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Transient Aerodynamic Effects on a Four-Car Platoon

during Passing Maneuvers: Data Summary

L. Tsuei, J. K. Hedrick, and 0. Savag
Department of Mechanical Engineering
University of California at Berkeley
Berkeley, CA 94720-1740

Abstract

In order to provide reliable control algorithms on PATH automated highway system,
knowledge of the transient aerodynamic forces is important from the point of the controlla-
bility of the platoon and individual vehicles. In a passing maneuver, the platoon members
may experience severe aerodynamic forces and yaw moment when another vehicle overtakes.
Similar phenomenon can be seen in our daily life as one car passes the other but much more
complicated flow field is expected when the interaction involves in a multi-vehicle platoon.
It is the purpose of this study to quantify the unsteady aerodynamic forces and moment so

as to assure the safety of the system.

Wind tunnel experiments are conducted to study the transient aerodynamic effects
experienced by every member of a platoon during passing maneuvers. Four identical 1/20-
scale passenger car models are aligned as a platoon with an inter-vehicle separation of 2/5 car
length. To simulate a passing maneuver, a fifth identical model is driven longitudinally by
a linear motion system which is located parallel to the platoon at various lateral spacings.
When the mobile model moves forward, the simulation represents a vehicle passing the
platoon. When it moves backward, a vehicle overtaken by a platoon is simulated. The drag
force, side force, and yaw moment coefficients on each of the four vehicles in the platoon are
determined simultaneously using strain gauge balances during the maneuver to characterize

the transient effects.



The results show that each member in the platoon experiences significantly increased
drag when the mobile model moves to the proximity of it. When the mobile vehicle is in
the neighborhood of the rear half of a platoon member, the side force on it is found to
be directed away from the mobile model. The side force reverses its direction and points
toward the mobile model when the mobile model is in the proximity of the front half of the
platoon member. The lateral spacing between the platoon and the mobile model is found
to be an important factor in the passing maneuver. The closer the mobile model to the
platoon is, the greater the forces experienced by the platoon members are. The influence
of the relative velocity between the platoon and the mobile model is investigated, and it
is found that lower relative velocities generate higher force coefficients on each member of
the platoon. When a rectangular box is used as the mobile model, the platoon members
experience much greater forces. Similar trends in force coefficients are observed in both
simulations of a vehicle passing a platoon and a platoon overtaking a vehicle. The measured
yaw moments are negligible compared with the magnitudes of drag and side forces. These
data are summarized as dimensionless coefficients and the results are presented in graphical

forms.

Keywords: platoon aerodynamics, bluff-body aerodynamics, bluff-body flow, transient

aerodynamics, vehicle aerodynamics, passing maneuver
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Chapter 1

Introduction

It is a common experience among drivers that one feels a severe aerodynamic side force
when his vehicle passes or is passed by a large truck. This phenomenon has been studied,
and it is discovered that a passed car experiences a significant change of drag, side force, and
yaw moment induced by a larger overtaking vehicle, which may cause the disturbed car’s
lost of control. These studies, however, focus on the aerodynamic interaction between two
cars, and most of the experiments are conducted in the wind tunnel under steady conditions.

On the other hand, in order to increase the capacity of the highway, California PATH
proposes a system that many vehicles are ”platooning” as a unit and all of them travel
at the same speed. By platooning automobiles at small longitudinal inter-vehicle spacings,
a great reduction of drag can be achieved, and that contributes directly to fuel economy.
However, the mutual interaction between vehicles in close proximity also means any cause
that changes the flow field may result in unpredictable aerodynamic effects. In order to
provide reliable control algorithms on PATH automated highway system, knowledge of the
unsteady aerodynamic forces becomes of paramount importance from the point of control-
lability of the platoon and individual vehicles. The control algorithms require reasonable
estimates of the magnitude and direction of aerodynamic forces and moments which are gen-
erated due to changes of flow field during platoon maneuvers. The transient aerodynamic
effects experienced by a platoon when a single car passes by is one of these examples. This
question is worth studying because of the following reasons: (a) aerodynamic interaction

between two cars as one overtakes the other has been studied and proved to be important,



but efforts have not yet been made to the field of platoon aerodynamics during passing
maneuvers; (b) by lining up several cars with small longitudinal separations, the flow field
around the platoon is almost symmetric, but any change in platoon configuration may re-
sult in destroying the symmetry and pose serious controllability and safety problems; (c)
most studies of vehicle aerodynamics are conducted with the assumption that the force and
moment affecting the cars have reached the equilibrium state, which can only works as a

first approximation but not sufficient to characterize its transient nature.

Due to the high desire of understanding the transient aerodynamics experienced by
a platoon during passing maneuvers, it is the purpose of this study to quantify the un-
steady force so as to assure the safety of the system. This investigation is a continuation
of our previous studies in transient aerodynamics under lane change maneuvers. In our
previous investigations, various time scales are used to simulate one vehicle merging into
and departing from a platoon with varying accelerations and decelerations, and the effect
of longitudinal spacings is also investigated [1][2]. We discover that the change of side force
is the same order of change of drag during the lane change maneuvers, which means the
distorted flow pattern may pose serious controllability problems in a very short period of
time and space. The quasi-steady results obtained also confirm data collected at USC [3].
In addition to wind tunnel experiments, a curve fitting model based on data collected in
Chen [2] has been developed and implemented in the vehicle control simulation programs
[4]. This model can provide the control with an estimate of the aerodynamic forces for
which it must compensate, which greatly improves the ability of the control algorithms to

handle the aerodynamic forces that a real vehicle experiences on the road.

This report summaries transient aerodynamic data collected in a wind tunnel inves-
tigation about a single vehicle passes a four-car platoon, and vice versa. Description of
experiments including the definition of each parameter, is presented in Chapter 2. Details
of the data acquisition and data analysis can be found in Tsuei [5]. Four factors are consid-
ered to be important in this study. They are mobile vehicle’s direction, relative velocities
and lateral spacings between the mobile car and the platoon, and shapes of the mobile

model. The results regarding to each factor are presented in separate chapters. In Chapter



3, aerodynamic forces experienced by every member of the platoon are compared when
the platoon is overtaken by a single car and when it is passing a single car. In Chapter
4 ,data collected under the influence of different overtaking velocities are summarized and
compared. In Chapter 5, various lateral spacings between the platoon and the mobile model
are applied to provide information about their role played in the passing maneuvers. Both
a passenger vehicle model and a rectangular box with sharp corners are used as the mobile
model. The results are compared in Chapter 6. The position, velocity, and acceleration of
the mobile model are determined by motor resolver and this information are provided in

Chapter 7. All the data are presented in graphical forms for quick access.



Chapter 2

Description of Experiments

2.1 Overview

In order to understand transient aerodynamic effects on a four-car platoon during
passing maneuvers, experiments are performed in a low turbulence, low-speed wind tunnel.
Four identical 1/20-scale vehicle models are aligned as a platoon with a fixed inter-vehicle
separation of 2/5 car length (10.2¢m). To simulate a passing maneuver, a mobile model is
driven longitudinally by a linear motion system which is located parallel to the platoon at
various lateral spacings. The drag force, side force, and yaw moment on each of the four
vehicles in the platoon are measured simultaneously using strain gauge balances during the

maneuver to characterize the transient effects.

2.2 Experimental Setup

Four identical 1997 Buick LaSabre vehicle models are employed in the experiments as
platoon members. These models are constructed in 1/20-scale and their mold are created
by stereolithography with surface data of the full scale vehicle. The longitudinal spacing
between each car in the platoon is 10.2¢m, equivalent to 2m or 2/5 car length in full scale.
Each member of the platoon is connected to a force balance on which 16 strain gauges are
mounted. These gauges measure strain on each arm of the force balance resulting from
the aerodynamic forces and moment on the vehicle. Four of these strain gauges are used to

obtain the strain caused by drag, and another four gauges measure strain by side force. The



rest eight gauges are wired around the center of the balance to measure strain caused by
yaw moment. Each force balance generates three voltage outputs based on the measurement
of stain gauges. The voltage outputs are corresponding to the drag force, side force and
yaw moment which apply to each balance. The force balances are calibrated carefully
before the experiments. During the calibration process, three voltage outputs are measured
simultaneously when known masses are applied to them, such that the relationship between
voltage outputs and known loads are drawn as a calibration curve for each of the four
force balances. The calibration curves appear to be very linear for the force measurements,
therefore we can use the curves and the voltage outputs obtained during the experiments
to calculate the aerodynamic forces and moment experienced by the vehicles. The details
about the constructions of the scale models and force balances, and calibration of force

balances, can be found in Chen [1].

Flow
ﬁ Static 4 Car Platoon (with forces measured)
20 m/!

FQ%EBmiy / | \ \

/

Wind Tunnel
Ground Plane

Twin Shaft Linear Motion System  Carriage (with mobile model)

Pulley

Servo Motor

(O] o

Figure 2.1: Experimental Apparatus

The experimental apparatus is shown in figure 2.1. A servo motor and a pulley system
are used to pull the mobile model that is mounted on a carriage longitudinally along a twin
shaft linear motion rail. The whole system is located parallel to the platoon with various
lateral separation distances. Figure 2.2 shows a two dimensional layout of the experimental

setup and the four factors controlled in this experiment. The wind tunnel flow is set to



be 20m./s, which is equivalent to 60mph or 26.7m /s highway travelling velocity. When the
mobile model is pulled forward (positive « in figure 2.2), the simulation represents a vehicle
passing the platoon. When it is mobilized backward (negative « in figure 2.2), a vehicle
overtaken by a platoon is simulated. The relative velocities between the mobile model and
the platoon are ranging from 0 to 6.25m/s. The zero relative velocity corresponds to the
case while a single car moves at the same speed as the platoon. When the passing model
moves at 6.25m /s, it is equivalent to a single car at a speed 78.75mph (35m /s) overtakes
a platoon that is travelling at 60mph (26.7m/s). Four lateral spacings (1lin, 2in, 4in, and
6in) between the platoon and the mobile model are applied during the investigations. The
separation distances are corresponding to %, %, 1, and % of the width of the box model.
The travelling distance of the mobile model is 1.2m, starting from 6.7¢m behind the front
end of the fourth car in the platoon, and ending at 6.7¢n ahead of the front end of the
first platoon member. To determine the influence of the shapes of the mobile model on
the platoon, a passenger vehicle model (identical to the platoon members) and a similar
sized rectangular box are applied separately. The dimensions of the full scale 1997 Buick

LaSabre, the scale vehicle model, and the rectangular box can be found in table 2.1.

Passing speed = u =*(0 - 6.25 m/s)

Lateral spacing =d=0.25- 1.5W L =carlength=10in =25.4 cm
Mobile model = vehicle model, rectangular box W =box width = 4in=10.2cm
L | 04L

»
<

y
>

A

Flow ' f,

il

20 m/s

Y

A

1.2m

Mobile model position

Figure 2.2: Experimental Layout



| Dimensions | 1997 Buick LeSabre | Vehicle Model | Box Model |

Length(L) 51 m 25.4 cm | 254 cm |

Width(W) 1.9 m 9.4 cm | 102 cm |

Height (H) 1.4 m 7.1 cm 7.6 cm
Ground clearance 0.26 m 1.3 cm 1.3 cm

Table 2.1: Dimensions of 1997 Buick LeSabre and models used in the experiments

2.3 Scaling of Measured Quantities

To complete the dynamical similarity of two geometrically similar flows, the Reynolds

number Re
UL

Re = o (2.1)

where U is the flow velocity, L is the characteristic length scale, and v is the kinematic
viscosity of air, should be the same. In our experiment, the Reynolds number Re ~ 3.3x10°,
is lower than the full scale flow, where it is Re ~ 9.1 x 106. Despite the mismatch, the
experimental flow field can still provide sufficient information about the real flow because
the Reynolds number in both cases are high enough that the inertia forces dominate the
viscous forces, except in boundary layers.

To compare the force and moment data for different flows, the measured transient
aerodynamic data are nondimensionalized by defining force and moment coefficients. By
scaling the drag force with the dynamic head, the drag coefficient is defined as

D
Cp=-—— 2.2
D %pU2A (2.2)
where D is the measured drag force and A is the frontal area of the vehicle exposed to the

oncoming flow. In this case, the frontal area is
A =wh (2.3)

where w is the width and h is the height of the vehicle model. Similarly, a side force
coefficient Cg is defined as

S
Cg =

7



where S is the side force. A yaw moment coefficient Cps is defined as

Cypy =

M
B %/)U2V

where M is the yaw moment, and the volume V is defined as

and [ is the length of the model.

V = Al

These nondimensional coefficients will be used in the following chapters to characterize

the transient aerodynamic forces and moment measured in different experimental cases.

The coefficients measured in a “clean” four-car platoon, which means no mobile model is

presented near the platoon, are provided in table 2.2. Based on the data in table 2.2, we

can determine the aerodynamic effects on the platoon brought by a overtaking (overtaken)

vehicle.
Coefficients | Drag Cp, | Side Force Cs, | Yaw Moment Cpy.
CAR 1 0.230 0.030 -0.002
CAR 2 0.204 -0.002 0.001
CAR 3 0.133 0.000 -0.007
CAR 4 0.202 0.003 -0.001

Table 2.2: Force and moment coefficients measured in a clean platoon



Chapter 3

Effects of Mobile Direction

Aerodynamic forces and yaw moment experienced by every car in the platoon are
compared for the cases that the mobile model is in forward and backward motions. As
mentioned previously, the two situations represent a single car passes a platoon and a
platoon passes a single car, respectively. Forces and moment measured on the four platoon
members are recorded simultaneously as the mobile model travels for 1.2m at the assigned
velocity. The coefficients on each of the four cars are plotted with respect to the position of
the front end of the mobile model. The position of each platoon member and its coefficients
measured in a clean platoon condition are also plotted for reference. Figure 3.1 to figure
3.12 show the data while a rectangular box is used as the mobile model, and figure 3.13 to
figure 3.24 show the measurements while a vehicle model is applied. Four lateral spacings
(d =1, 3, 1,and 3w, where W =10.2¢cm = box width) and three velocities (v = 1.25,2.50,
and 3.75m /s) are examined for both mobile models.

Two runs are conducted for each condition, and both data sets are shown in these
figures. In most measurements, as expected, the two runs under identical testing conditions
agree with each other, but in some cases, they shift upward or downward a little due to
electronic drift [5]. By considering the coefficients on each platoon member should be close
to the clean platoon measurements when the mobile model is far away, we choose the one
whose reading is more reasonable in this sense and apply this set of data later in this report.
Yaw moment coefficients are too small to be noticed in all conditions, therefore we skip the

moment data hereafter and focus on the changes in drag and side forces.
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The drag [frames (a)-(d)], side force [frames (e)-(h)],and yaw moment [frames (1)-(1)] coef-

ficients on each car in the platoon are shown with respect to the position of mobile model.

Figure 3.1: Comparison of passing directions - a box vs. a platoon (d
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The drag [frames (a)-(d)], side force [frames (e)-(h)], and yaw moment [frames (i)-(1)] coef-
ficients on each car in the platoon are shown with respect to the position of mobile model.
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Figure 3.3: Comparison of passing directions - a box vs. a platoon (d = %W, v =3.75m/s).
The drag [frames (a)-(d)],side force [frames (e)-(h)],and yaw moment [frames (i)-(1)] coef-
ficients on each car in the platoon are shown with respect to the position of mobile model.
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Figure 3.4: Comparison of passing directions - a box vs. a platoon (d = %W, v =1.25m/s).
The drag [frames (a)-(d)],side force [frames (e)-(h)],and yaw moment [frames (i)-(1)] coef-
ficients on each car in the platoon are shown with respect to the position of mobile model.
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Figure 3.5: Comparison of passing directions - a box vs. a platoon (d = %W, v =2.50m/s).
The drag [frames (a)-(d)], side force [frames (e)-(h)], and yaw moment [frames (i)-(1)] coef-
ficients on each car in the platoon are shown with respect to the position of mobile model.
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Figure 3.6: Comparison of passing directions - a box vs. a platoon (d = %W, v =3.75m/s).
The drag [frames (a)-(d)],side force [frames (e)-(h)],and yaw moment [frames (i)-(1)] coef-
ficients on each car in the platoon are shown with respect to the position of mobile model.
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Figure 3.7: Comparison of passing directions - a box vs. a platoon (d = 1W,» = 1.25m/s).
The drag [frames (a)-(d)],side force [frames (€)-(h)],and yaw moment [frames (i)-(1}] coef-
ficients on each car in the platoon are shown with respect to the position of mobile model.
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Figure 3.8: Comparison of passing directions - a box vs. a platoon (d = 1W,v = 2.50m/s).
The drag [frames (a)-(d)],side force [frames (e)-(h)],and yaw moment [frames (i)-(1)] coef-
ficients on each car in the platoon are shown with respect to the position of mobile model.
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Figure 3.9: Comparison of passing directions - a box vs. a platoon (d = 1W,v = 3.75m/s).

- — _____ __ aplatoonpassesa box (run 2)

The drag [frames (a)-(d)],side force [frames (e)-(h)],and yaw moment [frames (i)-(1)] coef-
ficients on each car in the platoon are shown with respect to the position of mobile model.
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Figure 3.10: Comparison of passing directions - a box vs. a platoon (d = %W, v =1.25m/s).
The drag [frames (a)-(d)], side force [frames (e)-(h)], and yaw moment [frames (i)-(1)] coef-
ficients on each car in the platoon are shown with respect to the position of mobile model.
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Figure 3.11: Comparison of passing directions - a box vs. a platoon (d = %W, v = 2.50rn/s).
The drag [frames (a)-(d)], side force [frames (e)-(h)],and yaw moment [frames (i)-(1)] coef-
ficients on each car in the platoon are shown with respect to the position of mobile model.
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Figure 3.12: Comparison of passing directions - a box vs. a platoon (d = %W, v =3.75m/s).
The drag [frames (a)-(d)],side force [frames (e)-(h)], and yaw moment [frames (i)-(1)] coef-
ficients on each car in the platoon are shown with respect to the position of mobile model.
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Figure 3.13: Comparison of passing directions - a car vs. a platoon (d = %W, v =1.25m/s).
The drag [frames (a)-(d)],side force [frames (€)-(h)],and yaw moment [frames (i)-(1)] coef-
ficients on each car in the platoon are shown with respect to the position of mobile model.
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Figure 3.14: Comparison of passing directions - a car vs. a platoon (d = %W,'v =2.50m/s).
The drag [frames (a)-(d)],side force [frames (€)-(h)].and yaw moment [frames (i)-(1)] coef-
ficients on each car in the platoon are shown with respect to the position of mobile model.
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Figure 3.15: Comparison of passing directions - a car vs. a platoon (d = %W, v =3.75m/s).
The drag [frames (a)-(d)], side force [frames (e)-(h)],and yaw moment [frames (i)-(1)] coef-
ficients on each car in the platoon are shown with respect to the position of mobile model.

24



Co Co Co Co
o o o o o e e I = o = = o = o = o = = ©
o8 3 B B B -8 3 B8 8 3 o8 3 8 8 35 o8 == B B B
o [T gy X T T o [T T T &S [T T I e e v T s & (T Gl T
) T\ b 1l
s /A o \ o | o |
LS (1 LS \Y N N |1
. N I KRl
| J i
ZTo . o T T
s = T S = 7 g = \ g = .|
5 1 o = ; Q= \ o = Q
= ES P z 'e) \\ ES q
g =) I g ) X g PLf -0
o . = 8o g w Eo A AN N 2o = -|l =
R o Do b’ o oo™ P=) O oo b [T [w}
g S g A S g 21, S g S{E 3
Z { > = b > = > > = 2 3h| >
g & = & & g 1)) 3 = gl &
3 < 3 i 3 e 3= el
—_ o a _ o \ == o {'/ = -} A3
i |
){ : / i\
- 1' — R - o - \
t=} =] , o 1 E=1 )
l} = i \ = [H =
S o
= i Kx ] v 2
ol TTTITTIOT] ITTIeITN [SSSTT1 ITTTIEONNI gl [TTTTITTTI T HITYTL ITETCOITTI ITPIINIIN — bLuspslienn poeenideigg Pl TTIRSTUT] FTTTTISURY SUTEL | JYTL PTTTITING
n n ~
Co Cs [N Cs
s S © o o LH S o = o S b = = o S S o o <
o8 5 S s 8 oS 3 8 3 8 o8 3 S s 8 oS 3 k= 3 8
o [T .uuu\ T T eT o (T TR T TV TTOT v o [P ORIy TITTT e S [T T T T
} I S ‘1
o o = o 2l
[ [ ~ XY 11
To [} o N O o O Eo . }
gz g g% \ $ g% ' 2 g2 = 2
@ y f > £ & £ @ a 0
= = = = : —
g 4 e § 21N e § el 1= 8 ' 2
o o o ] 2 M o
I o % o> o T r?1 b aid R o ron b T ,—On
1} = o 8 =] n & =] n 8 : -
g = S 5 =4y o 7 S Q 5 : S
2 D 32 D 2 T =2 3 b=
3o O 3Ee O e O 3e f O
= = m — = ’ m o m T o // m
~ N B A\ ~ p
o t=1 o (=Y \\\
} = = ; = ‘ =
P TTTITTTNVISITETED” ok (YYTTTIRI SNRRTTIIN] — Ly nnm‘ FETCRTTITIITTTECONY = L llulul} FYSSTTITI ISTRVALT] Pl SYTTITIITLETITIITIN] ..:.\\\. ITTTTTIIN
n ~ n ~
Cu Cu Cu Cu
L= o o o O = o= o o S o o = o = o = =
X s & S R3S o3 &K & 3 o &K S & 3 a3 & S & 3
T T T T T v v v ToT o [T TY Ty T STTTIr I I T[Ty F N L LR S B B
o [= o o
> n n ~
b
= = = ]
g% g% gR §§
@ o @ @© o
= O > (] E s (o] > o £
2 E3 - 8 £ - 2 H o 8 z EY)
T o 1 s~ Lo 1 w Lo il N o (M —_
I o < 2 S < 2= o < 2° S =<
2 a8 = & 8 4 = S z Z S =
’gi = = 3 i1 g = = g > =
3 3 3o 3L
~— o = = =™ iy
B = P B
= =S P =
e TRl EURel PR NEE - IS S | FEEEE FTwe A YRR FRUVE ST SwwE I ST ETE FUUTE | W PR
n "~ n ~
location of the platoonmembers
........................ averagedcoefficients Of the platoon members i a clean platoon
acar passes aplatoon (funt), data applied to later plots
— — — — — — . _ acarpassesaplatoon )
e — . — . — . aplatoon passes a car ), data appliedto later plots

-  — _—_ __ aplatoon passes a car (run 2)

Figure 3.16: Comparison of passing directions - a car vs. a platoon (d = %W, v = 1.25m /).
The drag [frames (a)-(d)],side force [frames (e)-(h)],and yaw moment [frames (i)-(1)] coef-
ficients on each car in the platoon are shown with respect to the position of mobile model.
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Figure 3.17: Comparison of passing directions - a car vs. a platoon (d = %W 71 =2.50m/s).
The drag [frames (a)-(d)],side force [frames (e)-(h)], and yaw moment [frames (i)-(1)] coef-
ficients on each car in the platoon are shown with respect to the position of mobile model.
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Figure 3.18: Comparison of passing directions - a car vs. a platoon (d = —%—W, v =3.75m/s).
The drag [frames (a)-(d)],side force [frames (e)-(h)], and yaw moment [frames (i)-(1)] coef-
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ficients on each car in the platoon are shown with respect to the position of mobile model.
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Figure 3.19: Comparison of passing directions - a car vs. a platoon (d = 1W,v = 1.25m/s).

The drag [frames (a)-(d)],side force [frames (e)-(h)],and yaw moment [frames (i)-(1)] coef-
ficients on each car in the platoon are shown with respect to the position of mobile model.

28



Cq Co Co Co

= I IS o o = IS I o o = = o = o =
o o = [ [ %3 o o — [y %3 oo b [ o o — [ W
P Raananasasnsansnsns’|s zARRRRE] F=SN AR AR RARA LARRNRAEEERRLL S [T T I T T e e e s TveT o [T IveTTT | RRRARS
I=3 [ ‘i o A o
o r o ) [N 3 () 1
g2 g2 g2 gg
& O & : QO & D & o
5 © %5 g S % ¥ & 5 § < %
8o & &~ To u w o it rn 8o & —
o> o o T f=1 o o o o oo [= )
g 5 zE 3 2 g 8 2 g 51 |2
= ~> o 3 “ © s = © 5 = o
3o S : EX=d Se
= o ~ o R = o ? =~
P = ; P =
G : D ; = }’m
— tussccocerlereoqreeediNgreiias Pl FYVETINITI IS99 YURTI IEUTTT: Pedi SYVIRTTTTL SUTERUTET. NAVENUIET! = o b boadhy
~ ~ n N ~
CS CS cS CS
= o o o =4 =4 o o S o o e o = o o o
o5 & 8 & 3 o5 & S K oo &K & 3 P =4 K 3
o [TTTY TR Y ST La TTTT] 77T o [TTTrTIyTTT TT Y TTTTT S [T T Y T T I T T rprTTT
\ ;{ i
- \ o o o !
) } ) \ N N |
T o 3 O ZTo O ZTo O ZEo { O
g =~ T = g A\ = g% = &= Wl =
= : D g T g o g { BY)
= ol ~ o= O\ @ = N = e -
g ¢ » g P » g @ g { @
= 11 {4 o &2 I f. o o o %o . o
R o m oo ol m 1o m o> . m
8 = - & g m & n & /é n
5 af Q5 || 2 F 9 5 ;& o
s D = D = n =2 . D
EX O I S 3o O 3o . [
= m =~ o /. m — o™ m — o /.: m
("
- ; - - - i
P=S L1 = = < \\
g = i g = G
2 WYY WEws N P RSEEEWEE | NI S Sl P 2 W PEE B NN
Cu Cu Cu Cwm
& & =3 o e = o o o S S o o o S 5 1= o e
oo K S K P=3 3 K S & = P S & 3 o3 K 3 K =)
= = I =
(%) [ o XY
= = = =
g g% g g%
o o 3 @
b e £ = o ‘;2 S (e g £ o 2
£=3 =] o P=3
g E T g8 £ o g S o g FS ]
@ o 1 » o i w Lo u N o i —_
< = < F° =4 < 2° = < 2 = =<
2 b= > 2 b= = & b= > 2 g >
s 2 = g S = g = = g = =
EN= Se 3o 3e
— o — oo — o o
5 = P =
——t
— == —3 ’J_.
> 115 Al 1y 141 s 141 A1 141 I i_\; 1 111 I W :‘N‘ 1 tr 3] IS i1l
—_ location of the platoon marbers
....... vaeennsaae e e averaged coefficients of the platoon marbers in aclean platoon
a car passes a platoon (funl), data applied to later plots
. _ . _ _ acarpassesaplatoon (UR)
- — - —— - —_ . aplatoon passes a car (xtnl), data applied to later plots
- . ____ __ aplatoonpassesa car (run 2)

Figure 3.20: Comparison of passing directions - a car vs. a platoon (d = 1W, v = 2.50m./s).
The drag [frames (a)-(d)],side force [frames (e)-(h)],and yaw moment [frames (i)-(1)] coef-
ficients on each car in the platoon are shown with respect to the position of mobile model.
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Figure 3.21: Comparison of passing directions - a car vs. a platoon (d =1W,v = 3.75m/s).
The drag [frames (a)-(d)],side force [frames (e)-(h)],and yaw moment [frames (i)-(1)] coef-
ficients on each car in the platoon are shown with respect to the position of mobile model.

30



Co Co Co Co

o = I = e e = = = = = = © = = =
= = S “« £ Frorre S Frer "W s rrmm.“umm."’.,‘m,i"
o T T T T o [T o LARS) o T

J L ' ,I-
| 1
< ; fd =9 o o '.,
LY T a3 [N T
z ) z f = s
g = g% ; g% M
g g = 1 o= \ lg £ I
£ o | ] s S % S8 % E Al £
8o s R ~ 8o i w 2o u it v o uf |4 —
o> o Q T [= o 3y < | o I o =11 =
2 = a g jad | 22 =l D g el B E)
=z =21 = b e » = <1 > = = >
S o @ S “@h o g i & 5 1 o
3z =S g 3g :
o [ 4 ]
’ ! 1
(0
-~ d = = N
o T o o o ,|
— Py — ) =
= KD NG ik =
~ lecege IFTRTIN: i FNTIIRTNT) = IFUSTETIFTE! RUSRTI FEROTRONL e R NV TEN 2 e ey Y RETIT
S
Cs Cs Cs Cs

S S = o e S o o= o e = o o o = = o o
s & 8 & 5 o2 8 ! 3 o3 & 8 & 3 o3 & 8 & 3
o [T u.\..n T o [TTr T[T rrrrI T o [TTTT I I T T rrrroT o (T v‘(n YT
< " =2 o < \/

g n> n "~ .
: } /jr.
= 3 = ot o = . o
g2 K E% £ g% ; £ gg e £
£ 5 g D Z / 5 g ﬂ(' )
8 o~ = L = = -
g £ o g & ® g B » g M e
L > 1 o o ATl o o (] o o i1 o
e [=3 m v [=] m 3> P=) m 32 A= m
28 = n 2 = m 2 s - 2 g B
s i g 2 S 23 ~ 23 AR
ENs O 3o " O 3o O =e 4 @]
- <) [+ m ~—— o / m oo \\ m o 7- m
\ I
= > P / = ‘\\
= @ N \ N | =
et —" / ~= N\ —
R; 124 11 1 Meq a0l 11 ;; 111 112l £ 14 S ] i'_\; 1444 Ll Al T S 1111 Lol i 1. 1 144
CM CM CM CM

— =3 f=3 f=3 - = fe) =) — — <> =) — — =] f=2 =2 —
> IEEREES B P e LR R U B o o I I 2 I i o e O e TTTTTTY T
o = I o
~n o N n

=z z =z z
g g= g g=
2 o 2 : o 2 (<= o
g o > Z [o} > E e} > Z o =
g £ o g 0 o g 3 o 8 = o
° o 7] o Lo 1 w o it n Lo kTl —_
I S < 2” S < 2 o < P° S <
Z 8 = Z 8: = 2 8 = £ S =
5 =2 = g = =z g = £ 5 8 =
Se Se : Se Se
haat =) =~ o = oo = >
P P : 5 s
. _
= : = = =
fef) WSS NEE B e ol P P N P! TS PR P Fef THWIE SWESY FESEY FUW
—_— location of the platoon merbers
...... vavasannneas s averagedcoefficientsof the platoon members in a clean platoon
a car passes a platoon (runl), data applied to later plots
- — — — _ __ ___ . acarpassesaplatoon (tuR)
— - . —_ . — . aplatoonpassesa @ (funl), data applied to later plots

— a platoon passes a car (run 2)

Figure 3.22: Comparison of passing directions - a car vs. a platoon (d = %W, v =1.25m/s).
The drag [frames (a)-(d)],side force [frames (e)-(h)],and yaw moment [frames (i)-(1)] coef-
ficients on each car in the platoon are shown with respect to the position of mobile model.
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Figure 3.23: Comparison of passing directions - a car vs. a platoon (d = %W, v = 2.50m./s).
The drag [frames (a)-(d)], side force [frames (e)-(h)], and yaw moment [frames (i)-(1)] coef-
ficients on each car in the platoon are shown with respect to the position of mobile model.
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Figure 3.24: Comparison of passing directions - a car vs. a platoon (d = %W, v =3.75m/s).
The drag [frames (a)-(d)], side force [frames (e)-(h)], and yaw moment [frames (i)-(1)] coef-
ficients on each car in the platoon are shown with respect to the position of mobile model.
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Chapter 4

Effects of Passing Velocity

Aerodynamic forces experienced by every platoon member are compared for various
relative velocities between the mobile model and the platoon. Forces measured on each of
the four cars in the platoon are recorded simultaneously as the mobile model travels 1.2m.
The coefficients on each of the four cars are plotted with respect to the position of the front
end of the mobile model. Transient data in five different velocities (v =1.25,2.50, 3.75, 5.00,
and 6.25m/s) are taken when the mobile model is in forward motion, and three velocities
(v = —1.25,-2.50, and —3.75m/s) are recorded when the mobile model is in backward
motion. Steady data are measured by placing the vehicle or box model at seven different
locations, which represents the case that the fifth model is moving at the same speed as the
platoon. The position of each platoon member and its coefficients determined in a clean
platoon condition are also plotted for reference.

Figure 4.1 to figure 4.4 show the data while a rectangular box is used as the forward
motion mobile model, and figure 4.5 to figure 4.8 show the data as the box model in
backward motion. Figure 4.9 to figure 4.12 show the data while a vehicle is applied as the
forward motion mobile model, and figure 4.13 to figure 4.16 show the data as the vehicle is
in backward motion. Four lateral spacings (d = %, %, 1, and %W, where W =10.2¢m. = box
width) are examined for both mobile models and both directions.

Note that the passing velocities mentioned in this chapter are those assigned to the
mobile model without considering the acceleration and deceleration in the beginning or at

the end of the motion. The real mobile model’s velocity data are shown in chapter 7.
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Figure 4.1: Comparison of passing velocities - a box passes a platoon (d = %W) .
The drag [frames (a)-(d)]and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 4.2: Comparison of passing velocities - a box passes a platoon (d = 1w).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 4.3: Comparison of passing velocities - a box passes a platoon (d = 1W).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 4.4:Comparison of passing velocities - a box passes a platoon (d = %W).
The drag [frames (a)-(d)]and side force [frames (e)-(h)] coefficients on each car in the

platoon are shown with respect to

the position of mobile model.

38



CAR 1 DRAG

CAR 1 SIDE FORCE

0.60¢
0.505
0.40F C5=[0030 E
E * 3
E e . T U R, ] E
a = —r— \\'\ =
e [N A7
= —1 h - B
E crecglge-o..d .. L.~ 3
0.20E = E
E Cpe~{0.230 E
0.10F 3
0.00E . L L ) 3
0.0 0.2 0.4 0.6 0.8 04 0.6 0.8 1.0 12
Passed Model Position{m) Passed Model Position{m)
CAR 2 DRAG CAR 2 SIDE FORCE
0.60 = T T T T T T T T T T T T T T T T T T E
M 3
0.50F . 3
0.405 <~ =
£ Ce=10.002 %7 7~ _ 23
E L Z I N
& 0.30F —— = [&] 3
E _// — \\\ 3 \ - ‘// E
E-—a | - o~ 3 \;— - E
0.20F o v - FuE E
E Cp=|0.204 3 E
0.10FE 3 =
E E - 3
0.00E 3 -0.30) R 3
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Passed Model Position(m) Passed Model Position{m)
CAR 3 DRAG CAR 3 SIDE FORCE
0.60F ™ T T MININEE — 3
£ (c) 3 (9) E
0.50F E E
E 3 d E
0.40F AR 3
o ok ® o Ss=e E
$ 0.30F S —
E 0.000 E
0.20F — E
é//Z1 — \\ e :
0105 = = 0.20F 3
E Coe= 3 E . 3
0.00E . L . . 3 0.30E . 3
0.0 0.2 0.4 0.8 0.8 10 1.2 00 0.2 04 0.6 0.8 1.0 12
Passed Model Position(m) Passed Model Position{m)
CAR 4 DRAG CAR 4 SIDE FORCE
0.600 A T T T T —T— T =
(d) (h) §
0.50F 0.20F 3
0.40 E 0 105 E
& 0.30F & -0.0E B R g
SN E oo L o
0.20F S s et e = 0.1 3
E el Ty — == 3
E Coo={0.202 E
0.10F -0.2 3
0.0 . . . . . 3 -0.30E . \ - , . 3
0.0 0.2 1.0 1.2 0.0 0.2 04 0.6 0.8 1.0 1.2

Passed Model Position(n;)

data taken in steady state

location of the platoon members

averaged coefficients of the platoon members in a clean platoon
relative velicity v =-1.25m/s

relative velicity v =-2.50 m/s

relative velicity v =-3.75m/s

Figure 4.5: Comparison of passing velocities - a platoon passes a box (d = %W).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 4.6: Comparison of passing velocities - a platoon passes a box (d = %W).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 4.7: Comparison of passing velocities - a platoon passes a box (d = 1W).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 4.8: Comparison of passing velocities - a platoon passes a box (d = §W).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 4.9: Comparison of passing velocities - a car passes a platoon (d = %W).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 4.10: Comparison of passing velocities - a car passes a platoon (d = %W).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 4.12: Comparison of passing velocities - a car passes a platoon (d = %W).
The drag [frames (a)-(d)]and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.

46



CAR 1 DRAG CAR 1 SIDE FORCE
0.40C — — e 0.20 . — —— v —
E (a) 3 £ (e) 3
0.30F E 0.10¢ C..=10.030 E
é'—'r-—tv--=—-¢r-'~4'¢—l"—'"";‘ %%% S:S_O-'.‘_‘:?‘.;___'_' R - R Ry A
S 0.20F 3 <& 0.0 < =
e Cp.=[0.230 3 £ =~ 3
o.10L E 0.10F - E
g E g E
0.00E . N A " A = -0.20E . L . B
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 12
Passed Model Position(m} Passed Model Pasition(m)
CAR 2 DRAG CAR 2 SIDE FORCE
0.40F — v ——— 0.20— : —— —— . ———]
: (®) 3 : " 3
0.30F = 0.10F 3
E C E £ 3
E SN 3 E Ce=}0.002 - N
:F‘.hu—lk_,——" === T YT S~ E o e — I
§ 0.20F=— O i & 0.007= ] Za g
= . E F =y B 3
E Cop.={0.204 3 E E
0.10F = 0.10F o =
= E E E
0.00F E -0.20F et e
0.0 0.2 04 0.6 0.8 1.0 1.2 0.0 0.2 04 0.6 0.8 10 1.2
Passed Model Position(m) Passed Model Position{m}
CAR 3 DRAG CAR 3 SIDE FORCE
0.40 F T T T 3 0_20: T T T Al T 3
E (c) E E (@) 3
0.305 = 0.10F E
2 E g = ==Y E
& 0.20F = & 0.00fe N o 5 s =
E'z:.’P’/ EERY X5 g . Csc=|0.000 3
0.10F = 0.10F
E Cpo={0.133 3 F 3
0.00F . L 3 -0.20F R L
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 12
Passed Model Position{m) Passed Model Position(m)
CAR 4 DRAG CAR 4 SIDE FORCE
0.40 = —T— = 0. T v —— T T VN
g (d) 3 2 (h) 3
o.sof E o.10f f
i\-\ E £ E
e = v = AP 3
& 0.20= — "y »4 & 0.00= o e & N |
F e e == Tt =" 4 - o —~ == =
2 .\d_,’.—”"”‘ 3 :/./ - .‘:_\_T.:Z.—:, = a ]
= Cpe={0.202 E P Cg.=[0.003 3
0.10£: - 0.10F =
F E 2 E
0.00E__ 4. , —— -020B ., . . .
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.6 1.0 1.2
Passed Model Position(m) Passed Model Position(m}
° data taken in steady state
—_— location of the platoon members
........................ averaged coefficients of the platoon members in a clean platoon

relative velicity v =-1.25m/s
relative velicity v =-2.50 m/s
relative velicity v =-3.75m/s

Figure 4.13: Comparison of passing velocities - a platoon passes a car (d = %W).
The drag [frames (a)-(d)]and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 4.14: Comparison of passing velocities - a platoon passes a car (d = %W)‘
The drag [frames (a)-(d)]and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 4.15: Comparison of passing velocities - a platoon passes a car (d = 1W).
The drag [frames (a)-(d)] and side force [frames (e)-(h)]coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 4.16: Comparison of passing velocities - a platoon passes a car (d = SW).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Chapter 5

Effects of Lateral Spacing

Aerodynamic forces experienced by every platoon member are compared for various
lateral spacings between the mobile model and the platoon. Forces measured on each of
the four cars in the platoon are recorded simultaneously as the mobile model travels 1.2rm.
The coefficients on each of the four cars are plotted with respect to the position of the front
end of the mobile model. Transient data in four different lateral spacings (d = %, %, 1, and
%W, where W =10.2¢m = box width) are recorded. The position of each platoon member
and its coefficients determined in a clean platoon condition are also plotted for reference.

Figure 5.1 to figure 5.5 show the data while a rectangular box is used as the forward
motion mobile model, and figure 5.6 to figure 5.8 show the data as the box model in
backward motion. Figure 5.9 to figure 5.13 show the data while a vehicle is applied as the
forward motion mobile model, and figure 5.14 to figure 5.16 show the data as the vehicle is in
backward motion. For both mobile models, five different velocities 1 = 1.25,2.50, 3.75, 5.00,
and 6.25m /s) are examined when model is in forward motion, and three velocities (v =

—1.25,-2.50, and —3.75m./s) are investigated when mobile model is in backward motion.
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Figure 5.1: Comparison of lateral spacings - a box passes a platoon (v =1.25m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 5.2: Comparison of lateral spacings - a box passes a platoon (v =2.50m./s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 5.3: Comparison of lateral spacings - a box passes a platoon 1 = 3.75m./s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 5.4: Comparison of lateral spacings - a box passes a platoon (v = 5.00m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 5.5: Comparison of lateral spacings - a box passes a platoon (v =6.25m/s).
The drag [frames (a)-(d)]and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 5.6: Comparison of lateral spacings - a platoon passes a box (v = —1.25m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 5.7: Comparison of lateral spacings - a platoon passes a box (v = —2.50m./s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 5.8: Comparison of lateral spacings - a platoon passes a box (v = —3.75m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.

59



CAR 1 DRAG

CAR 1 SIDE FORCE

1

0.40 — r - — 020
E (a) 3 E (e) 21
E 3 = j
o.30F = 0.10 3
: - : E E
E —_— = — 4 T - - | /i
T I eyl it SR Y s SR 3
§ 020 = & 0.00F
© E C.=|0.230 3 E E
: E g :
0.10F -0.10F =
E 3 E 3
= B = E
C J E 3
ooof . . . ) . . L o s N o20F b 1L NN e d
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Passing Model Position{m} Passing Model Position{m)
CAR 2 DRAG CAR 2 SIDE FORCE
Q40— T T ~—— —r — ~— 020 T —r —r T —r— 3
E (b) 3 F ) 3
£ 3 E 3
0.30f El o.10 =
E —— E E 3
E ~ \ 3 E Cg.=t0.002 _——E 3
t ——— B g a E - —
& 0.20 Bl s an s ima e s S 000 = = P et
E == —3 E —~ - =
£ Cpe=|0.204 3 E Jf‘ =7 E
0.10 f E -0.10 E f
000E . N PG W N S R -0.20E. " L. s 4
0.0 0.2 0.4 0.6 0.8 1.0 12 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Passing Model Position{m} Passing Model Position(m)
CAR 3 DRAG CAR 3 SIDE FORCE
0.40[ — —r T —— —r — Q.20 T —— 2 * ——— L AN
2 (o) 3 E (@ 3
0.30 E f 010 :
g E g s S E
& 0.20F & 0.00 ===y 7 ————mmeeeo)
E o 3 :\ﬁ = A  ce=loooo 3
fg_:'./zi:' e T -l e E S ¢ E
.10 - a—— 3 -0.10E 3
1OE To=[0-133 E 1OF 3
E E £ E
oo0oF . P A PN S sy -0.20E - o s A - 2‘
0.0 0.2 0.4 0.6 0.8 1.0 12 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Passing Modal Position(m) Passing Model Position(m)
CAR 4 DRAG CAR 4 SIDE FORCE
0.40 = ™ T T T — — 3 020 ™— T -
g (d) 3 : (h) 3
0.30 f f 0.10F -
= e a
& 0‘20: e aaien ] - — 3 & 0.00 P e - _ ]
P R =—=F= = = =
: = 0e=|0.202 E Co= 3 ’\___/~\;
o10F 3 o10f E
: ] : ]
0.00E . " . L . N o220 .y . L e 3
0.0 0.2 0.4 0.6 .8 1.0 1.2 0o 0.2 0.4 0.6 0.8 1.0 1.2
assing Madel Position{m) Passing Model Position(m)
—— location of the platoon members i
........................ averaged coefficientsof the platoon members in a ¢lean platoon
lateral spacingd = 1/4 box width
________ lateral spacingd = 1/2 box width
— e —— - — - —— _ lateral spacingd= 1 boxwidth
_ ——  _—  __lateral spacing d = 3/2 box width

Figure 5.9: Comparison of lateral spacings - a car passes a platoon (v =1.25m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 5.10: Comparison of lateral spacings - a car passes a platoon (v =2.50m:/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 5.11: Comparison of lateral spacings - a car passes a platoon (v =3.75m./s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 5.12: Comparison of lateral spacings - a car passes a platoon (v = 5.00m./s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.

63



CAR 1 DRAG CAR 1 SIDE FORCE

0.30 [———— —r 00T ——
F A (e) ]
r R ™~ — ]
r K | A
0.25 g - 0.0§ Coe=0.03Q |
Lo j . 3 ﬁ o o 7
.. o T . oo R R Ll By s P
e ; - I Sy [ U B
& 020 & 0.00
: ] g |
0.15f ;1 O'Oi .
odol . . . . R N A - R 0_1[J” . 4 - N B PR
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 06,_ 08 10 2
Passing Modal Position{m} Passing Model Position(m)
CAR 2 DRAG CAR 2 SIDE FORCE
0.30 — T T —— 0.1g— —T— —T ~——r— ]
C (b) 3 M 7
0.25- | 7 ]
L — ] N ={0.002 -
& 020fziizaale i e S e XL
F— T — ——| = Co=0204 IR h
\ :1
0.15 5
otol . o - . N N o010, . NP SR NP B .
0.0 0.2 0.4 0.6 0.8 1.0 1.2 Rk 0.2 4 6 08 1.0 1.2
Passing Madel Position{m) Passing Model Position(m)
CAR 3 DRAG CAR 3 SIDE FORCE
0.30 —r — —r— —— — 010 T T T 3
N (©) ] (9) ]
o025 1
: /‘ cym B ]
o 1 " B et g
& 0.20 S = += g
E N - Te=[0.000 ~
0.15 - N A - —— — -0.08- ]
e — \ ......... g ‘\: C
Coe={0.1 = E
010l P s . " P " -0.10 i
0.0 0.2 ! 0.6 0.8 1.0 1.2
o 0.2 Pi—,‘n‘amus mvefv -uum-\?(:? 10 12 Passing Model Position(m)
CAR 4 DRAG CAR 4 SIDE FORCE
0.3 e 0.10 [ — —r : . .
r (d) 3 C (h)
_ ] [ ]
0.25 0.05F
Lo . e e N .
& 0.20 = B e S e e S SOV e e
R ” L TCx={0.003 5
N C ”\~H
0.15 -0.05
g ] F ]
L 1 L
o.10f . . L e N otol . . . - . . A P
0.0 0.2 0.4 06 . 0.8 10 12 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Passing Model Pasition(m) Passing Model Position(m)
er——— location of the platoon marbers
........................ averaged coefficientsof the platoon mambersin a clean platoon
lateral spacing d = 1/4 box width
________ lateral spacing d = 1/2 box width
— - e - —— - —— _ lateral spacingd= 1 box width

o ' . __ lateral spacing d = 3/2 box width

Figure 5.13: Comparison of lateral spacings - a car passes a platoon (v = 6.25m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 5.14: Comparison of lateral spacings - a platoon passes a car (v = —1.25m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 5.15: Comparison of lateral spacings - a platoon passes a car (v = —2.50m/s).

The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 5.16: Comparison of lateral spacings - a platoon passes a car (v = —3.75m/s).

The drag [frames (a)-(d)]and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Chapter 6

Effects of Mobile Model

Aerodynamic forces experienced by every platoon member under the influence of
the two different mobile models are compared. A passenger vehicle model and a similar
sized rectangular box are applied. Compared with the streamlined front and rear ends of
the passenger vehicle model, both ends of the rectangular box are flat with sharp corners,
which provides a reasonable simulation of a mini van or bus. Forces measured on each of the
four cars in the platoon are recorded simultaneously as the mobile model travels 1.2/n.. The
coefficients on each of the four cars are plotted with respect to the position of the front end
of the mobile model. The peak values of drag and side force coefficients for each platoon
members are shown, and the locations of the front end of the mobile model in which the
peak values occur are determined. The position of each platoon member are also plotted
for reference.

Four different lateral spacings (d = 4, 4, 1, and %W, where W = 10.2¢rn = box
width) are considered, while five different velocities (v = 1.25,2.50,3.75,5.00, and 6.25m./s)
are examined when model is in forward motion, and three velocities (v = —1.25,—2.50, and
—3.75m /s) are investigated when mobile model is in backward motion. Figure 6.1 to figure
6.20 show the data while the mobile models move forward, and figure 6.21 to figure 6.32

show the data when the models are in backward motion.
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Figure 6.1: Comparison of mobile model (d = %W, v =1.25m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.2: Comparison of mobile model (d = %W, v =2.50m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.3: Comparison of mobile model (d = %W, v =3.75m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.4: Comparison of mobile model (d = %W, v =5.00m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.5: Comparison of mobile model (d = %W, v =6.25m/s).

The drag [frames (a)-(d)]and side force [frames (e)-(h)] coefficients on each car in the

platoon are shown with respect to the position of mobile model.
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Figure 6.6: Comparison of mobile model (d = %W, n=1.25m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.7: Comparison of mobile model (d = %W, v =2.50m./s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the

platoon are shown with respect to

the position of mobile model.
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Figure 6.8: Comparison of mobile model (d = %W, v =3.75m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.9: Comparison of mobile model (d = W, v = 5.00m./s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.10: Comparison of mobile model (d = %W, v =6.25m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.11: Comparison of mobile model (d =1W,v =1.25m./s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.12: Comparison of mobile model (d = 1W,v =2.50m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.13: Comparison of mobile model (d = 1W,v = 3.75m /s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.14: Comparison of mobile model (d =1W,» = 5.00m./s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.15: Comparison of mobile model (d =1W,v =6.25m/s).
The drag [frames (a)-(d)]and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.16: Comparison of mobile model (d = %W, v =1.25m/s).
The drag [frames (a)-(d)]and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.17: Comparison of mobile model (d = %W, v =2.50m/s).
The drag [frames (a)-(d)]and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.18: Comparison of mobile model (d = %W, v =3.75m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.19: Comparison of mobile model (d = %W, v =5.00m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.20: Comparison of mobile model (d = %W, v =6.25m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.

88



CAR 1 DRAG CAR 1 SIDE FORCE
0.50F T T T T T E 0.20F T T T T T
g @ 3
3 o.10f
Comax._box=,0.344( 0.96 1113 E
= -cof-
gpem) E
& © E
3 -0.10F
L _0_205_ Cmin box=-0.181( 0.916m)
0.00t . . L . L E -0.30. NS L ) L
0.0 0.2 0.4 0.6 0.8 1.0 1. 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Passed Model Position(m) Passed Model Position{m)
CAR 2 DRAG CAR 2 SIDE FORCE
0.50F T T o R —— A ;
( ) i Cmax_box=0.122( o(gze
Comax_bexz 0.387( 0.606m) . 0.10
E 0.00 e T TI R R T - - ey LU
------------- = 010
E Cpin_teu=-0.157( 0.553m)
E -0..
o.00f . n . . . 3 0.30 . . . . .
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Passed Model Position(m) Passed Model Position{m}
CAR 3 DRAG CAR 3 SIDE FORCE
(©) (9)

Comaxbor=. 0.107( 0.620m)

0.30

Comas_box=,0.234( 0.262m)

Co

T T

a 0-169( 0.329m)

bt oo lanpobioincobionon

ITUCRITURY IYRTRSNUT] KERNUUUY..\ URSVERATICATAVRTAT]

T T

0.10 3
0.00 " 1 L 1 " 3 1 1 L n n
0.0 0.2 04 0.6 0.8 1.0 1.2 0.2 0.4 0.6 0.8 10 1.2
Passed Model Position{m) Passed Model Position{m)
CAR 4 DRAG CAR 4 SIDE FORCE
0.50¢ T v T T T 3 0.20 T T T T T
z ) ]
0.40E E
E E Cgomax_bon= 0-053( 0.268m)
030 . =0272(0.010m) E
& rom_car= 0.248( 0.008m) E

0.20 — e L L ol ~
0.10 E— —;
0.00f . . . A . E 030 . . . . . i
0.0 0.2 0.4 0.6 08 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Passed Model Position(m) Passed Model Position{m}
X maximum or minimum points at each line
_— location ofthe platoon members )
............... ... ......averagedcoefficientsofthe platoon members in a clean platoon

mobile model =BOX
mobile model =CAR

Figure 6.21: Comparison of mobile model (d = %W, v =-1.25m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.22: Comparison of mobile model (d = %W, v = —2.50m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.23: Comparison of mobile model (d = %W, v =—3.75m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.24: Comparison of mobile model (d = %W, v =-1.25m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.25: Comparison of mobile model (d = %W, v =-=250m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.26: Comparison of mobile model (d = %W, v=—3.75m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.27: Comparison of mobile model (d = 1W,v = —1.25m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the

platoon are shown with respect to

the position of mobile model.

95



CAR 1 DRAG CAR 1 SIDE FORCE
0.30 T T T T T 0.10 T T T T T
[ (a) I (e) |
F Comax_box= 0.260{ 0.977rh) r q
o.2s[ b o0246( o61m) ¢ 05
5 0.201 & 0.00 Comin ca=|0.014( 0.99Am) ]
0.15 -0.05 - Camin_bex=-0.044( 0.882m) —
0.10 . P S T P -0.10[ . : \ L I 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Passed Model Position(m) Passed Model Position(m)
CAR 2 DRAG CAR 2 SIDE FORCE
0.30 T T T T T 0.1 v T 7 e e e
I () 1
r Csmax_box= 0.062( 0.936m)
0.05|~
Comax b= 0.233( 0.624m) +
& & 000 Ty e e es n
0028( 0.616m) ]
-0.05 Coin_box=-0.049( 0.533m) 7]
o010 s . . L . ) -0.100 1 | A ) 1
0.0 0.2 04 0.6 .8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 12
assed Model Position(m) Passed Model Position(m)
CAR 3 DRAG CAR 3 SIDE FORCE
0.30 T T T T ] 0.10— T T T T T
_ (e) 1 (9
0.25+— I 0.05¢— Cama b= 0.039( 0.639m)
b ] L A
b i L
L ) [
§ 020} -1 & 0.00H
I Cpmax_box™ 0.180( 0.284m) 1 .
oasbrZ - T ] T T N = -0.08 —\
oo s s TR e s e g b Cemin_box=-0.063( 0.188m)
0.10 1 L " . " o0l . . .. R S S S .
0.0 0.2 0.4 0.6 .8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Passed Model Position{m) Passed Model Position(m)
CAR 4 DRAG CAR 4 SIDE FORCE
0.30 T T T T T 0.10 T T T T T
[ (d) 1 ()]
0.25 LComas sen= 0.244( 0.009m) 2 0.051 Comar oo, 0.046( 0.302m) ]
i25(1.200m) | i
& o20F—-" AR PR e A & 0.00F R R S TN
0.15[- e 0.0~ ]
0.10 ' ! 1 n L -0.10. i L " L 1
0.0 0.2 04 0.6 0.8 1.0 1.2 0.0 0.2 04 0.6 0.8 1.0 1.2
Passed Model Position{m} Passed Model Position(m)
*

maximumor minimum points at each line
location ofthe platoon members
........................ averaged coefficients

mobi le model =CAR

averaged coefficientsof the platoon membm in a clean platoon

Figure 6.28: Comparison of mobile model (d = 1W,n = —2.50m /s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.29: Comparison of mobile model (d = 1W,v = —3.75m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.30: Comparison of mobile model (d = %W, v =-1.25m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.31: Comparison of mobile model (d = %W, v =—-2.50m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the
platoon are shown with respect to the position of mobile model.
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Figure 6.32: Comparison of mobile model (d = %W, v =—3.75m/s).
The drag [frames (a)-(d)] and side force [frames (e)-(h)] coefficients on each car in the

platoon are shown with respect to the position of mobile model.
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Chapter 7

Position, Velocity, and
Acceleration

The position of the mobile model is determined by a resolver which is integrated on
the servo motor as shown in figure 2.1. The resolver, which provides positional feedback
to the motor controller, has a resolution of 1024 counts/revolution. After obtaining the
information from the resolver about the time history of model’s position, we take first
derivative to obtain the velocity and second derivative to get the acceleration. Details
about the function of motor resolver can be found in Chen [1] and Snyder [4].

In figures 7.1-4, the first column shows the position profile with respect to time for
the five assigned velocities. The second and third columns show the real velocity and
acceleration profiles and they are plotted with respect to position. Due to the mobile
model’s acceleration and deceleration in the beginning and at the end of the testing period,
not necessarily all the platoon members are passing (passed by) a constant-speed vehicle.
The mobile model’s accelerating and decelerating period are expected to affect the results
somewhat. Their magnitudes, however, are not controlled factors in this study.

Four pieces of line segment shown on the bottom of each frame in the centered column
represent the positions of the four platoon members. Aerodynamic data taken when the
mobile model moves backward in velocities v = —5.00 and —6.25/m./s are not used in this
report, because the cable that drives the mobile model slips on the motor wheel such that

the position of the model cannot be accurately determined.
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Figure 7.1: Position, velocity and acceleration - a box model in forward motion

Frames in the first column show the position vs. time profiles obtained in & different veloc-
ities. Frames in the second and third columns show velocity nd acceleration information,

respectively.
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Figure 7.2: Position, velocity and acceleration - a box model in backward motion
Frames in the first column show the position vs. time profiles obtained in 5 different veloc-
ities. Frames in the second and third columns show velocity nd acceleration information,

respectively.
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Figure 7.3: Position, velocity and acceleration - a car model in forward motion
Frames in the first column show the position vs. time profiles obtained in 5 different veloc-
ities. Frames in the second and third columns show velocity nd acceleration information,

respectively.
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Figure 7.4: Position, velocity and acceleration - a car model in backward motion
Frames in the first column show the position vs. time profiles obtained in 5 differentveloc-
ities. Frames in the second and third columns show velocity nd acceleration information,
respectively. 105



Chapter 8

Summary

Wind tunnel experiments are conducted to study transient aerodynamics experienced
by a four-car platoon during a passing maneuver. Specifically, four factors have been inves-
tigated throughout the study. They are:

o mobile model’s direction,
o relative velocities between the mobile model and the platoon,

lateral spacings between the mobile model and the platoon, and

o

the shapes of the mobile model.

The major observations and discoveries are the following:

. Each platoon member experiences significantly increased drag when the mobile model

=

moves to the proximity of it. The platoon member experiences a repellent force when
the mobile vehicle is in the neighborhood of its rear half. The side force reverses its
direction and points toward the mobile model when it is in the proximity of the front

half of the platoon member.

2. The trends of force change are similar for all the four cars in the platoon, in terms of

the relative position of the platoon member and the mobile model.

3. The mobile directions does not affect the force and moments experienced by the pla-
toon members significantly. Similar trends of forces and moment change are observed

in both cases of a car passing a platoon and a car overtaken by a platoon.
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4. The lower relative velocity between the platoon and the mobile model is, the greater
impacts are experienced by the platoon members. The transient data agree with

steady state measurements (zero relative velocity) very well.

5. The closer the mobile model to the platoon is, the greater forces are experienced by

the cars in the platoon.

6. The box model with sharp corners generates much more impact to the platoon than
the streamlined passenger vehicle model. The platoon members experience much

greater forces when a rectangular box is used as the mobile model.

7. The measured yaw moments are negligible compared with the magnitude of drag and

side force.

8. Although this study is designed to investigate aerodynamic effects on a platoon during
constant-speed passing maneuvers, the acceleration and deceleration are inevitable be-
cause of the length of the wind tunnel test section. The acceleration and deceleration,
which are unknown factors for the aerodynamic force changes on the platoon during
passing maneuvers, need further study to quantify their effects. However, according
to the data collected in this report, the force coefficients have not shown significant

dependence on acceleration/deceleration during passing maneuvers.

This report summarizes the data collected during the investigation of platoon aero-
dynamics during passing maneuvers. Quantitative data analysis and discussion about the

results will be provided in the final report.
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