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ABSTRACT

The influence of flow compressibility on a highly-cambered inverted M tocal Mach number
acrofoil in ground effect s presented, based on two-dimensional M, freestream Mach number
computational studies, This type of problem has relevance to open- S Sutherland’s constant
wheel racing cars, where local regions of high-speed subsonic flow th lemperature

form under favourable pressure gradients, even though the maxinmum T, reference temperature
freestream Mach number is typically considerably less than Mach I, treestream velocity

0-3. An impontant consideration for CFD users i this field is v distance from leading edge

addressed in this paper: the freestream Mach number at which flow " angle-of-attack
compressibility  significamly  affects  aerodynamic  performance. i VISCOSily

More broadly, for acrodynamicists. the consequences of this are also I, reference viscosity
considered. Comparisons between incompressible and compressible P density

CFD simulations are used to dentify important changes to the flow P. freestream density

characteristics caused by density changes. highlighting the inappro-
priateness of incompressible simulations of ground effect flows for

freestream Mach numbeis as low as 015, 1.0 INTRODUCTION

Fluid flow is generally treated as incompressible at Mach numbers
NOMENCLATURE up to approximately (-3. The incomp!‘cssiblc acrodynamics of wings

in ground cfTect have often been studied with regards to apphications
¢ chord for vehicles which travel in this range of Mach numbers, such as
@ coctficient of hift wing-in-ground-cffect (WIG) vehicles and. when the wings are
C,  cocefficient of drag inverted, high-performance racing cars. In the case of the latter,
C. coctficient of pressure extensive wind tunnel experiments and, more recently, numerical
D drag force studics have led to a reasonably good understanding of the Tow
h minimum height above ground plane physics. Despite this expericnce. some arcas stll requirc more

L negative lift force (downforce) detailed study. including the influence of compressibility, which has
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Figure 1. Parameters for the Tyrell 026 inverted aerofoil.

to date been largely ignored"’. The effects of compressibility on
lifting wings have been shown to be considerabie, particularly with
icgards to the surface pressize coefficients and boundary layer
velocity profiles of high-lift aerofoils'™,

The significance of compressibility for inverted wings is likely to
be much more pronounced at low-to-mid subsonic mach numbers
when compared to a lifting wing, as the flow acceleration around the
suction surface is greatly accelerated due to the presence of the
ground. This leads to high local Mach numbers which would not be
ohserved on a tynical lifting section until much higher freestream
velocities. Vehicles such as Formula One cars can reach maximum
velocities of over 90ms ' (in excess of Mach 0-25), implying that
local velocities around highly curved regions such as wings would
be much higher, and well into the compressible regime,

Computational studies of inverted wings in ground effect have
been conducted in the public domain since the mid-1980s, starting
with the panel-method work of Katz™, and later the work of
Ranzenbach and Barlow”", who used RANS simulations to inves-
tigate two-dimensional aerofoils. Naturally, the progression of both
software and hardware capabilitics has led to continual improve-
ments in flow prediction due to greater mesh resolution, and
geometnic compiexity and realism, since the carticr studics, Thice-
dimensional experimental work was undertaken by Zerihan and
Zhang'™ on single and double clement wings, later discussed in the
context of validation for the present study. Further computational
comparisons to these experiments were conducted by Mahon and
Zhang™"™ using two-dimensional RANS, with turbulence models
critically evaluated for incompressible solutions.

Prior to this, the experiments were compared to two-dimensional
computational results using an implicit compressible solver
(CFL3D) to examine wings in ground effect'", but problems both
with regards to satisfactory convergence and the length of time
required to obtain a solution were noted. This was atributed to the
low speed of the flow involved (30ms '), but reasonable matches
with experimental data were found. Compressible solvers generally
become impractical for Mach numbers below about 03" with
reduced stability and increased numerical stiffness and convergence
times a common feature (ypically. either density-based schemes are
modified to cope with low Mach number flows, or pressure-based
algorithms are extended into the compressible flow regime'. For
the present study, the latter approach was implemented within a
commercial code with considerable success, allowing compress-
ibility effects to be properly quantified.

2.0 METHOD

The Tyrell 026 (a modified LS(1)-0413) aerofoil section was chosen
to represent the downtorce-producing front wing of a typical open-
wheel racing car, with relevant geometric parameters described in
Fig. 1. Co-ordinates for this section can be found in Zerihan'*, and it
is worth noting that the small-scale blunt trailing edge of the acrofoil
has been retained for the present computational study. Lift. in all
cases described in this paper, is considered to act downwards

towards the ground (downforce).

Tabie 1
Mach numbers investigated, with sguh
Revnolds numbers

Freestream Eguivalent

Mach number velocity (ms™")

0-088 30 0-46x 10
0-150 5102 0-78x10
0-200 6802 i-0dx 10
0-250 8303

0-300 102-03

0-400 136-04

(=3
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Given that wings in ground effect. for most applications, wnd 1o be
of refatively low aspect ratio and bounded by endplates, a two-dimen-
sional assumption is often made for simple sections', although tiree-
dimensional flows would exhibit differcnces. The acroloil was
investigated at one angle-of-attack, —3-45 degrees. corresponding 10
the reference incidence used in other studies of this section™'""*. Four
ground clearances were examined (/e = 1. 0-313, G134 and 0-067.
where / is measured as the vertical distance from the point on the
suction (lower) surface closest to the ground), representative of
realistic heights a downforce section would operate at on a typical
formula-style vehicle. At each clearance, five freestream Mach
numbers. M,. from 0-088 (corresponding to Zenhan's'™ 30ms ') 10
0-4. were examined. A summary of these conditions is presenied in
Table 1. The freestream Reynolds number based on chord fength was
left to increase freely with cach increase in freestream Mach number,
as it would in real-life for a fixed-chord wing.

A commercial finite-volume Reynolds-averaged Navier-Stokies
solver (Fluent 6.3) was utilised in pressurc-basced. coupled hnplicit
mode, to generate all results presented here. with steady-state cases
solved for combinations of the key variables deseribed. Some
densily-based implicit solutions weic d for comparison in
compicssible solutions and found o
difference in forces;) 1o those generated by the pressure-based solver
over a range of Mach numbers.

Convergence was dictated by stable lift and drag coellicients for
each simulation. Compressible cases at the lower two ground clear-
ances and a freestrecam of Mach (44 exhibited strongly unsicady
charactenstics, and were therefore run as time-dependent solutions
with a 0-:0002s time step. All cases were run in 32-bit double
precision using second order node-based upwinding in all discret-
sation schemes. A standard three-coefticient Sutherland viscosity
model:
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was used for all cases involving compressible tlow, where reference
values are; T;, reference temperature = 273K, p,, reference viscosily
= 1.716x10 ‘kgm 's ' and 8. the Sutherland constant temperature =
110-56K. The freestream density was set to 1:225kgm ' in cach
instance.

Incompressible and compressible (ideal gas) cases were solved for
cach combination of variables from Table I. with the ground
velocity matching that of the freestream in all simulations in order to
accurately reproduce the real-world boundary condition''™. A fully-
structured multi-block grid was generated for each ground clearance,
featuring 750 points around the acrofoil and dense regions in the
vicinity of the boundary layer (such that the wall v was less than or
cqual to 1) . on the ground. and in the wake. Final grid sizes ranged
from approximately 230,000 to 350,000 cells, depending on the
ground clearance. Grid convergence tests'™ were used 1o establish
the most suitable approach, and suggested a 0-2% difference in the
predicted lift force between the grid described and a finer one (up to
500,000 cells); this was deemed an acceptable margin. The domain
extended to 20 chord lengths upstream, 18 above and 30 downsiream
of the aerofoil, based on boundary location tests which showed
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Figure 2. Domain overview, and (insert) mash detail for an example
ground clearance.

negligibie influence on the solution at these distances for even the
highest Mach number iwsied. At low Mach numbers the top
boundary could have been placed much closer to the aercfoil and
produced some savings in terms of computational effort, but for
consistency the one domain size was implemented in all cases. Both
this domain and a sample grid arc shown in Fig. 2.

Some preliminary work made use of a hybrid mesh, which
featured unstructured elements growing from the acrofoil’s
anisoTopIC SITUCTUred DUUNGArY TaYCr MEsh., MUWEVET, LS approacn
resulted in occasional inadequate convergence, particularly at the
higher mach numbers. when compared to the fully-structured mesh.
Therefore this approach was abandoned in favour of the fully-struc-
tured mesh.

The realisable k- turbulence model"” was implemented with an
appropriate enhanced wall function based on the method of Kader'',
This approach was deemed tc be effective at best capturing the
features of the pressure dlstrlbuuon. ground boundary layer and wake
by Mahon™'", whilst yielding trend-accurate force predictions as
-alidated for this study against prior expenimental data™". Mahen also
notes that the realisable A~ model more realistically captures the “iet’
flow which occurs at lower ground clearances™. whereby the flow
velocity does not recover to a freestream value by the trailing edge.
This extended region of accelerated flow becomes increasingly
important at higher Mach numbers, as will be demonstrated.

With these higher Mach numbers in mind, the realisable &~ medel
has also shown good prediction in transonic flows with shock interac-
tions™™, and Gonelaves e al™". note that having a rcalisable
component to the turbulence model is likely to result in markedly
more realistic flow features in cases involving transonic buffet, as
those at the lowest ground clearances and highest freestream Mach
number do in this study. Mentor’s k- SST*" model has been shown
1o feature superior prediction in cases featuring buffet™ *" and the
Spalart-Allmaras model has also been shown effective for a range of
transonic flows™" including those teaturing buffet"". However, given
the current lack of experimental data for ground effect situations up to
and mto the transonic regime, a comparison of turbulence models for
these cases would be inconclusive and thus the realisable k-& model
was retained for the highest-speed simulations presented here.

The flow was assumed to be fully turbulent around the acrofoil,
which negates the influence of boundary-layer transition as
cxamined in the carlier low-speed studics on the Tyrell 026 wing'”
Both Zerihan and Mahon'" stipulated a laminar zone in their CFD
to account for a transition strip fixed at 10% of the chord. However,
Zcrihan reports experimental lift values as much as 20% lower for
the fixed transition case as opposed to the free transition one, which
seems excessive even in the context of extreme ground effect. The

escription of the method of transition discusses the possibility of
separation of the flow by the transition roughness strip, and this
would have considerable downstream effect on the natural boundary
tayer separation point as well as immediate lift-generation n the area
around the transition strip.

Given this uncertainty and a lack of detailed boundary-layer
measurcments to validate against. a simple comparison was made in

the present CFD berween a fully wrbul
featured a laminar zonc to 10% chord on bot
surfaces. The difference
2%, fairly consistently across a variety of two-equation 1
models, at an arbitrarily-chosen Z/e of 0-179 at 30ms
equation model, which is capable of predicting free war
placed lift similarly close to the fully turbulent result e i
reference velocity.
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would appear to be the reason that the experimentalists chose to
transition at 10% chord"'*'. At the Reynolds numbers associated
the higher speeds which are the focus of this study, transition we
occur earlier than under the experimental congitions at 30ms ', Thus.
a fully turbulent simulation is reasonable in this instance.

A smnp[c comp:mson to the experiments of Zerihan'' for an &i/e
of 0-179 1s shown in Fig. 3: experimenial data for higher MMach
numbers was not available for the present study. The comparise
shows that the numerical approach used for the subseguent C
cases was suitable, as it accurately reproduces the C, distribution. At
higher clearances there is 2 mild over-prediction of the lower surface
suction peak, and at the lowest ground clearance, ife = 0-G567. there
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nation of factors, in addition to the transition consideration, may
have led to this. The experiments were conducted in three dimen-
sions on a finite span wing with cndplates, whercas this study is
based in two-dimensional modelling, and the large domain of the
CFD is not intended to precisely recreate the wind tunnel diimen-
sions. In addition, experimental factors such as the unpredictable
nature of the boundary-layer transition and vanations in tunnel
Reynolds number (between 0-43x 10" and 0462 = 10" based on the
aerofoil chord? would be amplified at such a very low clearance
Furthermore the uncertainty in height set for the experiments is
quoted'" as being around 5-6% for the 0-067 heighi-to-chord ratio
cnough to make a considerable difference to C, if at the extremes of
this range. Overall, the major features of the pressure distributions
are well captured, and when compared to predictions by the one-
equation model of Spalart and Allmaras and the two-equation £-m
SST model, the €. results from the realisable model were closest o
the experimental values. This result supports the conclusions of
Mahon™"" with regards to the realisable model.

The compressible solutions obtained at 30ms ' were near-identical
to the incompressible ones for all clearances, with minor differences
duec to compressibility effects which are discussed in subsequent
sections. C, and C, plots are presented in Fig. 4(a) and (b). The
numerical predictions are offset from the experimentai results, duc to
the fully turbulent nature of the CFD and the other aspeets
mentioned above. However, the charactenistics of the lift and drag
slopes are well reproduced, specifically the lifi-loss at the lowest
ground clearances. The experiments at these lowest ground clear-
ances would have been closest to reproducing true two-dimensional
flow at the centrechord position due to the endplates being so close
to the ground, and this is where the best correlation with the two-
dimensional CFD is to be found. Again, these results give confi-
dence that the trends predicted for the present study will be reliable
in the absence of validation experiments at the higher Much
numbers.

3.0 RESULTS

As one would expect, the incompressible simulations predicied
increasing lift and. to a lesser degree, drag. with decreasing ground
clearance or increasing Mach number, with corresponding increased
aerodynamic efficiency, L/D. Fig. 5(a) and (b) present lift and drag
coefficients for the two greater ground clearances. fi/c = 1| and (313,
for both incompressible and compressible simulations. 1t is useful w0
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Figure 4(a). Compressible and incompressible lift coefficients from
CFD, compared to experimental data for a range of ground

clearances'"™.

consider these heights separately from the lower two clearances. due to
additional influences at the smaller Ai/c ratios. If one assumes that the
compressible result is the ‘correct’ one in all cases, then the incom-
pressible result can be viewed as an under or over-prediction, and is
expressed as such in terms of percentage in the figures.

Although the difference between compressible and incompressible
predictions is negligible at the lowest Mach number, (-0882, even
then the density around the aerofoil changes by around 1% of the
freestream value in the compressible simulations at these heights.
Differences in predicted lift and drag become clearer at Mach (- 15,
beyond which trends of increasing disagreement between incom-
pressible and compressible simulations are evident. At this freestream
Mach number, the peak Mach number, coincident with the suction
peak on the lower surface of the aerofoil, is approximately 0-28 in
compressible simulations; 3-4% higher than the highest incom-
pressible Mach number. The flow in this case 1s therefore already
approaching compressible behaviour, with a density vanation around

Figure 4(b). Compressible and incompressible drag coefficients from
CFD. compared to experimental data for a range of ground

clearances''".

the acrotoil of close to 4-5% of the freestream at a clearance of hie =
0-313. The increased peak flow velocity induced by the flow
compressibility. while yielding a shght decrease in skin friction due
to the somewhat thinner boundary layer, also leads to an intensifi-
cation of the strength and thickness of the wake. It is this effect which
is the major contributor to the large relative drag increase in the
compressible cases as Mach number rises.

At a freestream Mach number of (-4, the peak Mach number is
extremely close to sonic in compressible simulations, as compared a
peak of M = 0-74 in the incompressible case . At iic = |, this results
in an underprediction of lift by ~11-5%, and drag -9%. The
increasing constriction of the flow at an A/c of 0-313 leads to the
incompressible simulation underpredicting by a far greater margin of
~19% for C,, and ~29% for C,, at the Mach (+4 freestream.

The simple driving mechanism for the differences exhibited
across the board is the density decrease as the flow speeds up around
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Figure 5(a). Compressible and incompressible lift coefficients and
percentage incompressible underprediction for hic = 1 and 0-313.
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Figure 6(a). Compressible and incompressible pressure coefficients
and for hlc=1, M, =0-15and 0-3.

the suction surface, leading 1o lower pressure and therefore greater
downforce in the compressible cases. As the ground clearance is
reduced, the channel through which the air flows narrows, and the
effect is exaggerated.

Chordwise pressure coefficients are plotied in Fig. 6(a) and (b) for
freestream Mach numbers of 015 and 3 to demonstrate the
difference  between a point at  which incompressible and
compressible simulations results begin to disagree, and a point at
which the incompressible simulation is no longer inappropriate.

One can see from the plots that the higher lift predicted by the
compressible simulations 1s due to a markedly stronger suction peak
on the lower surface of the aerofoil, becoming more exaggerated
with increasing Mach number and/or decreasing ground clearance.
However, the stagnation point and upper surface pressure distrib-
ution remains relatively unchanged at both clearances and both
Mach numbers. At both /¢ =1 and 0-313, the C, calculated by the
incompressible solution for a freestream M = 0-3 is almost identical
to that of the compressible calculation for a freestream M = (- 13.

Were the trends described here to continue with decreasing
ground clearance, one might conclude that a compressible
‘correction” could be fairly easily applied to incompressible
solutions for this problem. based on fairly minimal additional data
reiating to Mach number increases. However, at the two lower
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Figure 5(b). Compressible and incompressible drag coefficients and
percentage incompressible underprediction for hic = 1 and 0.312.
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Figure 6(b). Compressible and incompressible pressure coefiicients
and for hic=0313, M, =015 and 0-3.

ground clearances tested, #/c = 0-134 and 0-067, these trends give
way to much less predictable scenarios. At the lowest M, of 0-0882
for these clearances, the incompressible and compressible solutions
already exhibit a non-trivial ~0-7% difference between cach other in
terms of predicted lift and drag for both clearances, as densily varies
by close to 2% around the aerofoil compared to the freestream value.

Drag follows the same trend as with the two higher clearances as
Mach number increases, with incompressible simulations increas-
ingly underpredicting its magnitude. Above a freestream of M, =
0-15, the drag coefficient only increases with Mach number in the
compressible simulations as seen in Fig. 7(b), while incompressible
cases still indicate a decreasing coefficient. Unlike at the two higher
clearances, the compressible and incompressible lift coefficients
shown in Fig. 7(a) do not differ by much at the two lowest
freestream Mach numbers, and indeed the results signal a shift
overprediction by the incompressible simulations.

At hic = 0134, lift -oefficient values for both approaches are
within a few percent of each other up to the freestream M, = 0-3. At
hie = 0-067, the compressible lift coefficient deviates significantly
from the incompressible figure at M, = 0-15 onwards, until it begins
to decrease at M = 03 to the extent that the compressible C, is
around 15% lower. If one examines thc pressure coefficients
presented in Fig. 8(a) and (b), the similarities at M = 015 are under-
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Figure 7(a). Compressible and incompressible lift coefficients and
percentage incompressible underprediction for h/c = 0-:134 and 0-067.
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Figure 8(a). Compressible and incompressible pressure coefficients
and for hic=0134, M, =0-15and 0-3.

standable. For both clearances. the compressible result exhibits a
slight difference at, firstly, the pressure spike at x/c = 0-04 where the
pressures are slightly higher than their incompressible counterparts,
then at the point of maximum suction where increased local flow
velocities result in a marginally greater pressure peak, and towards
the trailing edge where the compressible adverse gradient is greater.
This causes an earlier separation which increases the drag. These
differences in C, are opposite in sign, and will therefore tend to
cancel each other out when the pressures are integrated across the
surface of the aerofoil. There would be consequences for the position
of the centre of pressure, and thus the pitching characteristics of the
aerofoil would be altered.

At the lowest ground clearance, the compressible stagnation point is
markedly drawn down towards the lower surface in comparison to the
incompressible location, affecting the C, over the upper surface near
the leading edge as a greater amount of oncoming flow is deflected
along the upper surface. More importantly the pressure drop along the
suction surface is pushed back as a result, and while the peak pressure
is still markedly lower than its incompressible counterpart, the adverse
pressure gradient to the trailing edge is far more severe,
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Figure 7(b). Compressible and incompressible drag coefficients and
percentage incompressible underprediction for A/c = 0- 134 and 0-067.
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At M = (-4, incompressible simulations at Afc = 0-067 and (- 134,
as with the higher ground clearances, extended the existing lift and
drag trends in a predictable fashion. The compressible cases,
however, experienced shock wave formation between the acrotoil in
the ground. These points are denoted with asterisks in Fig. 7(a) and
(b), and the shock produced significant instabilities in the flow over
time which will be discussed in more detail in the next section.

4.0 DISCUSSION

The Mach number contours depicted in Fig. 9(a) and b further illus-
trate the mechanisms which lead to the different trends in lift
prediction between the two higher ground clearances and the two
lower ones, shown here for a freestream Mach number of 0-3 in
order to highlight the differences at their more extreme. At fiic =
0-313, the lower-density field between the acrofoil and the ground
facilitates a higher maximum velocity, with accompanying lower
pressure, and this acts over a much larger portion of the aerofoil
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surface than in its incompressible counterpart. increasing the
capacity for lift generation. As the aerofoil is moved closer to the
around. the area ratio between the inlet to the channel and the throat
at the point of minimum clearance becomes an important factor. The
flow becomes increasingly accelerated and thus the density drops, as
can be seen in Fig. 10 and Fig. 11. The volume flow rate therefore
increases., yet the mass flow is decrcased when compared to the
incompressible case, as the stagnation point moves downwards to
the suction side, forcing more flow over the upper surface. This
results in an ctfective change of camber, and thus while the peak
suction is greater, the overall lift generated over the fore section of
the acrofoil is less, and the gradient is more pronounced to the
tratling edge, as can be seen referring back to Fig. 8(b). The resultant
thicker, stronger wake makes up the majority of the extra drag when
compared to the incompressible case, and these effects are further
exaggerated with increasing Mach number.

In addition, more so than at fi/c = (- 134, the wake at the clearance
of fife = 0-:067 deflects noticeably towards the ground, as evidenced
in Fig. 9(b), to the extent that it begins to interact significantly with
the ground boundary layer at around two cherd lengths downstream
of the trailing edge. This is due to the highly separated flow effec-
tively changing the camber of the acrofoil again, deflecting the wake
downwards in a similar manner as would be achieved with a
downwards deflection of a trailing edge flap.

As mentioned previously, at M, = 0-4 for the two lower ground
clearances, a normal shock wave forms between the acrofoil and the
ground in compressible simulations. The lift and drag cocfiicients
presented in Fig. 7(a) and (b) for this Mach number are time-
averaged from unsteady simulations. and while they exhibit a high-
magnitude difference in lift and drag when compared to the
incompressible values (at ii/c = 0-067, C, is ~35% less and C,, is over
100% greater), the values themselves do not tell the full story.
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Figure 12. Mach number contours and coincident chordwise pressure coefficient plots depicting one complete buffet cycle, at #/c = 0-134 and
M, = C-4. t = 0-000 represents the start of the cycle, which was in this instance the third in the simulation.




Figure 12 presents Mach number contours and coincident pressure
coefhicient plots for the unsteady case at i/c = 0134, As the flow
exhibits a definite and consistent period of natural shock movement
and shesr layer shedding (self-sustained transonic buffet). this series
of images presents the behaviour over one complete cycle (a real-
time of approximately 0-0064 seconds) of the 156-25Hz oscillation.
Instantaneous pressure coefficient plots at regular time-steps through
the transient period are compared to the steady-state incompressible
result for reference.

initially, (Fig. 12(a)). the flow becomes marginaliy supersonic at the
narrowest pomt of the channel created by the acrotoil and the ground
while the boundary layer is separated towards the rear of the suction
surface as a remnant of the previous cycle. The reduced density means
that the local speed of sound is as low as 310ms ' and the compression
waves which are starting to coalesce have, by ¢ = (-0008s, formed a
strong normal shock wave in the channel. The shock wave propagates
downstream over the coming time steps with the maximum local
Mach number greater than 1-3 in Figs 12(c). (d) and (e). The shock
reaches its downstream limit location of approximately 0-4x/c in Fig.
12(d), after 0-0024 scconds. The boundary layer is separated by the
foot of the shock on the acrofoil surface, and therefore as the suction
peak reaches its maximum, the adverse pressure gradient over the
rearward portion of the lower surface grows more significant and the
amount of downforce generated begins to sufter.

The large-scale separation results in a shear layer which, between
r=0-0040s and 0-0048s, has effectively created a second throat. This
re-accelerates the flow to close to supersonic again (indeed, at a
slightly higher freestream Mach number, it does locally exceed
Mach | for a second time). As the shock wave recedes towards the
leading edge in Fig. 12(c) and (1). it re-enters the region of lower
upstream velocities, and weakens until the flow returns to a fully
subsonic, shockless state by Fig. 12(g).

The acrofoil’s capacity for lift generation is detrimentally affected
during the shock’s upsiream movement. However, the eventual
absence of the shock in the channel removes the driver for the
boundary layer scparation, and thus a period of re-attachment and
lift-recovery is initiated that will eventually lead to the shock wave
forming again and the process repeating. These phenomenological
observations are consistent with the theories of Lee™ ", in which the
movement of the shock creates pressure waves which travel
downstream through the separated flow region to the trailing edge.
whereupon an upstream-travelling wave which eventually interacts
with the shock and imparts the energy required to move it upstream.
Such behaviour has been obscrved computationally with unsteady
RANS in other studies™ " and thus the observed flow behaviour
scems plausible albeit, at this stage, not validated experimentally.
The cyclical variations in lift and drag are plotted in Fig. 13, and the
156-25Hz frequency scems reasonable when compared to existing
buffet studics on less cambered acrofoils™

Scveral other interesting flow features present themselves during this
cycle: the ground boundary layer appears to also be separated by the
shock wave and forms a significant bubble moving with the ground
downstream of the trailing edge as the shear layer is shed (not fully
pictured in Fig. 12). One can also see that the stagnation point position
fluctuates around the leading edge as the flow under the acrofoil reacts
to the rhythmic formation and dissolution of the shock wave.

At hic = 0-067 ground clearance, similar flow behaviour is
observed albeit with an even greater difference between maximum
and minimum lift and drag gencration during the period, which
occurs at almost exactly the same frequency. It is worth noting that
the critical freestream Mach number at this height is approximately
0.35, with transonic buffet cycles immediately accompanying the
appearance of supersonic flow.

Naturally, such intense buffet behaviour would occur suddenly
and have ramifications not only as discussed for the aerodynamic
performance of the aerofoil, but structural problems would become a
major concern due to high-frequency vibrations and rapid changes in
pitching moment.
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Figure 13. Variation in lift and drag coefficients
with time for case depicted in Fig. 12.

CFD has been successfully used to determine the etfects of the onset
of compressibility for a two-dimensional aerofoil in ground effect,
by examining the differences between incompressible and
compressible simulations for a range of ground clearances, and
freestream Mach numbers up to 0-4. The main conclusions can be
summarised as follows:

@ Due to the highly accelerated flow between the aerofoil and the
ground, compressibility effects alter the flow to produce different
lift and drag forces compared to those which would be ohtained
from incompressible simulations, even at a relatively low
freestream Mach number of 0-15. These effects become more
significant as Mach number is increased.

@ At higher ground clearances of /ifc = | and €:313, lifi and drag
forces arc increasingly underpredicted by incompressible simula-
tions as Mach number is incremented, due to the lower density
region between the suction surface and the ground accelerating
the flow and producing both a stronger suction peak and wake.

@ At lower ground clearances of Aile = 0-134 and 0-067, the trends
in lift are towards overprediction by incompressible simulations,
as the more accelerated compressible flow produces low pressure
over a much shorter region to satisfy conservation of momentum.
Separation occurs carlier, markedly thickening the wake.

© At the two lower clearances the critical freestream Mach number
exists between 0-35 and 0-4. Reaching this point results in highly
unsteady transonic buffet flow, featuring periodic formation of a
shock wave and large-scale separation. This has a considerable
detrimental effect on the production of lift, and drag is substan-
tially increased.

Clearly, simple compressible corrections could not be successtully
applied to incompressible solutions given the sensitivity of the flow
to ground clearance. Although compressibility influences on forces
were the main focus of this study, the changes to the pressure distrib-
utions as compared to incompressible results would have additional
consequences for the predicted acrofoil pitch characteristics and any
downstream components affected by the altered wake.

If one were to extend the consideration of compressible effects to,
for instance, a full open-wheel racing car. density changes in the
flow would likely be important for the car underside and diffuser.
Another important region for compressibility is in the contact patch
between tyres and the ground, where the air is forced into a narrow
space causing pressure coefficients that exceed unisy™.




The critical freestream Mach number at the lowest ground
clearance is approximately Mach ¢-35, which cquates to ~i19ms '
(or close to 266mph. 428kmph). While this is somewhat higher than
a current Formula One or Indy-style racing car. the speed is within
the range of less conventional vehicles which may feature downtorce
wing sections, such as top-fuel dragsters or land speed record cars.
Indeed, a modified Honda F1 car reconfigured as a land speed record
contender, the ‘Ronneville 400’ car, achieved around Mach 0-3Z
(400kmv/h) at ambient conditions ith a low-drag front wing fitted.
The occurrence of a shock wave would have a considerable destabil-
ising effect for such vehicles.

Work is currently underway to continue this study with a three-
dimensional wing to examine the compressibility effects described
here in greater and more realistic detail, including a programinc of
expenments which will provide necessary data for CFD validation
and further exploration of the flowfield feawres which incom-
pressible simulations would not predict.
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