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ABSTRACT: This case report describes a noncontact traffic accident involving a motor scooter and a tractor–trailer with a focus on the wind-
drag effect. We used load cells to measure the drag force acting on a substantially similar motor scooter when a substantially similar tractor–trailer
passes by it, taking into consideration various speeds of the tractor–trailer and distances between the two vehicles. A three-dimensional steady-state
flow analysis was also performed by using the CFX program for computational fluid dynamics to examine the streamlines and the pressure distribu-
tion around the tractor–trailer at various speeds. From the experiment, for a separation distance of 1.0 m (3.28 ft) and a speed of 90 km ⁄ h
(55.9 mph), the maximum resultant drag force is 124.5 N (28 lb); this constitutes a degree of force that could abruptly disrupt the stability in maneu-
vering by an operator who is unaware of the approaching tractor–trailer. In addition, a single equation that relates the tractor–trailer speed to the drag
force that acts on the motor scooter was derived on the basis of the Reynolds number (Re) and the wind-drag coefficient (Cd): Cd = 1.298 · 10)7 Re.
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The speed limit of vehicles was recently increased in Korea
under consideration of improved vehicle performance. The speed
limit on city roads was increased from 60 km ⁄ h (37.3 mph) to
70 km ⁄h (43.5 mph), and an increase from 100 km ⁄h (62.1 mph)
to 120 km ⁄ h (74.6 mph) for highways is currently being debated at
length. In order to make changes to the speed limit for roads hav-
ing narrow lanes, it is also imperative to consider pedestrian, bicy-
cle, and motorcycle traffic, which can be influenced directly by the
speed of vehicles via wind-drag, especially in the case of children
and the elderly. This case report describes a noncontact traffic acci-
dent involving a motor scooter and a tractor–trailer with a focus on
the wind-drag effect.

Case Report

A motor scooter operator lost control of the vehicle upon being
passed by a tractor–trailer. There were no tire marks on the road
reflecting physical signs of an accident (1). Figure 1 shows the
position of the motor scooter in a series of time-lapsed photo-
graphs, which were recorded by CCTV installed at a gas station
near the scene of the accident. The motor scooter was found in the
opposite lane, near the center line. Because of poor image quality,

contact or an impact between the tractor–trailer and the motor
scooter could not be found. However, the speed of the tractor–trai-
ler was estimated to be 70–80 km ⁄ h (43.5–49.7 mph). Figure 2
shows the tractor–trailer and the motor scooter; there was no evi-
dence of contact. Among the various potential causes of the motor
scooter crash, the wind-drag effect was deemed the primary focus,
because the motor scooter crashed upon being passed by the trac-
tor–trailer, as viewed from the recorded CCTV.

In fluid dynamics, drag, sometimes referred to as air resistance
or fluid resistance, denotes the forces that oppose the relative
motion of an object through a fluid. Drag forces act in a direction
opposite to the oncoming flow velocity (2). As the tractor–trailer
passes by the motor scooter, the flow field produced by the trac-
tor–trailer movement affects the motor scooter via drag force. Con-
sidering two-dimensional flow fields by neglecting the flow
directed upward, as it is relatively small compared with the flow in
other directions, the drag force is considered to be the resultant
force from two perpendicular forces in two directions.

The drag coefficient, Cd, is defined as:

Cd �
Fd

1
2 qV2A

ð1Þ

where Fd is the drag force; q, the density; V, the velocity; and A,
the cross-sectional area. From Eq. (1), it can be seen that the
magnitude of the drag force is a direct function of the speed of the
tractor–trailer.

Many studies have been conducted on the aerodynamics of pas-
senger vehicles and trucks, and these studies can be divided into
two groups. The first group focuses on drag force reduction to
improve fuel economy. Here, the aerodynamics of vehicles have
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been studied by numerical analyses using computational fluid
dynamics or wind tunnel experiments (3–6). The second group
focuses on the effect of wind or vehicle-induced airflow on vehicle

stability or external objects such as pedestrians or other vehicles
(7–13). Notable studies in this group include an investigation into
the effect of wind on an emergency vehicle and on a tractor–trailer
on a bridge, and the authors suggested safe wind speeds for the
operation of such vehicles to prevent course deviation and overturn-
ing (7,8). The transient aerodynamic phenomena associated with a
passing vehicle or series of vehicles were also studied (9–12).
These studies suggested that significant interactions occur when the
passing vehicle is within a distance corresponding to the length of
the other vehicle, and there is a characteristic intervehicle spacing
at which the drag of the rear vehicle is significantly increased. A
simple analytical model for train-induced flow and its effects on
pedestrians was developed (13). The authors of this work used
unsteady potential theory to derive an analytical expression of the
force exerted on a pedestrian. However, the theory has limited
application, because it employs a simplified pedestrian and train
model. No attempts have been made to quantitatively measure the
loads imposed on a motor scooter by vehicle-induced gusts, as in
the present case study.

In this study, the drag force acting on a substantially similar
motor scooter when a substantially similar tractor–trailer passed by
was experimentally measured using universal compression and
tension-type load cells. Table 1 shows the specifications of the trac-
tor–trailer and the motor scooter used for the experiments. Figure 3
shows the experimental setting of the motor scooter with the
dummy operator. The motor scooter and the dummy operator were
installed on rigid frames that were fixed to the ground. Two rigid
rods, each equipped with a load cell, were used to attach the motor
scooter to the frame, and were fixed to the center of mass of the
motor scooter and the dummy operator (14). The dummy was fixed
to the saddle of the motor scooter, and the weight was set to 60 kg
(132 lb). One rod with a load cell was installed in the direction of
the motor scooter movement, viz., the y direction, and the other
rod with a load cell was attached in the direction of the left-hand
side, viz., the x direction. Ball bearings were installed on each rod
to prevent bending moments. The measured data on the drag force
were stored on a computer through a data logger. The speed of the
tractor–trailer was varied from 60 km ⁄ h (37.3 mph) to 90 km ⁄ h
(55.9 mph), and the distance between the tractor–trailer and the
motor scooter carrying the dummy was varied from 1.0 m (3.28 ft)
to 2.0 m (6.56 ft). The experiment was performed along a straight
road where the tractor–trailer could accelerate and steadily maintain
the test speed. Figure 4 shows a photograph of the test site and the
experimental apparatus.

A three-dimensional steady-state flow analysis was also per-
formed using the CFX program for computational fluid dynamics
to examine the streamlines and the pressure distribution of the trac-
tor–trailer at various speeds (15). For simplicity, the computational
domain was modeled for a tractor–trailer fixed to the ground under
a steadily passing airflow corresponding with the speed of the trac-
tor–trailer. In previous numerical studies on the aerodynamics of

(a)

(b)

FIG. 2—(a) The tractor–trailer. There was no evidence of contact. (b)
The motor scooter. There was no evidence of contact.

FIG. 1—The position of the motor scooter (dashed lines) in a series of
time-lapsed photographs recorded by a CCTV installed at the gas station
near the scene of the accident. The arrow indicates the location where the
motor scooter crashed.

TABLE 1—Specifications of the tractor–trailer and the motor scooter.

Tractor Trailer Motor Scooter

Manufacturer Scania Incheon Motors Hyosung Motors
Model P380 ICDT-18DA Super Cab
Year 2003 2004 2000
Overall length (ft) 22.3 26.0 5.7
Overall width (ft) 8.2 8.1 2.2
Overall height (ft) 10.2 10.1 3.4
Wheel base (ft) 14.6 4.4 4.0
Empty weight (lb) 18,982 12,125 163
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heavy trucks or tractor–trailers, researchers used a full-scale trac-
tor–trailer or truck model and considered an asymmetrically shaped
tractor–trailer (3), the cross-wind (7), and unsteady airflow around
the tractor–trailer (5,9,12), which result in asymmetric flow condi-
tions for the tractor–trailer. Assuming that the tractor–trailer has a

symmetric geometry with respect to the lateral direction and that
air flows uniformly along the longitudinal direction of the tractor–
trailer at the inlet boundary condition, a symmetric airflow condi-
tion results. Accordingly, half the tractor–trailer was modeled in
this study for simplicity.

The j-e turbulent model, which provides computational accuracy
(3–5,7,9,12), was used for the airflow analysis. The j-e turbulent
model uses the gradient diffusion hypothesis to relate the Reynolds
stresses to the mean velocity gradients and the turbulent viscosity.
j is the turbulent kinetic energy and is defined as the variance of
the fluctuations of velocity. e is the turbulent eddy dissipation and
is the rate at which the velocity fluctuations dissipate (15).

Tetra-prism-type meshes were used for the solid wall of the trac-
tor–trailer. Tetra mesh alone is not efficient for capturing shear or
boundary layer physics. Hence, a prism mesh that efficiently cap-
tures these effects near the solid surface was also used (15). After
a grid-dependence study, unstructured meshes with 2,514,454 nodes
(3,576,355 elements) were used for the computations, as they yield
more accurate results than other approaches (3–5,7,9,12). The con-
vergence criteria for the root mean squared (rms) residual were set
to 1E-6. The rms residual, R(x), is the square root of the average
of the squares of x• in each cell of the domain. x is the rate
change of the conserved variable, x•, at every time step or iteration
step (15):

RðxÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
ðx� Þ2

q
;x
� ¼ @x

@t
ð2Þ

The boundary conditions were the mass flow at the inlet and the
total pressure at the outlet, as generally adopted in previous studies
(3–5,7,9,12). Air at 20�C (68�F) was considered as the working
fluid, and the thermo-physical properties of the working fluid were

(a)

(b)

(c)

FIG. 3—(a) Photograph of the experimental setup. The motor scooter and
the dummy operator were installed on rigid frames that were fixed to the
ground. Two rigid rods, each equipped with a load cell, were used to attach
the motor scooter to the frame and were fixed to the center of mass of the
motor scooter and the dummy operator. (b) Measurement of the y-direc-
tional force. The dashed rectangle indicates the load cell; the dashed circle
indicates the ball bearing. (c) Measurement of the x-directional force. The
dashed rectangle indicates the load cell; the dashed circle indicates the ball
bearing.

FIG. 4—Photograph of the test site. The experiment was performed along
a straight road where the tractor–trailer could accelerate and steadily
maintain the test speed.
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considered to be constant. Figure 5 presents a schematic illustration
of the computational modeling.

Results and Discussion

Figure 6 shows an example of the measured forces in the case
of a tractor–trailer speed of 90 km ⁄h (55.9 mph) and distance of
1.0 m (3.28 ft) between the two vehicles. The measured data were
saved on a computer at 0.25 sec intervals through a data logger.
As the tractor–trailer passed by, a compression force, that is, an air-
flow force on the motor scooter in the x and y directions, acted on
the motor scooter carrying the dummy. Hereafter, as the motor
scooter with the dummy was fixed to the frame through rigid rods
with load cells, the force fluctuated from compression to tension
and was damped to zero. The maximum resultant force was calcu-
lated by combining the x- and y-directional initial maximum com-
pression forces, assuming that these forces were applied at the
same time. The basis of this assumption is that the time difference
between these two forces was <0.25 sec. Figure 7 shows the maxi-
mum resultant forces. Each case was repeatedly measured three

times and the values were averaged. Unfortunately, the cases of
distances of 1.5 m (4.92 ft) and 2.0 m (6.56 ft) at a trailer-tractor
speed of 90 km ⁄ h (55.9 mph) could not be tested because of the
restricted test-site conditions. The resultant forces almost linearly
increased at low speeds as the distance decreased. As the
speed increased to 80 km ⁄h (49.7 mph) or higher, the resultant
forces increased steeply as the distance decreased. This can be
explained by introducing the concept of a boundary layer (16). As
the tractor–trailer moves, an air velocity field develops around its
solid surface. The air velocity becomes the speed of the tractor–
trailer at the solid surface and becomes lower as the distance from
the solid surface increases. As the speed of the tractor–trailer
increases, the air velocity region, which is strongly affected by the
tractor–trailer speed, extends. As this region extends, the force act-
ing on the motor scooter with the dummy will be strongly influ-
enced by the speed of the tractor–trailer. Considering the above
results, we could conclude that there is a characteristic distance
within which nearby objects can be strongly affected depending on
the tractor–trailer speed. The resultant forces for a distance of
1.0 m (3.28 ft) between the motor scooter and the tractor–trailer

(a)

(b)

FIG. 5—(a) Schematic illustration of the computational modeling. For
simplicity, the computational domain was modeled for a tractor–trailer fixed
to the ground while airflow steadily passed at the speed of the tractor–trai-
ler. Dashed circle indicates the modeled tractor–trailer [see (b)], and solid
lines indicate the computational domain. (b) The modeled tractor–trailer:
considering symmetry, half the tractor–trailer was modeled.

FIG. 7—The maximum resultant forces. The resultant forces almost
linearly increased at low speeds as the distance decreased. As the speed
increased to 80 km ⁄ h (49.7 mph) or higher, the resultant forces increased
steeply as the distance decreased.

FIG. 6—Example of the measured forces in the case of a tractor–trailer
speed of 90 km ⁄ h (55.9 mph) and distance of 1.0 m (3.28 ft) between the
two vehicles. As the tractor–trailer passed by, a compression force, that is,
an airflow force on the motor scooter in the x and y directions, acted on the
motor scooter carrying the dummy.
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were 87.8 N (19.7 lb) at a speed of 80 km ⁄ h (49.7 mph) and
124.5 N (28 lb) at a speed of 90 km ⁄ h (55.9 mph). These forces
could abruptly disrupt the stability in maneuvering by an operator
who is unaware of the approaching tractor–trailer.

Figure 8 shows the results of a flow analysis using the CFX pro-
gram. Flow separation occurs at the front and back of the trailer.
Because of the separation at the front of the trailer, the air flows
separate, and this can increase the drag force on the motor scooter
with the operator. As the air velocity increases, flow separation at
the front face of the trailer and the domain of positive pressure at
the front face of the tractor increases.

The drag coefficients are calculated using Eq. (1), where Fd is
the maximum resultant force calculated from Fig. 7, q is the air
density at 20�C (68�F), V is the speed of the trailer-tractor, and A
is the cross-sectional area of the motor scooter with the dummy.
The Reynolds number (Re), corresponding to the calculated drag
coefficient, is calculated as follows (16):

Re ¼ qVL

l
ð3Þ

where L is the characteristic length and l is the air viscosity at
20�C (68�F). The characteristic length, L, is expressed as the front

cross-sectional area of the tractor–trailer divided by the distance to
the motor scooter. Figure 9 displays the calculated drag coefficients
versus the calculated Reynolds numbers. The points plotted as cir-
cles, rectangles, triangles, and diamonds represent the calculated
drag coefficients at the corresponding calculated Reynolds numbers.
From Fig. 9, the calculated drag coefficient can be expressed in
terms of the dimensionless Reynolds number (Re) as follows:

Cd ¼ 1:298� 10�7 Re ð4Þ

Figure 9 also shows a comparison between the drag coefficients
from Eq. (1) and those from Eq. (4), which are represented by the
dashed line. The two sets of drag coefficients are in good agree-
ment, with a maximum deviation of 17%. From the previous
results, we have concluded that the drag force caused by the trac-
tor–trailer can be expressed through the Reynolds number.

The current report has been carried out only for the specific case
of an accident involving a tractor–trailer and a motor scooter. We
plan to undertake further work considering various vehicles and rel-
ative objects, including pedestrians, to generalize the correlation.
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