- WINGS AND YAW ANGLES

Wings at yaw

Aerodynamic performance alters when a racecar isn't running straight ahead.
But what happens to the performance of wings when at yaw angles?

& have seen In same

of our wind tunnel-

Lased Aerobytes

studies how
asfodynamic forces and balance
tan alter on a racecar with yaw
angles up to around 20 degrees in
some instances. Aend balance can
sometimes tangibly change over
even quite small yaw angle shifrs,
But it ks rarely possible to tell for
certain in the wind tunnel why
these changes oocur, of how the
forces on individual components
aiter. 5o could we use some
simple CFD simulations to provide
some insight?

The question was catalysed
by &n enquiry from a category of
motorsport where the objective is
1o maintain an extreme oversiesr
condition in a controlied and
stylish manner, that Is, ‘Drifting”
But having raised that question,
It seemed that looking at what
happens over 3 wide range of
yaw anghes might be instructive
in other on- and off-road
motorsport applications.

S0, a 5et of simple models was
constructed in CAD, starting with
a dual-element wing. Then a basic

model of a saloondsedan was
created that utilised the dual-
element wing. And finally a single-
seat moded with dual-element front
and rear wings was examined. The
plan was 10 see initially how the
performance of an isolated wing in
freestream air altered over a wide
range of yaw anghes, and then 1o
loak at the performance of wings
on two different Types of cars while
IS0 Laking e opporunity
examine b the aerodynamics of
the car models themselves altered
with yaw angle.

The range of yaw angles used
for the initial evaluations here

may Seem extreme. But angles
of 45 degrees and more can be
successtully maintained with
controd and ‘pseudo-stability’
by experienced exponents in
suitably setup cars.

ISOLATED WING

Thia high downforce dual element
Wing was Initiaily Tinted with &
simple. Tairly deep rectangular
end pate design - sce CAD 1.

This end plate depth had boen
shown to offer a good compromise
between & useful acrodynamic
benefit (at least. in a straight lina)
versus the inevitable extra weight

~ Dual element wing at yaw
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& potential loss of rigidity.
St betng relatively large., what
wouild s effect be when the
=g was al yaw? Figure 1 plots
sowmforce, drag and side force at
1 00mph (44.7m/s) across the yaw
2Nge up 1o 45 degraes.

The change lo downforce
saw an initial gentle dedline o
15 degrees yaw, after which the
secline became steeper thaugh
essentialty still linear, ending up at
=out 38 per cent of its ‘straight
anead value. Drag inftially rose
g=nily but then somewhat more
steeply, and at 60 degrees had
wsen by about 23 per cent from
15 2610 yaw value. The side
force wias relatively modest at all
angles compared to the forces on
e gihwer Two axes, peaking at
) degrees yaw on a curve that
rtially rose, then dipped slightly,
B=fore attempting to comment
= this shightly imegular side force
cattem. well first examine other
wing configurations, to follow
shortly. But the general shape
of the downforce and drag plots
refa 00 Not Seem unreasonable,
and the changing rate of decline
n downforce seemaa to tally with

the visualisations, which show that
flow separation around the end
plates only really took hokd once
the wing was at an appreciable
yaw angle (see Figures 2 and 3).
And at the point when separation
did become marked, it was clear
that parts of the wing wede then in
the wake of the ‘upwind end plate.
And as both end plates create
these wakes, it's not hard to see
why drag Increased.

%o if the end plates were at
least in part responsible for the

range of yaw angles in suctessive

CFD runs in otherwise identical

conditions. The data afe shown in
Figure 4. the plot lines with the
‘EPmin’ sutfix belng those of the
wing with minimalist end plates,
here plotted alongside the ‘datum’

wing for easy comparison.

Some quite different patterns

were in evidence here, First,

stralght line (zero yaw) downforce

was almast 15 per cent down
compared to the wing with the
datum end plates, which was

With experience, angles of over
45 degrees can be maintained

with control and ‘pseudo-stability’

decline in downforce as yaw
angle was increased, how would
the wing bahawve with much
smaller end plates? A minimalist
end plate design that protruded
only very slightly below the
wing's suction (lower) surface,
and which had less area above
the pressure surface too was
drawn up - se2 CAD 2 - and the
wing was put through the same

what we would expect. Second,
the decline in downforce with
yaw angle was less across

the full yaw range with the
minimalist end plates. so that at
the steeper vaw angles tested,
downfiorce was actually higher
than with the datum end plates,
almost 18 per cent higher at

45 degrees and over 8 per cent
higher at 30 degrees. Third, the

datum end plates makntained
greater downforce up o around
20 degrees even though the

rate of decline with yaw angle
was steeper than with the
minimalist end plates. And fourth,
side force - though small in
magnilude at yaw - was actually
in the opposite direction with
the minimalist end plates. this
presumably arising from a smail
sideways vertor component from
the wing's suction surface that
became evident in the (effective)
absence of end plates.

Already then, thers could be a
choice to be made here between
end plates that mainained the
maximum downfarce at lower
yaw angles, but which then saw
downforce decline quite sharply
once beyond 15 degrees yaw vs
ones that affered a more gradual
and benign response to changes
in yaw angle but at an initially
loweer downforce level,

A device that has been seen
on wings down the years is the
Imtermediate ‘fence’ or ‘spill plate’
Perhaps ane of the bt known
manifestations was on WRCars,
and the natural conclusion from 9

Dual element wing at yaw

CAD 1: the dual-element wing with large end plates

Figure &: aero data for the wing with ‘minimalist’ end plates ve the datum wing

Dual element wing at yaw
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botiom of the image; the streamlines are attached to the end plates
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have disrupted the asredynamic Thow

Figure 5: data for the wing with “spill plates’ compated with the datum wing
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Flgure B5: top view of the wing with spill plates al 45 degrees yaw.

flow entering from the bottom

CAD 4: the sedan with wing model

that application was that their
role was yaw-related, Published
suggestions for thelr purpose
ranged from ‘flow straighteners’
to aid the wing's performance.
to devices to increase the
yaw-Teturming moment to help
stabilise or to react against the
oversteer condition. Another CAD
model featuring five additional
plates to the same dimensions
as the end plates and set at
regular span-wise spacings
across the dual element wing:
was constructed - CAD 3 - and
then evaluated in CFD across the
same yaw range as the previous
models. The data is shown in
Figure 5 and plotted alongside
the datum wing's data.

Once again, straight line
(zero yaw) downforce was down
compared 10 the datum mng, and
the CFOD visualisations showed
that the intermediate fences
created their own wakes that
locally reduced the magnitude of
the suction on the wing's lower
surface. Then, as yaw was applied,
the response with the spill plates
wias more irreguiar, but not towally
dissimilar to the datum wing's

response. Drag started off much
the same but increased mone
rapidly over 10 degrees yaw,
ultimately peaking at a higher
magnitude than downforce at the
highest yaw angie. And side force
initizfly responded similarly to the
datum wing, but then jumpedto a
mwch higher level at 15 degrees
yaw and above. If one was to add
the drag and side force compaonents
together to resolve the net force
along the wing's span-wise axis, it
would be quite significant at high
yaw, See Flgures 6 and 7.
However, these toe-in-the-
water studies of a wing in isolation
da nat represent what happens
10 3 wing mounted on a car. For
that we need to bring in our
‘racecat plus wing' modeds.

WING ON A SEDAN

A model of a geneiic sedan (CAD
4} was created, featuring a front
aero kit comprising an airdam and
2 large splitter with end-fences
and dive planes, on which the high
downforce dual elemant wing
SBEN in e previous Section could
then be attached, The wing was
adjusted to & lower ovedall angle
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yawi, flow entering from top

he future of F1 aero

development lies with

fully integrated testing
development environments, with
“turn key' solutions and support

Efficient, comrelated testing
{virtual CFD/DIL to wind
tunned tn track) ane the main
drivers which may be cost and
legisiation driven. | think there
will be an aggressive push
for enhanced efficient wind
tunnel testing methodologies -

ton imiprove aerodynamic balance.
The modei also featured simplistic
representations of the intermnals
of a front engine compartment 1o
incorparate some intemal flows.

To simpdify the CFD setup
process when at yaw, the wheels
were stationary throughout,
atthough the ground was set to
mave at the same speed and in the
same direction as the inlet airfiow
im our virtual wind turnel. The car
was run first at zero yaw and then
the yaw angle was increased in 5
degree increments. Well look at
the results of ditferent aspects in
turn. starting with downforce. As
Table 1 indicates. the forces on
the main companients have been
caloulated separately.

A number of interesting
points spring from Table 1. Total
downforce indtially increased with
yawi, primarily bacause of a modast
increase in rear wing downforce.
but it then declined increasingly

PREDICTING FUTURE DEVELOPMENTS

with ultra-guick model changes

Other areas that will grow
will be shape, aetoelaStcity and
turbulence intensity matching
of 60 per cent scale to full-ceale:
wue cornering studies with
proper interference corection
methodologies (WT flap system};
Flow visualization and autamatic
minimal interarence Tl Tiow
field interrogation.

Finally | think there will
be a need to dosely foliow
regulations and development
trends, such as like the likely
return of full-scale tyre testing.

Professor Mark Gillan,
principal RED engineer, MTS

rapidly and by 20 degrees had
become positive lift overall. This
was mainly because the car itself
generated iNCreasing amounts

of positive lift once above 10
degrees yaw (see Figure 8)
However, the wing itself also
generated less downforce once
above 5 degrees yaw, with guite
a marked drop once over 15
degrees yaw, which matched
the pattern in the isolated wing
tests. Frustrating meshing issues,
unresolved at copy deadiine time,
precluded higher yaw angles
being investigated for now (on
this madel)

Moving on o drag. the results
are shown in Table 2. In essence
then, drag increased with yaw
angle and the rate of drag increase
Went up as yaw angle increased,
the dominant source of drag being
th car bady (Including whesls tz)
- bt wing drag alsn bacame mane
significant at higher yaw.

- WINGS AND YAW ANGLES

Figura 8: the rear wing on the sedan showed asymmetric pressune

digtributions and disruption of streamlines at 20 yaw.
NWatice the low prassures on the roof and the very low pressure on the
rear soreen pillar - sources of body lift

Table 1: downforce, N at 100mph, vs yaw on the sedan

plus wing model (negative downforce = positive lift here)

Yawangle Dfcar  DFsplitter DOf wing  Total Df

0 7883 13525 11938 17580
5 %12 13585 12396 [18069
0 7390 13600 10930 17140

15 14363 12912 (9739 @88
20 25832 10934 7321 | 7677
Table 2: drag foncaes, N at 100mph, vs yaw on the sedan

plus wing model

Yaw angle  Drag. car Drag. splitter Drag. wing | Total drag

0 12967 131 931 14029

§ (13853 189 (1232 | 14954

10 14820 260 1815 18835

15 [ee61 360 2261 |19082
20 18520 467 3055 | 22042

Table 3: side forces. N, and yaw moments, Nm, at 100mph,

on the sedan plus wing model

b [ jar a4 |-228
5 3334 36 1160 4850
0 (6177 630 2879 9746
15 (1S @9 (4189 [16353
20 15774 (01 5200 21875
Yawangle Yaw,cat  Yaw,splitter Yaw,wing  Total yaw, Nm
0 (1233 (913 1B 1925
5 3031 248 4251 7094
0 431 478 10538 [ 14381
15 10045 598 15488 -24335
20 | +1488.6 66.2 -1%89.8 -34l2.2

Table 4: the balance of downforce with yaw angle
Yaw angle Total O, N Total pitch, CofP,m %frent
M

0 (17580 17580 2033 242% n
5 (18069 18119 (2191  185%

10 (17140 17260 2222 174k

15 (8288 B43B 2608 |31%

20 |-7677  |-7477 0368 |863% (positivelift)
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Table 3 shows the side forces
and the yaw moments combined.

Once again the side forces
and yaw moments showed
overall increases with increasing
yaw angle, both Decoming quite
substantial at 20 degrees. One
of the interesting things in our
context here is that o3 the wing's
side force increased, obviously
50 too did its yaw moment. The
torces and maments are calculated
bry the CFD at the coomlinate origin
of the CAD moded, which in this
instance is i lime with the front
whiel contact point and at ground
level. By dividing the yaw moment
by the side force at each yaw
angle, it bacame evident that the
centre of pressure of the side force
moved backwands with increasing
yaw angle - this the result of the
increasing influence of the rear
wing (and end piates).

It is also interesting to
examine how the front-to-rear
dgownforce distribution shifted
with yaw. This can be done by
dividing the pitch moment by
the vertical force, which gives a
distance in metres of the centre
of pressure from the CAD origin
{which, having been set at ground
level maans there is no pitch
moment from the drag force to
complicate the calculation). The
distance of the centre of pressure
along the wheelbase is then
used 1o obtain tha proportion of
downforce exerted at the front
a5 a measure of the aerodynamic
balance. Table 4 iliustrates.

Locking at the right-hand
column of Table 4, we can see that
thi aerodynamic balance shifted
rearwards (%front reduced) as yaw
angle increased. albeit non-linearly.
but at 15 degrees nearly all the

Figure 9: adding spill plates generated greater side force and yaw mamoent

downforce was being felt at the
rear. 50, as well a3 the yaw moment
cenre snifting rearwards as yaw
angle increadsed, tha balsnde of
downforce also shifted reanwards.
Both of these faCtors woukl oppose
the dynamic forces that generated
e yaw angie in te first piace, and
Both were related to the presence
of the wing at the back of the

car. Of course, we should remind
sursolves that those simulatians
wsed a simpiistic generic madel and
ot @ real car, but the changes we
have seen Nere ane ones hat would

bear investigation on a real car or
a digital model that adequately

represented It in appllications
where larpe yaw angles would be
routinely encountersd,

It was mentioned earlier that
intermediate spill plates have
been said to improve a wing's
performance on a car. in isolation
they did not help downforce but
they did increase side forces
when at yaw. Two further runs
were carried out - one with the
wing with spdil pates on the car at
2er0 yaw. and one at 20 degrees
yaw. The overall results compared
to the 'no spill plates’ cases are
shown in Table 5 (overleaf ).

e can see that the sole
benefit of the splil plates was to
generate more substantial side
force and yaw moment, with a
furthes aft centre of prassure of
that side force (obtained from
the yaw moment divided by the
side force). The wing's downforce
contribution did reduce slightly.
However, this was just one ook at
one spill plate configuration and
one yaw angle, and more study
would be warranted to see if the
concept merited use in a specific
application - ses Figure 9.

Ly
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gt 105 9 Vi Of the singls-seater t 20 dagrees youw, stromiines
emanating at front wing height {from the right)

Balance versus yaw angle
A0%
5%
i
far — =

%

Table 5: the effect of spill plates with the wing on the car model

Yaw angle Total drag Total Of Total side
20 Nosplplstes 22042 7677 21875
20 Spiliplates | 24209 8068 26468

Hu.nn:upuhunfunw-t.ﬁwmmm
amanating at rear wing helght

CAD 5: the single-seater model with dual-slemont front and rear wings

Totalpitch  Total yaw
2826 34122
953 49241

Tabie 6: downforce, N at 100mph, vs yaw on the single-seater model model

(negative downforce = positive fift)

Yawangle D car Df, Hiwheels DY, fiwing of, riwheels
0 217 94 [10573 -1128

5 3na w8 (10227 12248

10 14058 A0 9640 1319
15 15585 i) 9284 1524

a0 {5543 -1133 | BB6.1 1278
WINGS DN A SINGLE-SEATER stationary wheels - and 100mph
The CAD model for this part of air spesad in the ‘flow domain, our

the investigation was that of the
writer's hillchmb single-seater
project, as usad in our study of
‘frant wing fundamentals’ last
manth - see CAD 5, The wing
setups, which featured a less
cambered rear wing than on the
sedan, were again chosen 10
create 4 reasonable agrodynamic
balance at zero yaw. Very similar
CFD conditions 1o those imposed
upon the sedan model were
used - that is, moving ground but

virtual wind tunnel. As with the
sedan model, the single-seater
was rotated through 5 degree
yaw increments. The simulations
were setup 5o that the forces and
moments could be individually
caltulated on, in alphabetical
order, the cantral car body, the
front wheels, the front wing. the
rear wheels and the rear wing
As with the sedan we'll first ook
at how downforce changed with
yaw, Table b shows the data,
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Df, r/wing  Total Df
12816 26564

12520 24235

115721 23108

10826 3052
18704 20437

The first thing that differed

from the sedan is that the ‘car -

that is. the central chasss, sidepods

and underbody unit - created
donenforce rather than lift The
only items to create lift here were
the exposed whsels, Glven that
they were non-rotating in these
simulations thiir lift contribution
would be slightly greates than
had they been rotating. but the
difference in their pverall etfect on
net downforce was relatively small
Looking at the right-hand
column, total downforce reduced

with yaw, initially at a declining
fate but then maore steaply from
15 degrees. The front wing's
contribution declined quite

Slowly With yaw. whersas rear
wing downforce decreased at an
accelerating rate - especially after
15 degrees yaw. This mirrored the
[solated wing's performance, but
nat that of the wing on the sedan.
which initially gained downfome
at & degrees yaw. [nterestingly,
the single-seater’s body unit saw
its downforce initially decline at

5 degrees yaw, but then increase
again before levelling cut at 15
degrees at a value slipghtly higher
than the straight ahead value. See
Flgures 10 and 11,

The atfect on overall balance
was markedly different to the
sedan case, and the plot in Figure
12 best illustrates this. There
was an initial reduction in %frant
a1 5 gegrees yaw, but then a shift
to the frant which increased quite
markedly as yaw increased. So
whereas the sedan’s response
was 1o counter the effects that
would have caused high yaw
angie 1o occur by increasing the

s
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Table 7: drag and yaw angle on the single-seater model

Yawangle  Drag car Drag, 1/ Drag, fiwing  Drag riwheels Drag, riwing  Total drag
wheels

0 laoes 1203 1075 1780 109 [ee92

5 la3s 1233 1054 1839 1619 9784

0 434 444 1054 1816 77 oas

A5 4925 1586 {1062 186.7 2050 11490

2 15735 {1653 1067 2146 wmul (132

Yawangle  Side.car  Side. f/wheels Side, f/wing Side, r/wheels Side, t/wing  Total side
v o4 o8 o s o 138

5 (758 1631 152 |76 B 2176

10 1767 941 108 32  [n3n 4338
15 3458 11303 (154 B2 w2 |5%eSs
20 14863 (1366 182 1534 |2201 9148
Yaw angle  Yaw, car Yaw, fiwheels Yaw, fiwing  Yaw,r/wheels Yaw,r/wing  Total yaw
HE RSN R4 1=———=ug =14 474 04 LA
5. 514 160d 25 437 3571 5148
e 3504 oSy (06 |-2387 -5389 -1224.7
15 _ 7857 33 -10 -1614 11232 -18086
o -10B30 412 123 3985 11134 27494
et
as yaw angle increasad. the

cingle-caaters response was tho
oppasite, and gna that would be
Intrinsically less stable on track.
The changes to total drag
followed a similar pattern to
the sedan with an accelerating
increase with yaw angle, as
Table 7 demonstrates. The car
and rear wing exhibited similar
pattems to the overall picture,
but the front wing's modest
drag contribution was almost
unchanged across the yaw range.
Turning to side farce and yaw
moments. Table 8 shows the
responses. The overall side force
increased more of less linearly with
yaw angle, while the yaw moment
increased Hnearly up to 15 degreas
and then sfighthy more rapidly to
20 degrees. The centre of pressure
of the side force was fairly wetl
back on the car, shifting more
rearwards at 20 degrees. So this
was a more stable responsa than
the change in downforce balance.
and it refiected the increasing
effect of the rear wing and end
plates as yaw angle increased.
The side force responsas of
the other components were quite
varied: the rear wheels showing
@ highly variable response, and
although the farces involved
wefe small, the yaw moments
were significant.

uring Toyota Motorsport

GmbH's F1 participation,

aefo was the principle
focus of development. With less
than four per cent performance
gap between the front of the
Formula 1 grid and the non-
point-scoring back af the grid,
aerodynamics are critical.

The hi-tech faciiity in
Cologne. Germany. allows for
bath full-scale wind tunnel
testing. and CFD to help simulate
wings at yaw, The CFD capability
ts up 10 50 milfion hexahedral
cells per vehicle model, the
company has 3 B00-CPU cluster,
and can simulate comering
and overtaking. The CFD results
can be correlated with wind
tunnel results, as can flow fields
with PV results.

SUMMARY

In peneral then, wings at

yaw can be expected 1o vield
reduced downforce, although
not in all circumstances if our
sedan model at 5 degrees

yaw is a guide. End plate size
cerfainly influences what happens
at yaw, as does the vehicle the
wing is mounted to, in terms of
the way the wings themselves
respond but also how significant

TMG's wind tunnel has a
rolling road with a wheelbase
range extension long enough for
@ full-size F1 car. The tunnels
feature continuous steel beit
MTS rolling road, with under-belt
load cells, positioning accurate
to 0.05mm and facility 1o
simulate tyre deformation and
exhaust simulations.

The firm is also installing
a slotzed wall to reduce
efficiency and flexibility for
full-car testing. Improving
Its fixathon system to allow
for a greater variety of items
to be tested, and installed
universal bearings on rolling
roads to allow guicker and
easier changes for different
wheelbase vehiches.

the wing's contribution is to overall
aero performance.

An, as s well-known in sprint
¢ar serigs anound the world, the
side forces and yaw maments
created by a wing with sizable end
plates become significant as yaw
angle increases.

Racecar Engineering’s thanks
to ANSYS UK for the use of

CFD-Flo software @

Although the side forces involved were somewhat
small, the yaw moments were significant
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TYRE ROLE

tis impaortant to understand

aerodynamics at yaw

because of the way in
which tyres work with a road
surface in order to gensrate
£rip. A rotating tyre operating
at zero angle 10 the oncoming
Tarmac generates near Zefo
lateral forces for our vehicle.

When driving a car,
operating our front and reas
tyres at varying amounts of
yaw (or slip) angle, It is a matter
of how we contral the car in
order to change is direction,
\ie could call our steering
whesl the ‘yaw commandes -
a5 we tum the wheel we are
in fact yawing the front tyre
contact patches relative to the
direction of travel.

Mast racecars do not utilise
actively contralled four-wheel
stearing and as such the rear
wheeis of MOsT Cars Nave a
fimed relavionship with the
wvehiche chassis. In order for our
drivers to alter the slip angles
of a car's rear tyres. they must
Tirst yaw the entire vehicie. 1T
you are generating comering
forces in 3 fast-moving chassis,
then you will be driving in
yaw - and during car control
recovery situations these
angles can be pretty large.

Wwe are unlikely 1o ever seg
a situation where these yaw
angles are not accompanied
by chassis roll angle a1 the
same time. even if the only
suspension deflection
is the tyre's sidewall,

Approaching vehicle
dynamics holistically, we must
understand the operational
detail of the sub-systems.
When making design
o setup decisions, we
should concentrate on the
interdependence of these
systems and the net effects our
changes will have on the overall
vehicle performance,

Asmdynamics in yaw
i Important. because the
optimal solutions for maximum
nagative Iift penerationin a
conventional zem yaw wind
tunnel are unfikely to be the
optimal sclution for the best
vehicla system performance.
5am Borgman, Torque
Developments International
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