower velocity under the
acrofoil causes bigher pressure o the region between the acrofoil and the ground, particulardy
near the leading edge as the stagnation point is drawn downwards, and thus the maximum
pressure difference between the upper and lower surface 5 cxaggerated with increasing
proximity {0 the grogad.

These general trends hold until the lowest ground clearance, fi/c = 0-1. In this case, the flow
between the aerofoil and the ground has accelerated to supersonic local Mach numbers,
causing a strong shock wave at approximately x/c = $-54 as noted in Fig. 8. The lower surface
Mach nomber local peak of approximately M, = 1-36 oceurs immediately prior to the shock
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Figure 8. Contours of densily and ragions of suparsonic How amund the
gergfoll at Case ¢ conditions as ground dearance s reduced from He=10 01



wave and the sirength of the shock s such that it separates the flow from the surface ina
small bubble. As a result, the lower surface boundary layer is connderably thickened to the
trailing cdge. and results 1o a broader wake houndary than at higher clearances. The forward
movement and weakening of the upper shock as ground clearance i1s reduced, and then the
emergence of the lower shock and thicker wake, are depreted 1o Fig. 9.

The influence of these effects on the hift and drag coeflicients 1s shown in Fig. 1{{a). Drag
decreases with ground clearance wntil f/e = 0-1 1s reached. In subsonic cases, aerofoils with
attached flow tend to experience a small reduction i pressure drag as the suction over the
forebody of the wing can have a component which pulls the wing forwards to a small extent,
The effect seen in the present cases s related, though the large (> 25%) reduction 1o drag s
attributable t0 a much greater extent to the reduction 1a the strength of the shock wave, which
diminishes the wave drag and lessens the thickening ¢ffect the shock has on the boundary
layer (although this latter contribution to overall drag s much smaller). At /e = §-1, the drag
coefficient wcreases markedly, dae to the emergence of the lower surface shock and the
separated flow it produces.

;oncreases shightly from the freestream value, up 2% to /e = -5 and peaking at 5%
higher at A/c = 0-25. This 1s due to the moereass of effective angle of jncidence caused by
inereasing ground proximity, and the greater build up of higher pressure already noted
between the aerofoil and the ground on the foremost portion of the aerofoil, which increases
the maximum suction the section produces. The formation of the lower shock at #/c = 0-1
destroys much of this capacity to create hift, as the flow is greatly accelerated onder the
acrofoil and produces a large amount of fow pressure prior to the shock on the aft portion
of the wing. This creates very strong gradiends over the eatirety of the chord on the lower
surface, The relatively high curvature of this particular asrofoil section i3 2 major contnibutor
to this.

Figure 10(b) iHustrates the changes (o the acrofuil pitching moment (taken arcund the
aerofoil ¥ chordy wiile the fowfields deseribed above are developing. The presence of the
growd serves to fessen the magritude of the nose-down morent by between 10% and 13%
at file = §-5 and D28 respectively, though this trend 18 not severe vatil fre = (-1 s reached,
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at which point the moment becomes a nose-up pitching tendency, as the lower surface shock
forms belund the ¥4 chord poind and the strength of the upper surface suction dirninishes,

Were the results for “Case 97 1n ground effect to hold across a range of Mach numbers and
angles of incidence, the acrodynamics of the acrofoil in the mud-to-high subsonic regime

would be fairly predictable. However, as will now be discussed, the flows can be very
sensitive to changes in any vanable. The RAE 2822 aerofoil was used for a broad, parametric
study across several ground clearances {freefbight (o gronnd), and A/c =1, 05, §-25, and
013, Mach numbers (0-3, 06, 6-7, 08, 3-9) and angles of incidence (0°, 2'79“ and 67} as
outlined 1 Table 3. Higher angles of incidence would be virtually mmpossible to achieve in
ground effect while maintaining ground clearance at a stable crotse speed, as the additional
iift would pull the body away from the ground plane. Higher freestream Mach numbers tha
(-9 were not examined for the two-dimensional geometry in this case, as the nability of the
flow to relax i the thied dimension would eventually lead to rather unrealistic detached bow
shock waves at freestream Mach mumbers far fower than that at which they could be
cxpected to appear for any real-world body bar one with very high aspect ratic wings.

The rosults presented from this point opwards use an asrofoi] which is scaled to be § times
greater than that of the “Case 97 tests, to better approximate real world flight Reynolds
aumbers. Thas the chord 5 3-05m, and the chord-based Reynolds numbers for each Mach
number considered are as outlined in Table 3. The case matrix of alf simufations is presented
i Table 4, and lughlights which cases were run as steady-state, which were ruu as transient
but which came to a steady-state with the relaxation 1o timme, and those whuch feature
iransient regular oscillatory shock motion. Any aerodynamic force coefiicients and pressure
distributions presented for the Iatter type are time-averaged over three osailiation cyeles in
subsecquent diagrams. For the sake of brovity a foll analvsis of the transicnt cases is not
presented here, however 1t is worth noting that: cases featuring regular oseiliatory behavioor
were pnambignously vosteady from eaddy stages of the simuolation, reguiring timesteps of
the order of §-001s to produce regular behaviour satisfactornily; sinmlations which showed
very muld unsteadiness generally stabilised to a steady state with a similar or smaller
tumestep, indicating that the instability was more of a numerical artefact than genune
behawour

Table 4 also aliows the reader to see at a cursory glanee which flowfields wehuded areas
of supersonic flow, and thercfore in broad terms the reduction of critical Mach number with
deoreasing ground clearance for certan conditions 18 revealed. [f19 also worth noting that
there is no clear pattern when it comes to the onset of wusteady shock behaviour as
indicated by the transient cases, and as such these results hunt that the buflet boundary of
the acrefoil, in addition {o the other more familiar vanables, may be highly sensitive to
ground clearance.

Table 3
List of Mach numbsrs and relatsd paramsters
M., {7 {ms™) Reynolds Number
{35 170-04 3552 x 1
-6 20405 4263 = 10°
7 23805 4973 x 10°
08 272:06 3684 x 1

g9 306-G7 63-94 x 10



Table 4
List of simulations conducted, detailing which cases were run as fully transient
{marked Unsteady), which transient solutions tended to a sleady state (U-8) and
which featured areas of supsrsonic flow around the aerofoll (M> 1)

filc = oo {Freeflight) g = §° @ = 279° %= §°
M, =65 M;< 1 M<1 M1
06 M1 M,> 1 M, > 1
g7 M,<1 My> 1 Unsteady
-8 M,> | M> 1 -8
09 M;> 1 M;> 1 M> 1
hle=1 o= §° g = 279° o= §°
M, =805 M1 M,< ] M,> ]
86 M,< 1 M;>1 M;>1
47 M< 1 M> 1 -8
(-8 M;> 1 U8 U-8§
-9 M,>1 M, > | M, > 1
Bife = &8 @ =§° g = 2T @ = 6"
M, =05 M,<1 M;< 1 M;>1
-6 M,< | M<1 M> 1
47 M;< 1 M;> 1 M> 1
0-8 M, > 1 -5 -8
8-9 M;>1 M,> 1 M;>1
hilc =928 @ = §° o= 2T @ =6°
M, =G5 M< 1 M<1 M= 1
-6 M, < ] M 1 M> 1
0-7 M, > 1 M,> | -8
3-8 -5 U8 {8
g M= 1 M> 1 M= 1
file = §1 g = §° @ = 279° o= §°
M, =065 M;> 1 M1 U-—5
3-8 Unsteady M, > | M, > ]
g-7 M;>1 M,> 1 M;>1
(-8 Unsteady Unsteady -8
-9 M> 1 M;> 1 M> 1

3.2 Decreasing ground clearance for fixed Mach numbers

3.2.1 279 incidence

Of the three imcidences examined in this section, 2-79° i3 most representative of an actual fight
condition, as if is 2 lifting configuration that would be relatively low-drag, and 15 therefore
discussed 1n most detaif here. The angle of the section ensures that there 15 not as strong an
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acceleration of flow between the aerofoil and ground as at 0°, and there 1s not the strong tendency
for separation on the upper surface as at 6°. Acrodynanuc coefficients are presented m Fig. 113
aerodynamic efficiency s discussed m Section 3.3,

At M, = ¢5, Oy reduces by approximately 20% fom freeflight to /¢ = 01, accompanied by
a 14% imcrease in ¢ from freeflight to A/c = 3285, after which there 18 a marked drop at
ffe = {1, The drag reduction sfems from a dirmmmshment of the shight downwash angle of the
wake from the trailing edge, as the high pressure region near the lower trailing edge grows with
decreasing clearance, and this also contributes to the overall lift of the section which benefits
from a higher effective angle of incidence despite the nuld changes to the wake angle. The drop



in lift at A/c = (1 stems from a marked local acceleration of the flow arcund the lower surface
throngh the area of muvdmure ground clearance, where the peak local Mach nmber 18 2pprox-
imately 13% higher than the equivalent freeflight case. At higher clesvances, this mereased local
Mach nomber effect s shight.

These trends remain largely unchanged at M, = -6, tut now the lift-loss at A/c = 61 13 mors
pronounced. For cases at all the higher clearances, C; is proportionally higher thanat M_ = 0-3,
and ), lower, as the effects described previously are enhanced. In all cases, a synall region of
supersonic flow bhas emerged around the upper surface, close o the leading edge. In freeflight,
peak M ts 1483, and at Afe =01, M, s 111

At M, = -7, the trends agaw remam largely vachanged, despite all cases featunng an upper
surface shock. Instead of a shight increase in Y, there 1s & 3% decrease from frecflight o
Ale =325, though a drag reduction remains over the same range of ground clearances. We have
afrcady seen in the previous section, for the simslar “Case 9 conditions, that this is a result of the
shock wave reducing in strength as it is drawn forward as the ground 18 approached, with the flow
having a shorter region over which {6 accelerate before the terminatmg shock. The gain inchft made
from an increased effective angle of incidence is countered by the shortened run of acceloration
orior to the shock, which reduces the low pressure the aerofoil 15 able to generate there.

Atdic =01, there now exists a lower shock between the acrofoil and ground, and a sigmficant
accompanying drag rise 1s observed, along with a drop in it due to the intense pressure drop
uprderneath the section which is the culmination of the undersurface acceleration effect which
had been buildmg at this grovad clearance froma M, = §-5.

By M_ = 8, both #/c = -1 and 0-25 feature iew r shocks, explaming the sudden increase
it drag and decreabe in Hift at these clearances. Purther front the ground plane, the flow s now
dotached behind the upper shocks to the tratling edge, and results 1 a much stronges, thicker
wake, and so {5, has risen an order of magnitude from the M, = §-7 cases. [t is clear that the
closest ground clearances will affect the oritical Mach mumber of the sectiorg particularty that
of the lower surface shock wave, which appears weakldy arcund the acrofail 1n freestream at a
point close to M, = 8-8, whereas at the closest ground proximity it has been present on the wing
stuce M, = (-6, A t clearances where the lower shock 1s not present, the efficioncy of the wing
renains improved by the ground infhrence.

AtM, = (-9, extremely large-scale shoek structures exist at the tradmg edge. The RAE 2822

section was designed for optireal effectiveness at sub-critical Mach numbers {design condition
Mm = (-66 at ¢ = 1-06°), and so at this npper range of the Mach number scale 1t features very
poor acrodynanic performance, Additionally, the two-dirnensional patiure of these simwlations
is liable to produce cxaggerated shock structires that wonld be unbikely to exist in thiee-
dimensional cases up until freestream Mach numbers closer fo the immediate viemity of one,
Nevertheless, the shock structares produced, particularly at the point of ground reflection, are
worthy of inspeciion. In ferms of the asrodynamuc forces, 1t 1s sufficient to cbserve that the hit
and drag trends are now clear and stable, as the both wpper and lower shocks sit at the traihng
edge in both cases,

Laft coeflicient mereases with decreasmg clearance simply because the aceeleration of the
upper surface continges to be enhanced by the presence of the ground, and the lower surface
shock for the ground offect cases at or below A/c = (-5 does not sit on the acrofoil itself rather,
in the supersonic flowfield, a series of weaker compression waves are generated by the trailing
edge contour from x/o = 099, and subsequently coalesce into a shock wave away from the
aercfoil. Drag coefliciont increases as well with decreasing ground clearance, as the strength
of the shocks increase and therefore so dogs wave drag, and the complexaty of their interaction
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with the wake following refiection from the ground plase in all cases serves to thicken the free
shear fayers tratling the acrofoil,

Aseries of images tlustrating these featores is shown in Fig, 12 forthe M =09 cases, along
with nurcencal schlieren insets detatling the nature of the ground interactions. From freeflight
o fifc = 1. the peak focal Mach number prior to the upper shock mereases from approximately
16 to 1-7, imcreasing the oblique angle of the shock in the wing vicinity, This effect 1s
exaggerated with forther proximidy fo the grovnd, as the extent of the high-Mach region
mereases, fn all cases this oblique wave is observed o notmalise w the far field, many chord
{engths’ from the aercfoil. At /e = 1, the lower shock experiences regular reflection, whiach i3
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Figure 13. Pitching moment coefficients ai o = 2.78°, as ground ¢learance is reduced.

followed by a normal recomnpression stem; these two waves join in fornung a large vormal
recompression appronimately 0-5¢ dowastream from the frathing edge, bunging the flowtield
back to a subsonic condition. The shock structure 1s highly remuniscent of that generated by the
F/A 1R dormg the igh-speed pass captored 1 the photograph of Fig. 1

At the ground, a “lambda’ shock structure, different from that scen on the wing in the
validation cases, forms in the presence of the thin shear layer which has formed on the ground.
This flow feature 1s highlighted in the inset of Fig. 12(h), showing a triple-point formag at the
mecting of the reflected incident shock and the Mach stem to the ground surface. The shear laver
thickens behmd thas powt.

At hic =03, the general structiare is ideniical, but the extent s reagnified. The reflection at
the ground, which now features its own small Mach stem due to the reduction i the angle of
the incident shock (and therefore takes on a more conventional reflection structure™), is able
o pass through the wake before being joined by the sirong normal stem from the ground at close
o -65¢ dowustream of the tratling edge. The mfluence of this on the wake 18 to thicken # consid-
exably, and align it with the freestrearn following a rald downwards defiection from the frathng
edge. The major triple pomnt sits above the wake, further from the ground than the acrofoil,
representing a considerable evolution from the structure seen at A/c = 1.

By #le = (-25 the romediate downwards deflection of the wake is more prominent and the
reflected lower wave now passes through the wake and merges with the normal recompression
and the upper shock at a uoique quadraple pomt, The fower wave tiself now no loager fonos
at the acrofoll surface; rather, a sevies of compression waves are generated due to the corvature
of the lower surface close o the rashug edge. These waves coalesce into a shock at the ground
plane, and therefore the reflection wself 15 weaker — the Mach number gradients i ths region
are not as pronounced as at the higher clearance.

The same 18 trie of the wave at f/e = (-1, and the peak local Mach number in the flowfield
now occtrs at the ground plane immediately prior 1o the shock reflection. The upper wave now
merges with the reflection of the lower wave prior to the normal recompression o subsonic
conditions, which cceurs §-8(c) downstreamn of the tratbing edge. The reflected lower wave
straightens the wake to parabiel with the froestream, but the numenical schiioron in the inset of
Fig. 11(e) mdicates that a weak reflection of the wave from the shear layer also exasts, and the
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Figure 14. Pressure distributions at M, = 06 for (a) o = §° and {b) o = 67 as ground clearance is reduced,

wave itself bends mignificantly in passing through the shear layers. However, its angle m
exiting this regior s essentially unchanged frora that prior to the interaction.

Figure 13 presents a plot of pitching moment coefficient, faken aroumd the ¥ chord mark, for
= 2:79°, as ground clearance s reduced and for the five Heestream Mach oumbers wnvestigated.
At M, = 85 theough §-7, the nose-down moment i3 fairly constant with decreasing clearance,
unttd /e = &1 1s reached, at which pomnt the moment becomes notably less negative due 1o the
merease w low pressore forring between the acrofoil and the ground. This reaches its peak
behind the ¥ chord and therefore contributes a nose-up {positive) component. At M, =0-8, the
negative moment mereases m magnitude from freeflight o /¢ = 1, after which it becomes
considerably less negative with further reduction 1o ground clearance, eveatually producing an
overall nose-up moment at i/ = -1, coinciding with the poind where the it coefficient was
seen to drop away i Fig. 11,

3.2 & incidence

Although not typical of a flight incidence except in momentary pitching, the (° cases provide
the most exaggerated ground effects due to the lower surface producing a relatively strongsr
venturn effect between the aerofoil and the ground.

Retoring to Figure [{a), for M, = -5, the It coefficiont i3 seen to decrease slightly as
ground clearance 1s reduced. This is a direct consequence of the 1ncreasing aceeleration of the
fow between the acrofold and ground, which 1s more exaggerated at this incidence than at 2-79°,
and means that the stagnation powt is deawn upwards by a small moargin, At A/c = G-, the hift
coefficient reverses sign, and the section produces a negative €, of =0-39, or roughly -200%
of the It produced at fi/c = (-25, The drag coefBicient mmtally reduces by a small masrgin (1-
2%0) to A/e = (- §, after which it mnereases sharply with further proxmiy to the ground. At /e
={-25 this 18 simply & fonction of the accelerated flow arcond the wing cassing a slightly thicker
wake, hot at A/c = -1 a shock wave has forraed on the lower surface. There s no sigmificant
separation at the foot of the shock but the wake is markedly thicker as a result of the
shock/boundary layer inferaction,

For M,, = 06, m Fig. 11(b}, the trends are almost identical apart frore that the mearked drop-
off in Hift and mild increase m drag at A/c = 0:25 (where Lt remaing positive i siga), as well



as EL"c = {1 where the lower surface shock is present {again producing negative ift) At f/e =
G235 thus pew trond 18 caused by the increased acceleration of the fow under the wing, where
the peak local Mach nomber now -85, as opposed 10 a peak of M, = 0-73 on the EOW"’E Qu\riav
i the frecfhight case. The A/c = -1 lower surface shock, which has begom osciliating, hag now
triggered significant periodic bonandary layer separation feom the shock foot to the trailing edge,
and is the cause of the exponential rise in (), close 1o 100% bigher than af the same clearance
at M =G5

Although other cases feature shoek cscillation (noted in Table 4}, this case was the only one
to produce mild buffet Jow specifically with the lower shock, and thevefore has been singled
out as a briet example. The shock movement was limited to a $-03¢ portion of the acrofoil, with
a low oscillation frequency of 16Hz. The shock foot perodically separated the boundary layer
to the frailing edge.

The evolution of the flow with decreasing ground clearance to produce this flowfield s
highbghted in Fig, 14, Aercfoil pressure distributions show the relattvely nuld ground nthience
at /e = (-5, where the distribution 18 close fo that of the freeflight case. At fi/e = 025, the

celeration of flow in the acrofoil/ground channel lowers the pressure there, while the upper
auriaw distribution remams similar. Then, at #/c = §-1, the shock wave forms, capsing a large
fow prossure spike on the fower surtace. With the flow so restricted undemeath the aerofoil, the
amr directed over the upper surface produces a greater suction peak close 1o the leading edge.
though this 1s more than offset by the negative hit produced by the suction region prior to the
shock.

At M =07, a shock has now formed on the lower surface at ife = 825 and at /e = 01, The
effective choking of the fHow between the aerofoil and grovnd has forced sufficient air over the
vpper surface 0 result in neav-sonie conditions there, The fower surface shock was not
oscillating, mdicating that the mereased Mach ramber Hes on the far side of the buitet boundary
produced by this wave, The drag nise now begins at i/ = §-25, though no significant separation
exists frora that shock,

For M, = (-8, i Fig. 11{d), the marked drag rise 1s now present at /c = -5 foo; the lowfield
i,ncorpomws both an upper and lower surface shock system. At h/e =01, the flowfield is sigmf-

wantly ransicot onee more, as the gpper surface shock s now osallating, with the periodic
separation siruciures at the tralding edge tuggermg a nuld movemend 1o the iuw er shock as well
¢, inttially drops as ground clearance s redueed from f/c = 1 to §-5, but then increases despiie
the presenee of the shocks. The flow 18 being forced over the upper surface to an extent that the
low pressure region there is much extended with decreasing clearance, though # does result in
a stronger shock sitting further back on the aerofoil

At M, = 09, extremely large-scale shock structures exist at the traibing edge a3 1 the
previous section, although they are not sutficiently ditferent enoungh from the 2-79° cases, o
terms of general characteristics, to warrant a detailed description here,

3.3 &° incidence

Althongh the incidence here 1s hugh encugh to promote large-scale separation on the upper

surface, the flow between the aerofoil and ground 1s closer to the ram’” effect that can be achieved
at lower incidence for a more flat-bottorned acrofoll section™, as the profile is fairly parallel with
the groond from the point of mirdmun ground clearance to the trathing edge. In this scepario,
the region under the acrofoil s almost exclusively a high pressure zone, and features relatively
tittle local asceleration due to carvature.
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Figure 15, Lift and drag coefficients for 0°, 2.76¢° and 8°, with decreasing
ground clearance for (a) M, = G5, (B) 86, () 07, (&3 88 and {8} -8

In the absence of tower surface shock waves up until M, = -9, most of the ohserved changes
o 1ift and drag, referving back to Fig. 10, are due to the influence of the ground on the upper
surface shock. At M, =65 and -6, (; only shows distinet improvement at A/e = 0-25 and 0- 1.
Above this clearance, the ‘ram’ effect 1s not as strong. Priov to A/c = G-, the drag reduces by
abmost 24% 1 ground effect as conpared to the freeflight case, as the shock wave moves even
farther towards the leading edge, and the thickness of the upper shear layer leaving the acrofoil
at the trailing edge is reduced as a result. The downwash angle of the wake is also lessened
{1-2° in the nmmediate vicinity of the trailing edge). At the lowest clearance, lift and drag increase
from their levels further from the ground. The drag increase is due fo the fact that although the
shock 18 even further forward on the profife as a result of the continued increase to cffective angle
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Sigure 18, Pitching moment coefficients al o = 2787, as Mach number incraases.
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of metdence, the flow 1 now significardly separated at the foot of the shock and therefore the
boundary layer folowing reattachment downstream remains thicker and increasces the strength
ofthe wake as a rosult, Prossure coctficients with decreasiog clearance for M =836 are shown
o Fig. 14{b) to Ulustrate these effects.

These trends continue to hold at M, = §-7, though the drag now inereases across the range
as separation bubbles at the shock toot are present in all the cases. The influcnce of the ground
¢ this point appears {6 be to invoke the onset and subsequent magm fication of separation by
vittae of continved increase o the effective angle ofincidence. However, the ability of the wing
to produce ever-increasing levels of 1ift as clearance is reduced for a fixed Mach number s not
affected. At M, = O-8, with every case producing large areas of separated flow to the traibag
edge, the ‘ranmt’ effect on the lower surface still resuits in increasing efficiency as the aerofoil
is placed closer (o the groond.

AtM_ (9, lift and drag both 1ncrease as ground clearance is reduced. In freeflight, the upper
surface shock sits at the Emﬂmg edge, forming a lambda-Toot with the upper shear layer belund
the trailing edge, while a strong shock exists on the lower surface past the pomt of st
thickness. After this compression, the lower surface flow accelerates to supersonic again,
resulting 0 a second, much smaller, shock cotncident with the stem of the upper shock,

At hfc = 1, the mitial lower-surface shock has reduced greatly in magnitude, and the secondary
region of sppersomc flow is now much expanded, extending to the ground plane and forming
a large-scale curved recompression shock, This structure does not change characteristics as
clearance s forther reduced, though the peak local Mach number prior to the upper shock
increases and the final recompression behind the acvofoil exists increasingly downstream of the
trailing edge a8 was seen for the 2-79° case. The elimmation of the mitial lower sorface shock
seen at hagher clearances greatly inoreases the ability of the wing to produoce Hit.

3.4 Increasing Mach numbers for fixed ground clearances

For the three neidences exammed, data 18 reconstructed in Fig. 15 for fixed angles of ineidence
and ground clearances as Mach nuraber increases. This is briefly exarmined here as it is approx-
imately representative of attempting fhight at a constant attitude and altitude during long-term



acceleration, albett at a slow enough rate so that the flow is steady-state at any given time. This
provides a different way of intorpreting the results. It ignores the miriasic short-term effects of
sudden acceleration, which wonld alter the results were this 2 truly time-dependont increase in
freestream Mach suraber. Freetlight results are included for comparison.

3.4.1 §° incidence

In freeflight. Iift and drag coefficients increase with Mach number, untif at M, = §-9 hift
production drops off. At /e = 0-5, this drop 1s eliminated and bt coefficient remains largely
constant through the Mach mumber range, though the drag increases at a greater magmtude.
This clearance produces the most stable trends; at A/e = §-25, ) at first decreases from M,

S to 0-6, then tncreases to M-8, then decreases agatn o M (-9, due {o the influence of
thb formation of the fower surface shock. Fhe transonic drag rize begins between M,,0-6 and
M, 07 as a resalt, rather than between M 67 and M85 at the lngher clearances. At Afe =
& ], as we have already seen, the wing produces negatve Hft antil M 3-7, and as the lower
surface shock bas abready formed prior to M, §:5, the transomc drag rise has already

established dself

3.4.2 2.79° incidence

With increased incidence, trends for Hift and drag with increasing Mach number rematn similar
from freeflight to /e = (-3, with the flowfields at M, §-7 representing a peak in the hit
coefficient after which 1t deops off with the additional acceleration under the acrofod to the poind
at which the lower shock forms. Drag rises predictably and asvmptotically with Mach purnber
for these cases and those at lower ground clearances as well At A/c = 325 and -1, ), stlf peaks
at M, 07, then drops, but makes a partial recovery at M, §-8.

Pitching moment coefficient trends for thes incidence are presemcd in Fig. 16, and show a clear
distinetion between the clearances from freefhght to A/c = -5, and those at fle = 325 and O 1
A spike 1 the UM, at M, 0-8 at these Iatter clearances is due to the marked shift forwards of
the peak high pressure region, which now dominates the lower region close o the feading edge,
rather than at the point of minimum clearance or the traithing edge where 1t 18 produced more
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Figure 17. Aerodynamic efficiency, LiD, at (&) 2°79° and
(b1 & for different ground dearancas as Maoh number is increased.



naturally around the aerofoil without the constniction of the ground, at higher clearances,
Clearly, the trirn of an atreraft at low clearances accelerating or decelerating thmﬂgh the Mach
mymber range would be continuously changing. This would oceur abruptly 1n the case of lower
shock formation, and wonld imply a necessity for raptd-response pifch correction 1o maintain
altitude, Alternatively, any sudden change to altitude over the small ground clearance range
waonld bave significant effocts for stability at & constant flight Mach surber,

The acrodvnamic cfficiency of the aerofot! at the various ground clearances with mereasing
Mach number i3 shown in Fig. 17, The lower-surface-shock dominates the flowfield at /e =
(-1 at M, 0-6 onwards, with the immediate result berng that i is considerably less efficient to
fly at this ground clearance than in freeflight. The clearances of /e = (025 represents the best
efficiency gains untit M, (-8, at which point the acrofoil af all clearances features a2 shock on
the lower surface and thas Bt drops off as drag moreases. The peak efficiency for all clearances
bar A/ =01 cornes at M, 87, bevond which farge-scale shock-induced separation destroys the
advantages of flving m ground effect.

3.4.3 &° incidence

At the praximum incidence, the lift and drag behaviours are sumifar to those at 2-79°, with a peak
in O occurnng at M, -7 for all cases from freeflight to A/c = (5, In freeflight the drop off in
{7, 18 continuous thereatier, whereas at the higher ground clearances a partial recovery is made
at M, 89 ag the ram’ effect onder the acrofoil continues and extensive separation on the upper
surface of the wing 15 no longer possibie with the shock waves now sitting at the trailing edge.
The disappearance of the iawer surface shock over these clearances serves to aid greatly m the
recovery of Bit, Av /e = G0, the drop fa iftat M, 08 15 rald, such is the increase o offective
angle of incidence at this s,lmr"mu.. ind thus at this clearance the wing remains more efficient
through the Mach range than in freeflight as sho‘wn 1 Fig. 16, although the large-scale
separation it prodoces means that it is never more than a fow percent more efficient than the
lower-drag cases at higher ground clearances. The figure also highlights a clear trend towards
decreasing efficiency with increasing Mach number (in ground effect as in freeflight), with the
shock-separation tnduced drag the prime contribotor to this.

4.0 CONCLUSIONS

An RAE 2822 acrofuil section at Reynolds numbers approxumating flight conditions was
examined ”mt multiple ground cleavances {(freethight (no ground}, and e =1, 6-5, 0-25, and §- 1},

Mach nymbers (0-5, 0-6, §-7, 0-8, 19} and angles of mcidence (0°, 2-79° and 6°).

in general, the ground effect mechanisms that resulf in increased 1ift and ofien enhanced
efficiency at much lower Mach nombers alse hold at high-subsonic Mach npombers, High
pressure increases yrderneath the acrofol] as more mass flow s directed over the upper surface
feading to an mcrease in effective angle of incidence. This iz rarely the case at very io
clearances {(#/c = -1}, where the local corvature at the leading edge on the lower sorface
encourages the flow o accelerate under the section to create enongh low pressore over the middie
portion of the acrofoil to have a strong destvuctive effect on bt

The onset of shock waves in the flowficld has a disruptive effect on porformance, partienlarly
at the lowest clearances, where the early formation of a shock wave between the aerofoil and
groung can lead to a sudden drop in the production of lift and an accompanying early transomnic
drag rise for the section. It can also lead o the development of vnsteady shock oscillations on



the lower surface, and hias & considerable effect on the pitching moment of the section, kending
it a nose-up moment at low clearances where i would normmally have 2 nose-down rnoment at
higher clearances and in freeflight,

While an aercfoil could be optirnised 1o delay or mitigate many of the undesirable effects
described, it remains clear that sustained Hight close to the ground at transonie Mach nunmbers
waopid be particudacdy difficuls withowt an advanced control systera to account for very tapid
changes to hift, drag and pitching moment caused by relatively small changes to ground
clearance, ﬂmdctm or Mach sumber. For mstance, if flying close to the enitical Mach nuraber
for the iower surface at /e = {1, cven a sudden strong headwind gust could result in the abrupt
forrnation of 2 shock wave between the acrofoil and ground causing a precipitous toss in hft and
therefore altitude.

The results 1adicate that without further rescarch rote approprate acrofoil shapes and
longitudinal control, a craft specifically designed to fly m ground effect at high subsonic Mach
anmbers 1s not a feasible prospect, and thus an “upper lwt’ to the crwsing Mach number of such

a craft would apply. The aerodynamic efficiency of the section at different ground clearances
for increasing Mach number indicated that the onset of supersonic flow on the lower surface,
achieved as carly as M_ (-5 at 4/c = 0-1, roeans that flight in close ground proxiouty s no longer
more efficient than frecflight. At the hlgh»r clearances, a peak m L/0 occurs at M 0-7, beyond
which there is lntle gain to be made by flying 1 ground effect, as increased separation and lower
surface suction cancel out any enhanced effective angle of incidence,

ACKNOWLEDGEMENTS

The avthorg gratefully acknowledge the support of The Roval Aeronautical Society: collabo-
ration between the University of New South Wales and the US Naval Academy was made
possible thanks to the RAeS throvgh a Cendenraal CAARC Award to the privnary author,

REFERENCES

i, Bawspx T4, '[ F ONARDE E. and Ancyer R.D. Causes for diserepancies in ground effect analkyses,

Aeronaur J, 2002, 186, (1068), pp 632-657

AHMED I\/- : uud Smarma, 8.D. Aninvestig: imm on the agrodynamics of 3 symreetocal aicfonl in

momd effect, Kxperimental Thermal and Fiuid Science, 2005, 28, pp 633647,

Rozunparvensky, KV, Acredyoamics of a Liftisg Systern in Extreme Growad Effect (fext), Isted.,

Springer-Verlag, New York, USA, 2000,

Powrrs, J., Marse, (3., PANIAGUA, F. AND RatHeR, §. Maglev Launch and the Next Race to Space,

{FEE Aerospace Conference Proosedings, 2008, Big Sky, USAL

5. Scuetz, LA Aerodynamics of High Speed Tmins,A.‘muaf Review of Fluid Mechanics, 2001, 33,
pp 371414

&, RozanssTveENSKY, K.V, Wing-in-ground effect vehicles, Frogress i derospace Sciences, 2000,
42, {3y, pp 211-283.
Masrari, Al and ROzZHDESTVEN , KOV A View of the Present State of Research 1n Aero-
and Hydredyoamics of Ekranoplans, RTO AVT Symposinm on Fluid Dynamics Problems of
Vehicles Operating near or 1 the Air-Sea Iuterface, Amsterdam, The Netherlands, 5-8 October
908,

8. Dracos, L. Nuwmerical solations of the squation for a thin airfoil in ground effect, 1998, 4744
28, {12}, pp 2132-2134,

9. Pracos, L. and D, A A direct boundary integral eguations method to subsouic flow with
circulation past thin aitfoils in ground effect, Camput Methods Appl. Mech Eng, 1995, 121, pp
63176,

o]

(o]

SN

o4




10.

20,

Coor, PH., McDonarn, M A and Frevin, MLOP Aercfoil BAE 2822 - Pressure Distabutions,

and Boundary Layer and Wake Measurements. Fxperimental Data Base for Computer Program

Assessment, 1979, AGARD Report AR 138,

Dota, G0, Barser, T.J, Nesty, A and Myen, D.D. Aerodynamics of an Aerofoil in Transounic

Ground Effect: Methods for Blowdown wind-tunnel Scale Testing. Submitted to the deronautical
Journgl, Novenaber 2010, revised May 2010

Fluent User Guide, 2006, FLUENT Inc., Lebanon, NH.

SUTHERLANE:, W. The viscosity of gases and mlecolar foree, Philosophical Magazine, 1893, 8, (36},

pp 307-531

GARBARUK, A., SHUR, M., STRELETS, M. and SrarArT, BR. MNunmerical study of wind-tunnel wall

effects on transonic aivfoil flow, 4744 J, 2003, 41, (9), pp 1046-1054.

Stmant, N, 8410, M., KanDa, H. and Marsino, K. Flow visualization studies on sidewall effects

in two~dim nsional transonic airfoil E‘CQ‘LRQ. JAfver, 1994, 31, (6), pp 1233-1230.

SeararT, Poand ALIMARAS, 8. A one-egquaton turbulence mode] for aerodynamic flows, 1992, AIAA

Paper 92-0439.

Samm, T.H., Liou, WW., SHABBIR, A, YANG, Z. and 281, J. A new &-¢ eddy-viscosity model for hxgh

Reynolds nuniber furbulent flows - madel dev evelopment and validation, 1995, Computers & Fiuids,

24, (3}, pp 227-238.

Mewtrr, F B, Two-equation eddy-viscosity thrbulence models for engineering applications, 4714,

1994, 32, &, pp 269-289.

Rumisey, 1. apd Varsa, VIND A wmpauqon of the predictive capabiiities of several turbulence

raodels using upwind and central-difference computer codes, 1993, Proc. 31st AIAA Aerospace

Sciences Meeting, Reno, USA, pp 1-16.

Szwasa, R, Deoerprer, P, Nawms, K. and Szore, O, Flow structure inthe region of three shock wave

sn.f;'iuctlon. .-.iemqgm\,e/ Smnce und ;_’em,mm,g}-‘, 2004, 8, (0}, pp 498-508,

7






