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BABSTRACTIl The present study first focuses on the transient aerodynamic load associated with
vehicle’s vertical (heaving and pitching) motions. Dynamic wind-tunnel tests of a generic fastback car
model, known as the Ahmed model, were conducted using a two-degree-of-freedom model shaker. The
experimental results revealed that frequency-dependent gains and phase differences between the model
height/angle and the aerodynamic loads were in close agreement with those predicted by large-eddy
simulations (LESs). Based on these results, a full-unsteady aerodynamic load model was derived in the
form of a linear transfer function in order to demonstrate the influence of the transient loads on the vehicle’s
dynamic behavior.

The second focus is on fluctuations in the aerodynamic load acting on a hatchback car model under
steady and straight driving conditions. Surface pressure fluctuations predicted by LES indicated a negative
correlation between the two sides of the rear end, which could excite lateral vibrations in the vehicle. In
wind-tunnel tests using a 28% scale model, delta-winglet vortex generators (VGs) mounted on each side
of the rear end provided a marked reduction in lateral load fluctuations. The VGs were then applied to
an actual hatchback car and resulted in higher subjective ratings during a track test. This is a promising
result that supports the hypothesis that suppression of aerodynamic load fluctuations improves vehicle

motion performance.

BKEYWORDSII Passenger Car, Dynamic Wind-tunnel Test, Large-eddy Simulation,
Transient Aerodynamic Load, Aerodynamic Load Fluctuation,

Vehicle Motion Performance

1. Introduction

Time-averaged aerodynamic loads are generally
used for vehicle performance evaluation. However,
it is seemingly essential to take into account
time-dependent/unsteady aerodynamic loads in order
to provide a realistic evaluation of vehicle handling,
stability, and ride comfort. Unsteady aerodynamic
loads acting on a passenger car driving in still air
include transient loads associated with vehicle motions
and fluctuating loads originating in the unsteady wake.
Note that the latter loads exist even under static driving
conditions.

Although transient aerodynamics has been of
increasing interest to the automotive industry, most of
the experimental studies to date have been conducted
for pure yawing motions!* in order to address gusty
crosswind conditions. In contrast, due to the practical
difficulties associated with the design of a robust model
shaker system, numerical analyses have been shown

to have a significant advantage over experiments for
vertical (i.e., heaving and pitching) motions.®

On the other hand, load fluctuations have not been
sufficiently investigated from the viewpoint of vehicle
handling stability, although the identification of
unsteady near-wake structures has been studied for
many years. To the best of the authors’ knowledge,
the work by Sims-Williams et al.” is the first to
have revealed the existence of weakly coherent
antisymmetric oscillations behind a realistic car
model and to have implied their possible effect on the
degradation of straight-line stability.

In the present study, dynamic wind-tunnel tests
with a generic fastback car model as defined
by Ahmed et al.® were first conducted using
a two-degree-of-freedom (DOF) model shaker® for
sinusoidal vertical oscillations. The frequency response
of the aerodynamic loads was then compared with that
predicted by large-eddy simulations (LESs).1? The
first goal of the present study is to derive a transient

© Toyota Central R&D Labs., Inc. 2016

http://www.tytlabs.com/review/



28 7L R&D Review of Toyota CRDL, Vol.47 No.3 (2016) 27-38

aerodynamic load model expressed in linear form and
to incorporate this model into the vehicle’s equation
of motion in a way that allows a quick and efficient
evaluation of the vehicle system response.!?

Similarly, a transient load model of a realistic
hatchback car model was derived for sinusoidal lateral
oscillations using a six-DOF model shaker that was
recently developed in-house.!'® (The results are not
shown herein.) However, the effects of aerodynamic
devices could not be well explained by a preliminary
vehicle motion analysis for a lane change maneuver.
Note that the transient load model was based on
phase-averaged loads, so the fluctuating components
were inherently excluded from the analysis.

Therefore, the second goal of the present study
is to clarify the influence of the fluctuations in the
acrodynamic loads on the handling stability.('¥
Large-eddy simulations and scale-model wind-tunnel
tests were first performed with the hatchback car model
under straight driving conditions in order to examine
the aerodynamic fluctuations. The experimental results
led to the concept of an effective device in terms of
fluctuation reduction, the effect on vehicle motion
performance of which was then subjectively evaluated
on a test track.

2. Method for Studying Transient Aerodynamic
Loads

2.1 Dynamic Wind-tunnel Test

Dynamic wind-tunnel tests were performed in
a closed-circuit, 1:2 scale automotive wind tunnel at
RUAG Aviation, Switzerland. The nozzle exit was
2.45 m wide and 1.55 m high. The test section was
3/4 open and was equipped with a moving belt system.
The Ahmed model with a rear-end slant angle of
12.5° was chosen as the subject for the present study.
Figure 1 shows a perspective view of the Ahmed
model equipped with the internal model shaker
attached to the end of the overhead support strut. The
model shaker consisted of two hydraulic actuators,
which allowed two-DOF vertical motion. The overall
length L and the frontal projected area 4 of the model
were 1.044 m and 0.112 m?, respectively.

The transient aerodynamic forces and moments
were measured with a built-in  six-component
balance in the shaker. The load data were sampled at
400 Hz, and the raw data were phase averaged over

36 to 144 motion cycles, depending on the motion
frequency. The free-stream velocity U was set to
40 m/s, giving a Reynolds number of 2.8 x 10° based
on the model length L.

2.2 Numerical Simulation

Corresponding  numerical  simulations  were
conducted wusing an in-house LES code for
three-dimensional incompressible flows, extended to
the arbitrary Lagrangian-Eulerian (ALE) coordinate
system. For the modeling of sub-grid scale (SGS)
components, a mixed-time-scale SGS model was
used.!"? A detailed description of the code is given in
Reference (10).

The computational domain employing an overlaid
grid system consisted of an inner structured grid
and a background orthogonal grid. The former was
transformed with the vehicle motion, whereas the
latter was fixed. The number of inner grid points
was 215 (L) x 72 (W) x 123 (H), and there were
123 x 35 x 62 points for the background grid. Note that
a half model was used in order to reduce computational
cost. The minimum grid spacing adjacent to the model
was 0.1 mm.

2.3 Vehicle Motion Analysis

The four-DOF half-car suspension model used
in the vertical motion analysis is illustrated in
Fig. 2, where the Ahmed model scaled up by

~<._— Shaker & Balance

Fig.1 Ahmed model equipped with an internal
model shaker.
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a factor of four is considered. Here, z, and z, are the
vertical displacements of the front and rear wheels,
respectively, and z, and z, are the excitations
from the road surface of the front and rear wheels,
respectively. The specifications of the suspension
model are based on Kojima et al.!>

Let the aerodynamic coefficient C (C,: lift coefficient,
C,,- pitching moment coefficient) be decomposed in
the form of C=C +AC, where C and AC represent
the time-averaged component at the default position
(z= 0, 8 =0) and the transient component associated
with the vehicle motion, respectively. The equations of
motion for the vehicle body and the front/rear wheels
are:

Mz =2k (z+1,0-2,)~2¢,(t+1,0-2,)
2k, (z—=1,0-z,)~2¢,(:-1.6-2,)

+%pU2A<5Z +AC,), (1)

Jo==21k (c+1,0—z,) -2 c (e +1,6-2,)
+20k (e=10-z2)+20c(z-16-2)

1 _
v pUAL(C,, +AC,, ), 2)

me, =k e+1,0-z2,)ve (t41,6-2,) k2, -z,,).
(3)

mi, =k, (z=1,0—z,) +e,(t-1,6-2 )~k (z, - z,,).
(4)

.

Fig. 2 Half-car suspension model with four degrees
of freedom.

3. Method for Studying Aerodynamic Load
Fluctuations

3.1 Numerical Simulation

The subject of the present study was a simplified
hatchback car model based on a production vehicle.
The overall length L and the frontal projected area 4
were 4.226 m and 2.126 m?, respectively.

Numerical simulations were performed under
straight driving conditions using the previously
described LES code with an overlaid grid
system. The number of inner grid points was
293 (L) x 179 (W) x 162 (H), and the background grid
had 80 x 69 x 45 points. The minimum grid spacing
adjacent to the model was 1 mm. The free-stream
velocity U was set to 33.3 m/s, giving a Reynolds
number of 9.38x10¢ based on the model length L.
A velocity boundary condition equal to U was imposed
on the ground plane, and wheel rotation was expressed
by the angular velocity boundary condition.

For the LES analysis, three configurations were
considered: the baseline model and two modified
models equipped with different aerodynamic devices
that had received good subjective assessments by
drivers, as depicted in Figs. 3(a) and (b). One device
was a roof-side spoiler, which was designed to extend

:t-—-*—“

(a) Roof-side spoiler config.  (b) Combi-lamp spoiler config.

(c) Combi-lamp VG config.

By B

(d) Close-up top (left) and side (right) views of the delta VG

Fig.3 Modified hatchback car models with
aerodynamic devices highlighted in blue.
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the rear roof spoiler from its side end to the upper rear
pillar, and the other device was a combi-lamp spoiler,
which changed the shape around the rear combination
lamp to provide a sharply angulated corner.

3.2 Scale Model Wind-tunnel Test

Wind-tunnel tests were conducted with the 28%
scale hatchback car model in a closed-circuit, 1:4 scale
automotive wind tunnel at Toyota Central R&D Labs.,
Inc., Japan. The nozzle exit was 1.6 m wide and 1.2 m
high. The test section was 3/4 open and was equipped
with a fixed floor. The car body was supported from
above by a vertical strut, while stationary wheels were
fixed to the floor separately from the body.

The fluctuating pressure at selected points on the
sides of the rear end was measured using miniature
piezoresistive pressure transducers. Each transducer
was connected to a pressure tap inside the model
via short tubes. On the other hand, the fluctuating
aerodynamic forces and moments were measured
using a six-component balance mounted inside the
model. The pressure and load data were recorded at
a sampling rate of 500 Hz.

For the load measurements, two additional
configurations were considered. The combined spoiler
configuration (not shown) was a simple combination of
the roof-side and combi-lamp spoiler configurations.
The combi-lamp vortex generator (VG) configuration
featured a delta-winglet VG mounted on the rear
combination lamp, as depicted in Figs. 3(c) and (d).
The length and height of the delta VG were 50 mm and
25 mm, respectively, and the attack angle o was 15°.

A wake survey was conducted for the baseline
and combi-lamp VG configurations using hot-wire
anemometry. The nominal streamwise velocity
data were sampled at 800 Hz. During the hot-wire
measurements, the load data were simultaneously
recorded to allow for a cross-correlation analysis, and
the sampling rate was set to be identical to that for the
velocity data. The free-stream velocity U was set to
40 m/s, which yields a Reynolds number of 3.15x10¢
based on the model length of 1.183 m.

3.3 On-track Subjective Evaluation

A subjective evaluation was performed by four
experienced drivers with the actual production vehicle
with and without the delta VG on a 5-km-long oval test

track at the Shibetsu Proving Ground of Toyota Motor
Corporation. The length and height of the combi-lamp
VG used for the full-scale vehicle were 140 mm and
50 mm, respectively. The VG angle of attack of 15°
was identical to that used in the wind-tunnel test. The
vehicle speed was maintained at 120 km/h.

4. Results and Discussion

4.1 Transient Aerodynamic Loads

In this section, a transient acrodynamic load model
is derived in order to demonstrate the influence of
the transient loads on the vehicle’s dynamic behavior
when subjected to road excitation.

4.1.1 Frequency Response Characteristics

Figure 4 illustrates the phase-averaged Lissajous
curves for the lift coefficient C, determined from
the dynamic wind-tunnel tests for the Ahmed model
subjected to a pitching motion with an amplitude of
0.878° and to a heaving motion with an amplitude

& static
70.2 1 1 1
-1 -0.5 0 0.5 1
0 (deg)
(a) Pitching motions with 8, = 0.878°
0.2
0.1
N o
@) 0000060000,
0 3 —
W
& f=8Hz
""""" & static
—-0.1 ! \ I
-10 -5 0 5 10

z (mm)

(b) Heaving motions with z = 8 mm

Fig. 4 Lissajous curves for the lift coefficients for
sinusoidal vertical motions of the Ahmed model.
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of 8 mm. The forcing frequencies were set to 2 Hz,
4 Hz, and 8 Hz. Also plotted in the figure are the
lift coefficients measured under static conditions
(corresponding to a forcing frequency of 0 Hz). Note
that the moving belt system was not activated.

As shown in Fig. 4(a), the lift coefficients plotted
against the pitch angle form loops, indicating the
presence of a phase shift, and moreover, the amplitudes
of the lift coefficients tend to increase with increasing
forcing frequency. Here, the Lissajous curves for the
lift coefficient rotate clockwise (as indicated by the
dotted arrow), meaning that the lift coefficient is phase
leading the model angle.

The lift coefficients plotted against the model height
in Fig. 4(b) display essentially the same tendency,
except that the slope of the Lissajous curve steepens
with increasing frequency. The rotational directions for
the Lissajous curves are counterclockwise, indicating
a phase lag.

Assuming a linear system, the relationship between
the input (normalized model height and pitch angle:
z/L, ) and output (transient components of the
aerodynamic coefficients: AC,, AC,,) signals is
expressed in the following equation, which introduces
the transfer function matrix G:

|: AC, :| _ |:G11 G12:||:Z/L:| (5)
ACyy | |Gy Gul 0 .

The transfer function for the well-known
quasi-unsteady aerodynamic model!® is formulated
in the following equations, in which the effect of the

motion rates is taken into account as an equivalent
change in the relative inflow angle:

L(oCc, — ac
G,=——|—=%+C, |s+—%< 6
. U(&& st /L), ©)
R,L(0C, = aC
G,=—"2| —2+C, |s+—= 7
2Ty (aa X)S 20 , )

_ L Cyy o, OCur

“ =000 C Ak,

(8)

_RuL 0Cyy |, OC,y

G =
2 U o0 00

)

where C, is the drag coefficient, and s is the Laplace
operator. Moreover, R* is defined as R/L, where R

denotes a characteristic radius that provides the motion
rate for the pitching motions. In a previous study,”
R was treated as a geometric dimension. However, in
the present study, assuming R is a parameter related to
the vehicle’s shape and motion type, R"}, and R’,, in
Egs. (7) and (9) are estimated by least-squares fitting
to the numerically obtained time waveforms of C, and
C,,y» respectively, for a pitching motion of /= 8 Hz
and 0= 0.878°.

Substituting s = jo (o = 2zf) into Egs. (6) and
(7), the gain |G( ja))| and phase AG( ja)) for C, in
heaving and pitching motions are given by Egs. (10)
and (11) and Egs. (12) and (13), respectively, which
indicate that the gain increases with increasing
non-dimensional frequency /™ (defined as fL/U), while
the phase approaches a 90° lag for the heaving motion
and either a 90° lag or a 90° lead for the pitching
motion, depending on the sign of R".

Gy (jeo) = \/[%J + {2 nf*(% +Cy ﬂ (10)

B

oC —
2af"| £+ C
”f[ae ")

(1)
i)

|G, (o) = \/@CHZ T +{2nf*Rf2(6§)Z + éxﬂz | (12)

27rf*R1*2(an + ng

)
8C%0

Figures 5 and 6 show the frequency response of
C,, where the experimental and numerical results
are plotted for different conditions (such as different
motion amplitudes and free-stream velocities, with
and without the activation of the moving belt). The
gain and phase were estimated by least-squares
fitting a sine wave to the time waveforms of both
the model height/angle and the lift coefficients. In
these figures, the gain and phase curves predicted by
the quasi-unsteady aerodynamic model (denoted by
QUM) are also plotted as solid lines.

As shown in Fig. 5, the gain and phase of C, for

Z£G,,(jow)=tan™| -

£G,(jw)=tan™| - (13)
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pitching motions fall upon a single curve when plotted
against the non-dimensional forcing frequency f~, and
are consistent with the quasi-unsteady model. On the
other hand, it can be clearly seen from Fig. 6 that the
phase response of C, for heaving motions departs from
the quasi-unsteady model in the range of /™ higher
than approximately 0.1. This discrepancy is readily
understood as the contribution from the added mass
that is inherently involved in the numerical results and
is taken into account in the experimental results but is
not considered in the quasi-unsteady model.

Based on the above discussion, the added mass term
was integrated into the quasi-unsteady model to derive
a full-unsteady model. Equation (6) is rewritten as
follows:

2% VL, L(3C, —\ oC
G, ,=——= - —=£+C, |s+—"~~ 14
T U(ae X)S oy,

where V' is the volume of the vehicle model.

The added mass coefficient, denoted by c,, was
estimated by least-squares fitting. The identified c,,
value of 1.787 is of the same order as the theoretically
estimated value of 1.5 under the assumption of
a two-dimensional potential flow.

20
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(b) Phase

Fig.5 Frequency response of C, for sinusoidal pitching
motions of the Ahmed model (R",, = —0.630).

In Fig. 6, the gain and phase curves predicted by
the full-unsteady aerodynamic model (denoted by
FUM) are plotted as dashed lines. It is clearly seen
that the frequency response of C, for heaving motion
is successfully reproduced using the full-unsteady
model.

In the same manner, the full-unsteady aerodynamic
model for C,, for pitching motions is derived as
follows:

- ZC,J(X2 +Z2)dVS2 _RuL 8Cyy | OC,y
U*AL Uu a0 o0
(15)

Gy =

where the added moment-of-inertia coefficient ¢, was
estimated to be 0.608.

4. 1.2 Vehicle Motion Analysis

Figure 7 shows the result of the vehicle dynamic
simulation, where the frequency response of the
vertical displacement z of the sprung mass to
a sinusoidal road surface input z, is plotted for four
different aerodynamic models, A through D. Model A
takes into account only the time-averaged component
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0 0.1 0.2 0.3 04| x g mm@50 s
S < Calc.>
.
o ® 8 mm w/ M/B
0 " iom
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o
~ AN . —
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O
N —60
-90 ‘ | |
0 ol 02 03 o4
f*
(b) Phase

Fig. 6 Frequency response of C, for sinusoidal heaving
motions of the Ahmed model.

© Toyota Central R&D Labs., Inc. 2016

http://www.tytlabs.com/review/



7L R&D Review of Toyota CRDL, Vol.47 No.3 (2016) 27-38 33

at the default position, and in models B through D,
the displacement-dependent (acrodynamic stiffness),
velocity-dependent (aerodynamic damping), and
acceleration-dependent (added mass) terms are
sequentially appended to model A, which yields the
full-unsteady model.

It appears that the transient aerodynamic loads
affect the frequency response in such a way as to
reduce the resonance frequency of the sprung mass,
which is caused by the reduced stiffness of the
system due to the negative aerodynamic stiffness, as
reported previously. ' Moreover, it is obvious that the
acceleration-dependent term has little impact on the
vehicle dynamics. Although it may seem paradoxical,
the added mass term, which appears to have the
effect of causing the negative aerodynamic stiffness
to increase with increasing frequency (as shown in
Fig. 4), should therefore be correctly described as
an acceleration-dependent term. Otherwise, transient
aerodynamic effects might be overestimated in the
vehicle dynamic analyses.

4.2 Aerodynamic Load Fluctuations

In this section, the fluctuation in the aerodynamic
loads (in particular, the lateral load) is discussed
in order to verify the hypothesis that fluctuations in
the aerodynamic load lead to a reduction in vehicle
stability due to excitation of vehicle vibration.

10
m
0 — —— Model A [
3 """ Model B | |
o 10 / “=-= ModelC
g -0t 0 o ~— Model D |
— _ L —/4 N, B
§° 30 e _ \\
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o —100F .
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7200 L L L Lol Ll L L Loy
107! 100 10! 102
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Fig. 7 Frequency response of the vertical displacement z
to the road surface input z,.

4.2.1 Unsteady Near-wake Structures
(Numerical Results)

Figure 8 shows power spectral density (PSD)
estimates for the aerodynamic rolling and yawing
moments acting on the baseline, roof-side spoiler,
and combi-lamp spoiler models with the horizontal
axis showing the Strouhal number (S7) based on the
free-stream velocity and the square root of the model
frontal area. Each spectrum is the average of only
three periodograms, and hence the reliability of the
spectral peaks is not very high. Nevertheless, it can be
seen that the spectral magnitudes are reduced relative
to the baseline model in the Strouhal number range
of approximately 0.05 to 0.1 for the roof-side spoiler
model, and for less than 0.1 for the combi-lamp spoiler
model.

Figure 9 illustrates the model surface distributions
of (C),, defined as the root-mean-square (rms)
values of the static pressure coefficient fluctuations
filtered from 0 to 1.0 Hz (57 = 0-0.044) on the left and
1.0 to 2.15 Hz (St = 0.044-0.094) on the right, for the
frequency ranges in which noticeable differences in
PSD values were observed. As can be clearly seen, most
of the pressure fluctuations in both frequency bands

80
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--------- Roof-side spoiler |
“““““““““ Combi-lamp spoiler
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=

PSD (N?m%Hz)
5

20
0 1072 107! 10°
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(a) Rolling moment
800

—— Baseline
--------- Roof-side spoiler |
Combi-lamp spoiler

PSD (N2m%/Hz)
N
S

102 101 100
St
(b) Yawing moment

Fig. 8 Powerspectral density estimates of the aerodynamic
moments acting on the hatchback car models.
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arise locally in the expected vicinity of flow separation
at the rear end. The roof-side spoiler contributes
considerably to the reduced pressure fluctuations at the
roof end and the rear pillars. Although the figures are
not shown, the (C),,, distribution for the combi-lamp
spoiler model remained almost unchanged from that
for the baseline model.

To gain further insight into the near-wake structures,
the cross-correlation functions were calculated using
static pressure signals at pairs of symmetric points,
labeled L1 and R1, as shown in Fig. 10. The pressure

(Cp)rms
§ 0.036

I0.000

(Crms
§0.036

IO.OOO

(b) Roof-side spoiler model

Fig. 9 Distributions of the rms values of the static
pressure coefficient fluctuations on the hatchback
car models (left: (C,),,, filtered from 0 to 1.0 Hz;
right: (C,),,, filtered from 1.0 to 2.15 Hz).

rms

0.5 i T
—Baseline

= Combi-lamp spoiler

Cross-correlation

Lag (s)

Fig. 10 Cross-correlation functions for the static pressure
signals at the symmetric points labeled L1 and R1
as shown at the top of the figure.

fluctuations at the rear pillars of the baseline model
demonstrate a negative correlation between the two
opposite sides of the model, whereas this is not the
case for the combi-lamp spoiler model. It is postulated
that this negative correlation is responsible for the
yawing and rolling moment fluctuations. In-phase
pressure fluctuations at two sides of the model (if any)
cancel each other out, and so do not contribute to the
yawing and rolling moments.

4. 2.2 Unsteady Near-wake Structures
(Experimental Results)

In contrast to the LES results, a negative pressure
correlation was experimentally observed at the rear
combination lamps (not at the rear pillars) for the 28%
scale baseline model (data not shown). At this time,
a clear explanation has not yet been established for the
discrepancy between the experimental and numerical
results. However, based on the experimental findings,
a delta-winglet VG, which has been widely adopted
as a separation control device, was installed at the
location where the negative correlation existed (i.e.,
rear combination lamp), in an attempt to reduce the
aerodynamic load fluctuations.

Figure 11 shows PSD estimates for the aerodynamic
rolling and yawing moments acting on the hatchback
car models. The steep increase in the spectral
magnitude at approximately Sz = 0.1 seen in Fig. 11(a)
is due to the occurrence of resonance in the load
measurement system at 11.7 Hz; otherwise, no distinct
peak is observed.

As expected, the roof-side spoiler and combi-lamp
spoiler models exhibit reduced spectral magnitudes
for St < 0.02-0.03, although the Strouhal number
range is not consistent with the result (St < 0.1) for
the full-scale simulation. Moreover, the combi-lamp
VG model achieves a further reduction in the
spectrum magnitudes, such that the spectra are almost
equivalent to those for the combined spoiler model.
Note that the combi-lamp VG had little influence on
the time-averaged drag, lift, and pitching moment (data
not shown), so a pure assessment of the aerodynamic
load fluctuations would be expected on track tests.

Figures 12 and 13 illustrate the results obtained
from the wake survey using hot-wire anemometry on
the yz-plane at a position 21 mm downstream of the
model, and on the xy-plane at a position 250 mm above
the test section floor, respectively, for the baseline
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model to the left and the combi-lamp VG model to the
right.

Figure 12 shows contour plots of the turbulence
intensity u,, ., defined as the rms value of the hot-wire
effective velocity fluctuations filtered between
0 and 2.0 Hz (St = 0-0.02), expressed as a percentage
of the free-stream velocity U. The low-frequency
fluctuation of interest is predominantly concentrated

0.03 — Baseline
R Roof-side spoiler
N w Combi-lamp spoiler

% 0.02+ Combined spoiler
£ | =l Combi-lamp VG
&
a 0.01f 1
a o A5
% !

o .

103 1072 107

St

(a) Rolling moment

in the vicinity of the rear combination lamp behind the
baseline model. When the VG is in place, the peak is
considerably weakened.

Figure 13 illustrates contour plots of the
cross-correlation coefficients between the yawing
moment and the hot-wire effective velocity throughout
the measurement plane, where both signals were
digitally low-pass filtered at 8.6 Hz (St ~ 0.088) below

0.3 —— Baseline
--------- Roof-side spoiler

< | T~ Combi-lamp spoiler
(\‘E 02t Combined spoiler
T Ol N\ Combi-lamp VG
3
A 01f =
©n
o

o .

103 10°2 1o
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(b) Yawing moment

Fig. 11 PSD estimates of the aerodynamic moments acting on the 28% scale hatchback car models.
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Fig. 12 Contour plots of the rms values of the hot-wire

effective velocity fluctuations filtered between 0

and 2.0 Hz on the yz-plane at a position 21 mm

downstream of the hatchback car model, as shown

at the top of the figure (left: baseline model; right:
combi-lamp VG model).
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Fig. 13 Contour plots of the cross-correlation coefficients
between the yawing moment and hot-wire effective
velocity fluctuations on the xy-plane at a position
250 mm above the test section floor behind the
hatchback car model, as shown at the top of the
figure (left: baseline model; right: combi-lamp VG
model).
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the resonance frequency prior to the correlation
analysis. It is obvious that the two sides of the wake are
nearly antisymmetric; i.e., when the shear flow from the
right side of the model increases in velocity, that from
the left side decreases, which together induce a yawing
moment in the positive direction. The reversal of the
sign of the correlation for the asymmetric structure in
between is probably due to inverted velocity signals
from the hot-wire in reverse flow.

The correlation coefficients at the separated
shear layers are slightly lowered by the VGs, but
the antisymmetric structure is still prominent. The
combi-lamp VG configuration was originally intended
to break the side-to-side correlation by a VG-induced
three-dimensionality of the separated shear layers.
However, it turned out that the reduced moment
fluctuations were mainly due to the reduction in
the velocity fluctuations and hence the pressure
fluctuations themselves.

4. 2.3 Subjective Evaluation by Drivers

Subjective evaluations were performed by drivers
focusing mainly on the vehicle performance around the
neutral/on-center region, which is seemingly directly
associated with low-frequency vehicle vibrations.

With the combi-lamp VG configuration, the straight
line stability, steering effort around the neutral
position, yaw response, and linearity were subjectively
evaluated as being improved relative to the baseline
configuration. The first two assessments are readily
understood to be affected by yawing and rolling
moment fluctuations. On the other hand, their effects
on vehicle motion may not be straightforward; it is
nevertheless plausible to assume that the improved
initial steering response has a beneficial effect on
subsequent vehicle motion through a closed-loop
steering action by the driver.

5. Conclusions

The first goal of the present study was to derive
a transient aerodynamic load model to be coupled
with a vehicle dynamic simulation. For that purpose,
dynamic wind-tunnel tests and LESs were performed
on the Ahmed model in vertical motions.

Transient acrodynamic loads were then successfully
depicted in linear form, extending the quasi-unsteady
model (with a minor interpretational modification to

the characteristic radius R) by taking into account the
added mass and moment-of-inertia effects. Although
the acceleration-dependent terms were eventually
confirmed to have little effect on the vehicle dynamics,
they were found to be essential in order to correctly
model the transient aerodynamic loads.

The second goal was to reveal the impact of
the aerodynamic load fluctuations on the vehicle
handling stability. To that end, LESs and scale-model
wind-tunnel tests were conducted on a hatchback car
model based on a production vehicle under steady
straight driving conditions.

The numerically predicted surface pressure signals
on the baseline model indicated a negative correlation
between both rear pillars, which could give rise to
yawing and rolling vibrations. On the other hand, in
the wind-tunnel tests, anti-phase fluctuations were
observed between both of the rear combination lamps.
Although the cause of the discrepancy remains unclear,
the delta-winglet VG positioned at the combination
lamps led to a marked reduction in yawing and rolling
moment fluctuations.

The delta VGs were then applied to an actual
hatchback car and resulted in better subjective
assessments of initial responses to steering inputs on
a track test. This is a promising result that supports
the hypothesis that suppression of aerodynamic load
fluctuations improves the vehicle motion performance.
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