B8 AERODYNAMICS - REAR WINGS

Rear wing rudiments

We're used to seeing rear wings on high-end single
seaters incorporating complex features - but what about
the fundamentals? We use CFD to go back to basics

By SIMON McBEATH

erhaps one of the reawont
that rear wings in F1 and

alher senior (Freavly

requlated; single seater
farmulae incorporate complix
dietaals i that mast of the basic
dessgn criteria are defined in the
technical requilations, With limited o
i freedoms on the fundamentals
Such as span, location and so forth,
attenion has ba tum o more intricate
features to try to eutract perfarmance
acdvantages, But if some or all of these
basic parametens are not aleachy
defined i lechnical requlations,
wihere do you start, and what really
miatters? With the help of ANSYS CFD-
Flo, a bateh of simulations has been
rue on & sngle seater model 1o put
some of the usual assumptions

Winging It: harking back io a time when a
rear wing was a moch simpler device can

1each us plenty about serodynamics

1o the test, A% ever, the picture it not
a5 simple as those assumptions might
e you bl

Our model

Rogular readers may recognise the
CAD model [CAD Figure 1] that has
been used for this latest Investigatian:
it was utilised in our Apeil 2014 feature
Front wing fundamantals, However,
some changes have been made to

the model to make it mare generally
applicatde, The 204 vervon was a
design that hid UK speed hillcimbing
recpulations m mingd, and as such
Featured long rear diffuser tunnels
extending well fonwards, as well as
the witle wing spans permitted in that
catigary. This time the model featured
& flat bottom betwaen the whesls and
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 sharter diffuser. The frant wing had
a span of T400mrm with a par <pan
flap either shde of the nose. and it was
imaved 100mm closer to the front axle
relative to the Aprd 20104 study {which
featurad a dual element rear wingl to
better balance the rear wing that was
1o be used In this exergise. The sidepod
had been me-styded to eradicate spme
aoro deficlancios sean in that 2014
study, notably some flow separation
over thie forward, upper parts and in
the 'waist’ ahead of the rear wheels. A
‘bowe divider” and splitter wose added
b th Torwand undorbady 1o make the
underbody flat betweaen the whesls
And the baseline rear wing span was
1000mm, afthough ather spans have
treen examiined as one of the variablias
under investigation,

The authors usual il-disciplined
i of imperial and 51 units was
employed with air and ground
spead in the simulatiors bemng
10ekmph (44, 7mus) and forces are
reported in Newtons, N (divide N
by 4459 12 ohitain pounds, 1Bl The
CFD simulations included mesh
refingments around the wings and
weheels for improved capture of
fleaw separations: the K-epsilon
turbulence modal; moving ground;
and ratating whesls Each simiilation
was run until caloulated forces were
accaptably steady

Wing data

It's camimin Lo 1ee wings
characterised by analysis in isolation, ¥
wseful means of providing information

D Figure 1: The datum CAD model with single element, 1000mm span, 300mm chord
bat wing. Thiz racecar has beon ‘modiied” for the purpozes of this asrodynamic sludy

¥ plots1 and 2: Rear wings operate in a highly comgromesed environmend

W grven wing's performance across
poperating range, whether the
glormation has been divined in a

g wnnel oF A ally generally
D nowradays), Comparisons

ftwean WiNgs Can also be done i
pemethodology and conditions are
Barrical Honunwior, the [_II_'rrl_lrlllllnll_i_"' ol
Iting chisnges once it s affixed toa
eecar, whatever type of car that may
 and thal change in perfarmance
peoviously very apparent when

B car is & single seater. We sawin

e April 2004 study how front wing
Efarmance was sigrificantly altered
Bthe presence of wheals and the
Btof the Car dovenwand., Clearly
Enwe should expact that rear wing
Ifomance will be much affected
Ihl-‘.*E presence of most of the g

and all four wheels upwnd, However
it is also well-krvowm that the rear
wing can influence the aerodynamic
performance of the upwind car, In
easenge then, Lhs article pxplomes
o this rear wing was affected by
15 deplayment an oue singte seater
micdel, and in tiern haw the car was
altected by the wing's deployment
[CFD plots 1 and 2]

The wing itsell was & high
doramniforce 300mm chiped single
element design with a relatwely thin
sed bion and muite hi|::||'. camber, Chard
remained foced at 300avm in this study,
purely an the basis that, in real-sword
practical terms, parametoes like span
and lacation are much more F.a'\.li:.-'
altered than section profile. It s hoped
1o continue with further an-car studies
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Figure 2: Wing downlorce in isolation versus the performance when fixed on the car
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Figure 3: Rear wing made less downlorce fitted to the car, but lost kess at steeper angles

Downforce distribution
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Figure: 4: Mol anly the rear wing downboro increased as ils angle was steepenad

on vanable wing chond and profile
as well as dual- and multi-element

designg in g future issue,

Angles

Generally the first means of
-:|'la"a".'l'.*rli=l‘|q 3 Wwing 5 10 Camy oul an
alpha sweep, by mapgping downiorce
versus andbe of attack (Aah), So the
wirk wias maggad in molation across
A warking range, and the same sweep
vt repeated on the car. Span was
1000mm in each case. Figure 2 plots
wing downloice versus angle and, as
waould be expected. the downdone
the wing made én the car was less
thar it macde im isakation acroes

the angle range, The shape of the
downforee curve was very similar in
both cases, with gains taling off at the

steepar angles, And although the gap
Between the bwo curves superficially
Appearen to grow with each steeper
aiighe, in reality the proportion of
freestream downforce that the wing
made on the car [at this wing span
and begatwon) actually increased with
anale, a2 shawn by Figure 3

Laoking at the averall
serotdynamic performance of the
car across the wing angle range,
Figune 4 plots total downforce along
with wing deweforce and chassis
dawniorce, The katter included the
chassis, bodywork, suspensicn, and
irrypartantly, the underbody, but
exchuded the wheels and the frant
wing, Total downforce, ag woubd have
becn measured in a wind turinel
increased with each wing angle

The performance of a wing changes once it is affixed to a racecar
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Balance v wing angle
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Figure 5: The balance responded to the rear wing angle change, as was expeched
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Figure B: This shows that eficiency increases tailed off with increasing wing angla

Table 1 - the car's data across the rear wing

angle range, forces in Newtons at 100mph

AoA, degrees Drag Downforce %i_mm L
| 4 | 75756 1615.60 44.81% 2133
8 | 7e3s2 | 172091 | 40.24% 2255
n | #0832 183601 | 3B74% | 2271
12 | 8188 1868.22 37.48% 2274
increase, but notice the upwards step shioweed the expected rearwards

at 10 degrees. Exploiting the CFD 1o
gquantify the force contributions of
individual component groups, it was
evident that the chassis/underbacdy
showed a modest step increasa in
daownforce at 10-degrze angle tao,
And not shown on this plat but wiich
made a contribution here, wheel lift
also appeared to reduce at the steeper
wing andgles, demanstrating simulated
interactions that would not have been
individually discernible in a wind
tunned that simply measured wheel
contact forces (although a wind tunnel
that supported the wheels separately
from the chassis would pick that
component up) The key paint here
is that yas, the rear wing's downfarce
cantribution increased with increasing
angle, as would be expected, but
there were also other interacticns,
albeit it modest ones, in this opening
example, that demonstrated the
pickure 15 rarely simple,

Figure 5 plots the car's
acrodynamic balance (as%front’)
viersis wing angie and clearly

shift in balance with increasing rear
wing angle. Figure 6 plots -L/D
{aerodynamic efficlency] wersus wing
andgle, and shows that efficiency
flattened off at the steeper wing
angles. Together with the tailing off
‘alpha sweep’ plot, this suggested
that the wing was approgching

its maimum wseful angle, in this
application and configuration, at 10
degrees, Table 1 summarises the data
over the wing angle range tested,

Span decks

The baseline wing an which the alpha
sweep was conducted had a span aof
1000mm. It was decided to test somse
different spans al just one angle of
attack, and the 10 degree Ao model
fram above was modified to spans

of 800mm, 1200mim and 1400amm.
The datum of 1000mm was chosen
to represent the rear wing width limit
seen in many a cincuit rading category,
while 1400mmm is the LUK's hilkelimb
maximum rear wing width. The
marrower span of B0Omm was choten
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CAD-2: Rear wing spans from 00mm o 1400mm were evaluated on the racecar 1
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Figure 7: The wing's downforce gains as span was increased were greater on the
than on the wing in isolation - because of the driver elc., upstream of the centre st
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Figure 8: The wing lost a lot less ol its ‘in izolation’ downforce at the larger spans
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'_Flwe 10: The: increase in total downforce tailed off as the span was increased,
- Ihis wits despite wing and underbady downdarce ingreases that did nob il ofi

Table 2 - the car’s data across the rear wing
| span range, forces in Newtons at 100mph

Span, mm

Figuml-i-.-Thz wing's -L/0 also improved more with span increases when on the ¢

o see how narrow wings such as
Formula 1 use would fare on the back
of a‘regular single seater, The wings
were again tested inisolation and an
the car, (CAD Figure 2)

When tested in isalation, the
winsg'’s downforce and draqg bath
showed lingar increases over the
range of spans tested. Efficiency, as
defined by LT o downforce divided
by drag) also increased linearly across
this span range, teo, which fitted with
the accepted wisdom that efficiency
improves as ‘aspect ratio’ (span divided
by chord) is increased.

However, when the wing was
lpcated on the car the downforce
gains that accrued with each span
increment increasad each tima, the
curve accelerating' sightly as span was
increased (see Figure 7). This reflects
the fact that the central section of
thie winig was the most adversely
affected whien the wing was placed
on the car, being behind the upstieam
obstruction of driver, roll hoop and

5o forth, whereas the additianal
widths are always In'cleansr’ air.
-1/ plat of the wing in isolatior
wersus on the car (Figure §) sho
elmilar picture. The wing clearky
A lower -L/D when on the car, bt
gains with each span increase g
bigger each time, reflected inth
moportion of freestream downf
that the wing made on the car a
angle and location, seen in Figu
The global pleture [s aqually
interesting. Overall downforee (i
drag) increased with increasing
wing span, of course, but the ga
tafled off at the top end of the 5
range, in contrast with the gam:
the rear wing itself and from the
chassis’'underbody (see Figure
both of which actually saw sligh
‘accelerated’ gain at the widest !
This reflected an increase inwh
lift at the widest span (reversing
what was 2 decline in wheel lift
cach previous span increase), w
coincided with the rear wing nc

- being wider than the inside of the

- wheels and as such accelerating

Ihe airflow {and thus reducing the

- static pressure) over the tops of the
tyres hath frant and rear, Balance
ot unexpectedly showed & marked
and linear shift b the rear with sach
ertra increment of rear wing span,
Tablle 2 summarise< the data over

dawnforce and efficicncy gains
artainly point towands using the
- maximum permitted span,

ore/aft location

The datum fore/aft, ar x-location in
ks fargaing sections, put the wing's

- CAD-3: A ranqe of fore/aft locations for the model's rear wing was alsn evaluated

~ &pan. mm Drag Downloree Solront Lo
800 76232 | 162175 43.40% 2127
0. | 7358 Ll 8% 2263
1200 824 52 199935 | 33.07% 2425
1400 §45.08 200040 | 2801% | 2408

leading edoe at k=3 55m, where x=0
coincided with the tip of the cars
nose, Three other x-locations for the
wirg were evaluated on the car, at
3.75m, 3.35m and 3.15m, the last of
which put the wing’s leading edge
directly above the rear axle, These runs
were with wing at 12 degrees, and
Table 3 summarises the data, (CAD 3)
Superfcially thic all lecks fairky
straightforward, with downfarce
and -L/T peaking at the datum foref
aft location of x = 3,55m, which we
might naturally assume was where the
wireg interacted best (at this height}
with the car’s underbady. Balance,
hawever, changed in an essentially

fore/aft locations, forces in

Table 3 — the car’s data at different rear wing

Newtons at 100mph

- km DOrag Downforce  %front Lo
315 833.30 174175 | 4256% | 2080
335 A20.24 180484 | 4061% 2201
355 62153 | 16822 | aragx | 20T |
375 | BO7E5 | 181550 3B90% -+ 2248 |
' Df contributions
EX} — 1
I T80 -"."_,.pr'. S —a
ﬁmrf' —— g O =
5550 I = s T I
Z 60
E 55& —
o0 ————— — X
450 L— T ]
315 235 ERL 3.75
x-docation, m

Figure 11: This shows the downfarce contributions o the rear wing and chassis/

underbody at varying wing fore/aft positi

Xx=3.181m

ans = and some inleresting interactions

CFO-3: The velocity plot on the plane at the wing's leading edge al location
%=1.15m shows ‘freestream velocity plus' across most of the span

Xx=3.761Tm =

CFD-4: The valacity plot on the plane at the wing's leading edge al localion 1=3.75m
shows lower velocities approaching the wing's all-inportant underside region

linear fashion with the wing's fore/

aft location, and we might simply
assume that this was just dawn to the
wimg lncatian, However, check out
Figure 11 showing the dawnforce
contributions of the rear wing and the
chassisfunderbody and it becomas
clear that the picture is nof that

DECEM

simple. Wing downfarce actually
peaked at the furthest forward

location, which initially seermed

curinus but can be explained by CFD
plot 2 and 4 showing generally higher
valacity in the alrflow approaching

the underside of the wing at x=3.15m. l
At the ather locations the wing's
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Forces v rear wing height
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Fig 12: Adjusting rear wing height once again showed thal infleractions were
{aking place. The racecar model was tested at three additional wing heights

Table 4 - the car's data at different rear wing
heights, forces in Newtons at 100mph

Delta y, mm DOrag Downforce Solront LD
200 792,49 183517 35.17% 2.316
0 797 .60 1804.91 38.34% 2.261
-200 757.51 168335 A4 25% 2002
400 730,02 1699.86 4806% | 2300

CFD-5: The rear wing's operating enviranment is much compromized at reduced
height, but the car's overall aerodynamic perlormance didn'| necessarily suffer

downforce was somewhat bower and
altered little. Corversaly, the chassis/
underbody’s downforce contribution
increased significantly when the wing
was moved from it furthest ferward
Incation and continued to increase 1o
the datum position af x = 3.55m. S0,
whilg our initial assumption abaut
interaction with the underbody looks
carrect, once more the detail shows a
miore complex situation,

Height

The datum height of the wing was
initialty set so that the top of the
end plate, which was just clear of
the top of the wing's trailing edge,
was 900mm above ground, a typical
maximum height in many single
seater cateqories. Using the datum
x-location of 3.55mm and Aod of

10 degrees the car was re-testad at
thiee additional heights of +200mm,

datum height, Overall drag and
downfarce, plus rear wing and chassis
downforce are platted in Figure 12
and Table 4 summarices overall data,
Overall drag was roughly the same
al +200mm and datum height, but
dropped fairly linearly by a modest
amount at each of the nesxt two
lower haights, Overall downforce
peaked with the rear wing at
+200mm but recovered slightly
when the wing was set at -400mm
despite the Initlal decline with
reducing height. Rear wing
downforce showed a more or less
linar decrease with each reduction
in beight, while conversely chassis/
underbady downforce showed a
mare or less linear increase as wing
height reduced. Mot shown here, rear
wheel lift also decreased with this last
rear wing height reduction, this alsa
contributing to the recovery in total

Table 5 — the car's data at different

rear wing dual tier spacings

ﬁursp@nﬂ_m. mm ﬂrau - ____I:_Iaq.rnlume Salronl LD
0 Bl6i1 | 203874 | 3ajew | 24w
150 | 89850 2248.07 28.00% 2508
300 | boeT2 2211.00 28.50% 2438
450 | 87606 2200.92 33.94% 2.525
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Fiyure 13: Downforce distribution with a duzl tier rear wing fitted o the racecar moi
and varying heighls of the lower tier, again showed wing/underbody interactions
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Figure 14; The bakance was the same al the lowest second fier haight as il was
with no second tier, bul the olal downlorce was greater in this configuration

Once more our immediate
conclusion must be that the rear wing,
despite generating less downfaorce
itself, was interacting with the
uniderbady more at lower heights and
helping toincrease the downforce of
the latter (CFD plot 5).

The -L/D shows that the initial
decling with reducing wing height
also sharply reversed at this lowest
wing height, reflecting the refative
efficiency of underbody generated
downforce and also that overall drag
had declined at the two lowest wing
hesghts evaluated.

Multiple tiers

Additional tiers are a commian sight
on rear wings across a multitude

of categonies, although generally
speaking the maximum is bwo liers.,
Joseph Katz showed s in Roce

Car Aerodymarmics (15t Ed) that, in
isalation, up ta four tiers Incrementally
increased downforce potential but
that the -L/D alsa incrementally

ot recommended wunless masim
dewnfarce was sought and drag
penaltizs were fo be disregarded
of the problem is that space on th
back of a racecar is usually limitad
by requlatory maximum height;
locating the lower tier to nteract
favourably with the diffuser exiy;
and physical space. Furthemore,
Katz showed that putting one wir
below or above anather saw then
interact unfavourably with each
other and reduce the downforce ¢
each element, although the pater
combined downforce could still b
greater than a single wingonits ¢
a5 long as vertical spacing betwe
thern was approxinmately 30 pero
of chard ar more,

With all the abowve in mind, du
tier configurations were evaluate:
initially cn our single seater mode
al three different tier spacings; th
lowest secand tier position was
A50rmm below the datum height,
which put the lawesr tier nicely ab

Table 6 - the car's data with one to four wing tiers

.-—“‘ — e
CFO-6: The dual-fier rear wing configuration worked well on our racecar madel
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| Mo of tiers [wag Downfonce Sdront Lo
| 816.11 2033.74 33.78% 2,492
J 2 Br5.05 2209492 J384% 2525
3 459 52 236289 2647% | 2463
4 1008.76 2487.99 24 50% 2.466

O, N, 100mph
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g Y

== Chadsii 0¥

Number of tiers

Figure 15: This graphic shows that the wing and the chassis/underbody
downlorce increased as the rear wing liers were added to our racecar model

spacing was 300mm below the datum
(= one chord's distance) and the
highest pesition was 150mm belaw
daturm helght. The upper tier was
fimed at datum height, 10 degree Aok
ard x=3.55m in all cazes, The tecond
tier was set at the same angle and
¥=location. To connect the tiers the
central mountings were replaced with
end plate mountings that attached to
the autsice of the diffuser,

The overall results are shown in
Tahle 5, and where the tier spacing
is stated as Ormm onky one tier was
present, in the datum location, with
end plate mountings.

Adcing the second tier at 150mm
[half a choed's distance) below the
dhatum wing added slightly mare
than 10 per cent total downlorce
and also added just under 10 per
cenk more drag, which saw the -LD
value increase very slightly, Balance
shifted rearwards fairly significantly.

However as the second tier's height
was reduced, drag initially climbed
slightly further but then reduced
again, while downforce dropped

and then stabilised over the next

twho spacings. Interastingly. but not
entirely surprisingly given what we
saw above when the singbe rear wing
wits lowered in hewght, when the
second tier was put 450mm below
the top tier the balance shifted
forwards again and -L/0 reached its
madrum, The piots in Figures 13
and 14 illustrate how the wing and
chassis/underbody individually fared,
and how balance changed. Figure 13
shows the initial (29 per centh jumpin
the wing assembly’s downforce with
the addition of the sacond fier, which
then decreased at the next twa lower
positions as the lower wing tier was
mved into what we know from the
previous section was a less favourable
emvironment. Chassis/underbody

Wing -L/D vs no. of tiers
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Figure 16: The -L'D of the wing assembly on the car showed an expanéntial
deching with adaitional tiers
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CFD-T: The airllow to each succissive lower lier can be seen hire to be compromised

mare than the one above, Yel muliple tiers can offer potential perlormance advanlages,
thowgh that depends very much on the application. This is similar to the Katz plob

downforce, howsver, increased with
the Inltial fitment of the second tier
and continued 1o increase as that tier
was lowered In helght,

S0 locating a second wing tier 1.5
chord’s distance below the upper tier
increased total downforce by 8.7%
amd ~L/T by 1.3% without changing
the asrodynamic balance. On the
downside drag increased by 7.2%, so
the suitability of this configuration
would obwvioushy depend on the
specific application (CFD plot 6).

If placimg thie second tisr 450mm
bselow the first tler was the best
solution from the abowve Urial, and
450rmm was accepted as the lowest
practical location here, what would
happen if one or two maore tiers were
fitted in between the top and bottom
tiers? While this might be less practical
if deeper section (for example multi-
element) wing tiers were being used,
with the relatively thin section single
element wing hare it was a simph?
thiirg to try. 5o one and twa additional
tiers were instafled at even spacings
between the top and bottom tiers,
and the overall results are in Table 6.

A glance at Table & shows that
both downforce and drag increased

roughly limearly with each additional
tier and balance shifted rearwards
with thers three and four, It might

b tempting to think that the extra
intermediate tiers added drag and
rear wing downforce anty, but Figure
15 shows that chassis/underbody
downforce did respand to these
intermediate tiers and contributed to
the incremental downforoe increases,
just not By enough 1o prevent

the balance shifting rearsands.
Interestingly. the decrease in the
cars -L/D with each extra tier was
viery moddest in the context of the
whole car, although platting the -LD
of the wing assembly only versus

the number of tiers (see Figure 16)
preduced a generically similar plot to
that published by Katz. [CFD plot 7)

Summary

This beief ook of some of the
rudiments of rear wings has
highlighted that simple assumptions
can hide same of the detail of what is
actually going on. But CFD cam reveal
useful and fascinating insights into

the underlying Interactions

Many thanks to ANSYS UK for

providing the CFD software. @'

Simple assumptions can hide some of the detail of what is going on
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