
BR
IE

F
RE

PO
RT

EN
G

IN
EE

RI
N

G

Aerodynamic integration produces a vehicle shape
with a negative drag coefficient
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Negative drag coefficients are normally associated with a ves-
sel outfitted with a sail to extract energy from the wind and
propel the vehicle forward. Therefore, the notion of a heavy
vehicle, that is, a semi truck, that generates negative aerody-
namic drag without a sail or any external appendages may
seem implausible, especially given the fact that these vehicles
have some of the largest drag coefficients on the road today.
However, using both wind tunnel measurements and computa-
tional fluid dynamics simulations, we demonstrate aerodynami-
cally integrated vehicle shapes that generate negative body-axis
drag in a crosswind as a result of large negative frontal pres-
sures that effectively “pull” the vehicle forward against the wind,
much like a sailboat. While negative body-axis drag exists only
for wind yaw angles above a certain analytical threshold, the
negative frontal pressures exist at smaller yaw angles and subse-
quently produce body-axis drag coefficients that are significantly
less than those of modern heavy vehicles. The application of this
aerodynamic phenomenon to the heavy vehicle industry would
produce sizable reductions in petroleum use throughout the
United States.
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Future reductions in petroleum use and carbon emissions will
rely heavily upon improved heavy vehicle freight efficiency.

Within the United States, domestic freight is dominated by heavy
vehicles, that is, semi trucks, which handle approximately 81%
of the total freight weight and nearly 86% of the total value of
freight shipments (1). Although heavy vehicles comprise just 4%
of all on-road vehicles, they are responsible for more than 20%
of all transportation-related fuel consumption and greenhouse
gas emissions (1). One of the main sources of inefficiency con-
tributing to the low fuel economy [∼6 mpg or 2.6 km/L (2)] of
heavy vehicles is their relatively large body-axis drag coefficient
CDb =Db/(1/2)ρV

2A [CDb can range upward of 0.8 to 1.8 (3–
6), compared to 0.3 for a sedan (7) and 0.4 for an SUV (8)],
where the body-axis drag force, Db , is given by

Db =Dw cosψ−Sw sinψ, [1]

where ρ is the density of air, V is the characteristic wind speed,
A is the frontal projection area of the vehicle, Dw is the wind-
axis drag force, Sw is the wind-axis side force, and ψ is the yaw
angle of the vehicle relative to the oncoming wind (Fig. 1A). At
highway speed (104.6 km/h or 65 mph), the Reynolds number,
Re= ρVw/µ, for a heavy vehicle is about 5 ×106, and, as such,
the drag force is mostly due to pressure, not viscous shear, on
the vehicle surface, where w is the vehicle width, and µ is the
dynamic viscosity of air. Poor aerodynamics promote parasitic
losses not only for the vehicle traveling directly into the wind
(ψ=0◦), as would be the case for quiescent weather, but also
for the more common scenario of traveling in a crosswind. At
the vehicle midheight (2.1 m), the average crosswind through-
out North America is about 11.3 km/h (7 mph) (3), translating to
1.4◦≤ |ψ| ≤ 6.1◦ at highway speed and assuming that the cross-
wind approaches the vehicle with equal probability from any
direction (9, 10). Recent efforts have focused upon reducing the
aerodynamic drag of heavy vehicles by installing multiple drag

reduction devices (11, 12). For example, boat-tail (BT) plates
(13, 14) increase the trailer base pressure in quiescent and cross-
wind conditions, while trailer skirts (15) and tractor side and roof
extenders (16), both of which have become widely utilized in
recent years (17), function by decreasing the amount of cross-
wind flow impinging upon the front faces of the trailer and the
trailer wheels, respectively (Fig. 1B). While these simple devices
produce notable reductions in CDb (Fig. 1C), more substantial
gains are inherently limited by the rather fixed shape of modern
heavy vehicles. A radical solution to this restriction is to com-
pletely reshape the exterior of the heavy vehicle, so that it is
aerodynamically integrated along its entire length l in a smooth,
continuous fashion and not through an ad hoc patchwork of sep-
arate add-on devices (Fig. 1B). Following this approach here,
an investigation was conducted on highly streamlined vehicle
shapes that not only have significant reductions in aerodynamic
drag but also exhibit negative values of CDb beyond a threshold
yaw angle.

To evaluate the performance of such vehicle shapes, the aero-
dynamic forces on two 1/8th-scale generic speedforms (GSF1
and GSF2; Fig. 1D) were measured in a closed-circuit wind tun-
nel (see Materials and Methods). Although both shapes largely
follow the overall proportions of a modern heavy vehicle, the
cargo trailer is reshaped, and the underbody, wheels, tractor-
trailer gap, and all exterior details were completely removed to
yield an upper bound on the efficiency gains. GSF2 is slightly
more streamlined than GSF1 by incorporating larger frontal
corner radii (3), shallower hood and windshield angles, greater
trailer tear-dropping, and a longer BT. Over the entire range
of yaw angles commonly seen in operation, this exterior reshap-
ing produces substantial reductions in CDb compared to that of
modern heavy vehicle outfitted with add-on devices (Fig. 1C).
With increasing yaw angles, this benefit continues to increase, as
evidenced by the decreasing values of CDb . This indicates that
the geometry is passively extracting energy from the freestream
to counteract the body-axis drag force, which would have other-
wise increased with ψ. When |ψ|> 18◦ [an angle that can likely
be encountered in more-windy states, such as Wyoming, when
operating at highway speed within a 32 km/h (20 mph) cross-
wind (18)], the body-axis drag force is completely counteracted,
and CDb becomes negative for GSF2. Subsequently, the vehi-
cle “pulls” itself forward against the wind, much like a sailboat.
This beneficial, counterintuitive behavior for a streamlined body
was previously demonstrated on a truncated, very low aspect
ratio (w/l =0.37) airfoil planform for |ψ|> 24◦ and attributed
to the large negative pressures that arise on the front leeward
side (19). However, when this concept was applied to the front
end of a heavy vehicle with a conventional trailer, CDb remained
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Fig. 1. (A) Aerodynamic forces acting upon a heavy vehicle yawed relative
to the oncoming wind. (B) Drag reduction techniques using either ad hoc
add-on devices or smooth aerodynamic integration and (C) the correspond-
ing body-axis drag coefficient, CDb, versus yaw angle, ψ, where the data for
the 1/8th-scale generic conventional model (GCM) of a modern heavy vehi-
cle is taken from ref. 6. The red shading from 1.4◦≤ |ψ| ≤ 6.1◦ is the range
of wind yaw angles typically experienced for a vehicle traveling at highway
speed (104.6 km/h or 65 mph) (9). (D) GSF shapes 1 and 2, where w = 0.324
m at 1/8th scale. The F denotes the tear-dropping radius of curvature.

greater than zero for all yaw angles measured up to 55◦, although
notable reductions in CDb were observed. Similarly, Cooper (20)
investigated a heavy vehicle that was streamlined in a coarse,
piecewise manner, and, although CDb decreased with increasing
ψ, negative values of CDb were not measured.

A simple criterion for determining when CDb is less than zero
can be obtained from Eq. 1 to yield |CDw/CSw |< tan |ψ|. The
ratio |CDw/CSw | is essentially the inverse of the lift-to-drag ratio

of an airfoil, to which the body is analogous when viewed from
above (Fig. 1A). A plot of this criterion, along with measure-
ments of |CDw/CSw | (Fig. 2A), highlights the potential to extract
even more energy from the freestream by further decreasing the
values of |CDw/CSw |. While this can readily be accomplished
through the installation of a sail (21) or vertical fins (22) as is
the case for wind-assisted vehicles, a more practical approach for
a heavy vehicle is through additional frontal streamlining. Com-
putational fluid dynamics (CFD) simulations (see Materials and
Methods) of the resulting GSF3 shape, which has a longer nose
with larger corner radii (Fig. 2B) than that of GSF2, demonstrate
a wider range of ψ in which CDb is less than zero due to the
large region of negative pressures produced on the front leeward
side (Fig. 2C). The ad hoc shape modifications used to produce
the GSF3 shape are by no means optimal from both aerody-
namic and operational standpoints. Although the reductions in
drag come from additional frontal streamlining, particular atten-
tion must be paid to the entire shape. For subsequent designs,
aerodynamic shape optimization techniques should be employed
to preserve the useful cargo volume within the aerodynami-
cally integrated shape while minimizing the value of CDb and
addressing any possible effects upon the vehicle stability within
crosswinds.

The future application of smooth aerodynamic integration
can have a fundamental impact upon the heavy vehicle freight

A

B

C

Fig. 2. (A) Ratio of the wind-axis drag and side force coefficients as a func-
tion of the yaw angle, ψ. The red shading from 1.4◦≤ |ψ| ≤ 6.1◦ is the
typical range of wind yaw angles experienced for a vehicle traveling at
highway speed (104.6 km/h or 65 mph) (9). The gray shading denotes the
regime in which the body-axis drag coefficient, CDb, is less than zero, that
is, where |CDw/CSw |< tan |ψ|. (B) Views of GSF3. (C) Pressure coefficient,
Cp = ∆p/(1/2)ρV2, on the front of the GSF3 computed from CFD simula-
tions, where ∆p is the pressure difference relative to atmospheric pressure.
The white contour lines are for Cp = −1, −1.5, and −2.
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sector, which consumed over 30 billion gallons of diesel fuel in
2017 (2). Given the estimate (17) that every 1% reduction in
CDb leads to a 0.45% reduction in fuel use for a heavy vehi-
cle at highway speeds, the values of CDb presented in this study
highlight the potential to produce a significant reduction in both
petroleum consumption and carbon emissions throughout the
United States.

Materials and Methods
Wind Tunnel Investigation. The wind tunnel measurements are made in the
NASA Ames 7 × 10 wind tunnel, which has a contraction ratio of 14:1, a
test section size of 2.134 m × 3.048 m, and freestream turbulence inten-
sity of 0.25%. The wind tunnel is operated at a nominal dynamic pressure
of 3,100 Pa that is measured from a pressure ring upstream of the tunnel
test section. Since the wind tunnel Re (1.63 ×106) is about 31% that of
a heavy vehicle operating at highway conditions, measurements are made
over a range of Re to ensure Reynolds number independence, which has
also been shown for a similar heavy vehicle model investigated within this
wind tunnel at the same scale and Reynolds number (23). The GSF models
comprise an aluminum, steel, and wooden backbone to which is attached
foam and a layer of modeling clay that can readily be reshaped during test-
ing. Each GSF model is mounted on an external six-component balance at
a height of approximately 0.02 m above the stationary wind tunnel floor.
This height offset is equal to the nominal, tunnel floor boundary layer dis-
placement thickness along the vehicle length, an approach that has been
suggested to allow for correct, effective underbody clearance above a sta-
tionary ground plane (24, 25). The absence of a more realistic moving
ground plane beneath the heavy vehicle models has been shown to have
only a small effect (∼1%) on the resulting drag coefficient measurements
(26). The models are yawed relative to the freestream by a turntable that
can rotate to within ±0.1◦. The measurement uncertainty of the calcu-
lated force coefficients is ±0.03. For each data point collected during an
experimental run, the force balance signals are sampled for 30 s (816 model
lengths).

Computational Investigation. The flow field about GSF3 is found by solving
the Reynolds-averaged Navier–Stokes equations (27) with a finite-volume
CFD code (Star-CCM+, Siemens). The turbulent quantities are computed
using the kω−SST (shear stress transport) turbulence model with an

all-y+ wall treatment model (28). The governing equations are solved on
an unstructured, hexahedral cell mesh, which comprises a Cartesian core
mesh and several layers of hexahedral prismatic cells extruded from the
walls. Between these two meshes are transitional, polyhedral cells. The
near-wall prism layer cell thickness is chosen such that the y+ values are
equal to 50, on average, over the surface of GSF3. The GSF3 geometry is
obtained by three-dimensionally scanning the surface of GSF2 and stream-
lining the frontal region (longer frontal nose and larger corner radii; Fig.
2B) through the use of a CAD software package (Rhino 3D, Robert McNeel
& Associates). The GSF3 model is scaled up to full size, that is, w = 2.592 m,
and the simulations are conducted for ψ ranging from 0◦ to 25◦. To better
replicate real-world operating conditions, the inlet velocity to the com-
putational domain (380w× 150w× 620w in size) is chosen such that the
freestream speed in the body-axis direction is 104.6 km/h (65 mph) for each
ψ, and a moving ground velocity boundary condition is set to 104.6 km/h
(65 mph) in the body-axis direction. A slip velocity boundary condition is
prescribed to the walls of the computational domain, and the computed
variables are extrapolated at the outlet to the computational domain. A
no-slip velocity boundary condition is applied to the surface of GSF3. The
nominal spatial resolution about GSF3 results in mesh sizes of approxi-
mately 200× 106 cells. To demonstrate that the flow fields are adequately
resolved by this level of resolution, the solution for GSF3 at ψ= 4◦, by way
of example, is computed on four meshes with sizes of 6× 106, 30× 106,
172× 106 (nominal), and 300× 106 cells. Since the body-axis drag and side
force coefficients exhibit a monotonic mesh convergence trend and grid
convergence indexes of GCInominal = 6× 10−3 and 2× 10−4, respectively,
it was concluded that the nominal spatial resolution is adequate for the
present study, where a conservative value of three is chosen for the safety
factor Fs (29). The simulations are subsequently run on 400 cores (Intel Xeon
E5-2670, 2.6 GHz).

Data Availability. All study data are included in the main text.
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