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OPTIMIZING JETS FOR WAKE CONTROL
OF GROUND VEHICLES

CROSS REFERENCE TO RELATED
APPLICATIONS

The present Patent Application 1s a formalization of
previously filed, U.S. Provisional Patent Application Ser.
No. 62/123,329, filed Nov. 14, 2014 by the inventors named
in the present Application. This Patent Application claims
the benellt of the filing date of this cited Provisional Patent
Application according to the statutes and rules governing
provisional patent applications, particularly 35 U.S.C. §119
(e), and 37 C.F.R. §§1.78(a)(3) and 1.78(a)(4). The speci-
fication and drawings of the Provisional Patent Application
referenced above are specifically incorporated herein by
reference as 1f set forth 1n their entirety.

FIELD OF THE DISCLOSURE

The present mvention generally relates to a system for
improving the aecrodynamic drag of ground vehicles, and 1n
particular to a system of wake control of ground vehicles to
reduce drag and correspondingly improve fuel etliciency of
such vehicles.

BACKGROUND OF THE DISCLOSURE

Current government regulations have significantly
increased the required fuel efliciency for the automobile
industry. This has become prevalent 1n the development of
hybrid vehicle systems and more eflicient engine designs.
Another area that can be exploited for the reduction of fuel
consumption 1s in the area of vehicle aerodynamics. At
speeds above 50 mph, acrodynamic drag becomes the lead-
ing negative force acting on the vehicle. It 1s therefore a
viable option to explore drag reduction systems to increase
a vehicle’s fuel economy. Passenger vehicles produce simi-
lar drag characteristics which are characterized by large
arcas ol flow separation at the rear of the vehicle.

Similar to automobiles, blufl bodies share a drag profile
with a large area of flow separation at the rear of the body.
In order to better understand the air flow characteristics of an
automobile, a simplified geometry now referred to as an
“Ahmed body” has become a standard benchmark for auto-
motive acrodynamic studies. The developers of this profile,
Ahmed et al., discussed the flow characteristics of a blufl-
body with rear slant angles between 0° and 90°.

Many studies have been conducted to reduce drag on
Ahmed and Ahmed-like bodies using passive control tech-
niques by changing the shape of or adding appendages to the
vehicle. For example, a prior study by Verzicco et al. used
large-eddy simulation (LES) to examine the effect of devices
attached to the base of the vehicle on drag, achieving a 31%
drag reduction using a boat-taill device. Another study by
Beaudoin and Aider used moving flaps attached to the rear
edges of the Ahmed body and found that some configura-
tions achieved a 25% drag reduction.

Further, Gillieron et al. experimentally and analytically
investigated the eflect of slant angle on the swirling struc-
tures 1n the wake. Using a roughness array placed on the roof
of the Ahmed body to produce streaks, Pujals et al. reduced
the drag by 10%. Fourrie et al. used an automotive detlector
and achieved drag reduction of 9%. In another approach,
Bruneau et al. placed porous material on the rear of a
square-back Ahmed body and found drag reduction up to
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2

3'7%. More recently, Thacker et al. changed the shape of the
rear slant and found that this reduced drag by 10%.

Such passive techniques, however, typically result in
visually unacceptable modifications and appendages to the
vehicle bodies, and thus the automotive industry has turned
to active drag reduction techniques. Many active flow con-
trol techniques such as jets, pulsed jets, and devices to create
suction are currently being implemented and characterized.
For example, Brunn and Nitsche used diffusers to induce
periodic forcing 1n order to control the flow separation over
the slant of the Ahmed body, but only reported on velocity
fluctuations and vortex shedding frequencies, and not drag
coellicients. Roumeas et al. used a Lattice Boltzman method
(LBM) to numerically determine the flow field around
Ahmed-like car bodies and 1investigate suction where a drag
reduction of 17% was achieved, and blowing where a drag
reduction of 29% was obtained.

Other mvestigators, such as Krentel et al. used periodi-
cally-blowing compressed air actuators on the Ahmed body
and achieved a total drag reduction of 5.7%. Aubrun et al.
used a steady microjet array along the slant angle of the
Ahmed body to reduce the drag coetlicient by 14%. Little-
wood and Passmore studied the effect on drag of the angle
ol attack of a slot jet located at the top edge of a square-back
vehicle. They found that a jet pointed downwards from the
horizontal was the only configuration to reduce the drag.
Most recently, Joseph et al. used pulsed jets to achieve an
8% drag reduction. Finally, Bruneau et al. investigated a
hybrid passive-active control strategy for reducing drag by
using porous layers below the body and active jets. These
investigators achieved a maximum drag reduction of 26%.

There remains a need for additional wake control systems
for optimization thereof.

SUMMARY

Embodiments of the present disclosure include a system
of wake control for a ground vehicle to help promote
increased fuel efliciencies of the ground vehicle. The system
comprises at least one slot jet configured to be located along
a rear profile portion of the ground vehicle. The at least one
slot jet provides a continuous flow of air at a non-zero
velocity when the ground vehicle 1s moving 1n a forward
direction. The non-zero velocity 1s at least partially directed
in a rearward direction with an output velocity less than a
velocity at which the ground vehicle 1s moving in the
forward direction, but with an output velocity suilicient to
modily an air flow wake generated by the movement of the
ground vehicle 1n the forward direction.

Other embodiments of the present disclosure include a
ground vehicle. The vehicle comprises a vehicle body hav-
ing a substantially horizontal top surface, a substantially
vertical rear face and a slant surface extending at least
indirectly between the top surface and the vertical rear face,
the slant surface declined at a slant angle of a to the
horizontal. The vehicle also includes at least one slot jet
positioned on at least one of the rear face and/or the slant
surface of the vehicle body and configured to provide a
substantially continuous flow of air in a direction and at a
speed suflicient to substantially disrupt an air flow wake
created by movement of the vehicle body in a forward
direction. Additionally, an 1nmitial speed of the flow of air 1s
less than a speed of the vehicle body moving 1in the forward
direction.

Additional embodiments of the present disclosure include
methods of increasing the fuel efliciency of a ground
vehicle. An exemplary method may comprise reducing the




US 9,586,632 B2

3

drag on the ground vehicle at speeds above 45 mph, where
the ground vehicle includes a vehicle body having a sub-
stantially horizontal top surface, a substantially vertical rear
face, and a slant surface extending at least indirectly
between the top surface and the vertical rear face, the slant
surface declined at a slant angle of a to the horizontal. The
step of reducing drag comprises locating a first slot jet on the
slant surface and generating a continuous flow of air from
the first slot jet at an angle substantially perpendicular to the
slant surface.

These and other aspects of the present invention will
become apparent to those skilled in the art after a reading of
the following description of the preferred embodiments,
when considered in conjunction with the drawings. It should
be understood that both the foregoing general description
and the following detailed description are explanatory only
and are not restrictive of the invention as claimed.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 illustrates one embodiment of a vehicle body,
configured as an Ahmed body with 25° rear slant, in accor-
dance with the principles of the present disclosure.

FIG. 2 1llustrates an embodiment of slot jet locations on
the rear end profile of the vehicle body of FIG. 1.

FIGS. 3A and 3B illustrate flow from the slot jets of FIG.
2 according to various embodiments.

FI1G. 4 1llustrates a slot jet on a rear slant of the rear end

profile of the vehicle body of FIG. 1.

FIGS. 5A-5C illustrate tlow from the slot jets of FIGS. 2
and 4 according to various embodiments.

FIG. 6 illustrates a drag coetlicient (C ;) as a function of
a Reynolds number (RE) for the simulation and experiments
using the vehicle body of FIGS. 1-3.

FIG. 7 1llustrates a design of experiment variables.

FIG. 8 1llustrates a drag coeflicient C ; vs. jet velocity for
a=0°.

FIG. 9 1llustrates a drag coetfhicient C , vs. jet velocity for
a=25°.

FIG. 10A illustrates the velocity 1n the x-direction (m/s)
at a mid-plane without jets.

FIG. 10B illustrates the velocity in the x-direction (m/s)
at a mid-plane with jets along the vehicle body.

FIG. 11A 1llustrates the pressure (Pa) at the mid-plane
without jets along the vehicle body.

FIG. 11B 1illustrates the pressure (Pa) at the mid-plane
with jets along the vehicle body.

FIG. 12A 1llustrates the surface pressure (Pa) on the rear
slant without jets along the vehicle body.

FIG. 12B 1llustrates the surface pressure (Pa) on the rear
slant with jets along the vehicle body.

FI1G. 13 illustrates one embodiment of a vehicle body with
wheel wells.

FI1G. 14 illustrates the real wheel well of FIG. 13 with an
inlet positioned therealong.

Those skilled in the art will appreciate and understand
that, according to common practice, the various features of
the drawings discussed below are not necessarily drawn to
scale, and that the dimensions of various features and
clements of the drawings may be expanded or reduced to
more clearly illustrate the embodiments of the present
invention described herein.

DETAILED DISCUSSION

The current disclosure 1s directed to a system and method
for achieving a drag reduction on a vehicle body by utilizing
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4

wake control with the use of slot jets on the rear surface of
the vehicle body. The slot jets emit air on a continuous,
constant, or steady basis. In other words, the slot jets (1.e. the
outlets thereof) do not pull 1n air, nor are the slot jets
configured to be specifically pulsed or oscillated. The slot
jets may emit air 1n a passive, unassisted manner, or may
blow air at least partially 1n an active, fan-assisted manner.
Simulations were modeled with the use of the Improved
Delayed Detached Eddy Simulation (IDDES) turbulence
model, utilizing an “Ahmed body,” as discussed below, as
the configuration for the ground vehicle.

Referring to the Figures, FIG. 1 illustrates an example
vehicle body 100 according to one embodiment of the
invention, shown as an elongated Ahmed body having a
sloping or slanted rear end profile 102, and a rounded,
generally convex front end profile 104; though 1t will be
understood that other vehicle body configurations also can
be used. The vehicle body 100 further will be provided with
a series of slot jets 106 A-E (FIGS. 2 and 4) positioned at
selected locations along and/or adjacent the rear face 108
and/or the slant surface 110 of the rear end profile 102 of the
vehicle body. The type, velocity, position and/or location,
s1ize, and angle of the slot jets 106 A-E further will be
selected as discussed below. The slot jets 106A-E are
configured to provide air flows through/along the rear of the
vehicle body 100 suflicient to modily and counteract the
wake air flows generated by the vehicle body moving 1n a
first direction through ambient air, to reduce aerodynamic
drag acting thereon. The slot jets 106 A-E can each have a
single elongated opening, or a slot jet can comprise a
plurality of discharge openings generally arranged col-

linearly, to collectively act as an elongated slot. As seen 1n
FIGS. 2 and 4, the slot jets 106 A, B, and E may each have

[

a length covering at least a majority of the width of the
vehicle body 100, for example approximately 75% of the
width. The slot jets 106 A-E may be configured to emait air
using a passive system where flow 1s created as a result of
a pressure diflerence between an area of low pressure at an
outlet of each slot jet 106A-E, such as along the rear of the
vehicle body, and an area of high pressure, such as at an inlet
107 positioned within the rear wheel well 114 of a passenger
vehicle, as generally shown in FIGS. 13-14. The ilet 107
can be positioned along a surface 114 A of rear wheel well
114 (FIG. 14). The rear wheel well 114 1s known to be
substantially adjacent to a bottom surface 115 of the vehicle
body or undercarriage of the vehicle (FIG. 13). In some
embodiments a fan may be 1ncluded between the inlet and
the outlet of each slot jet 106 A-E to actively assist with
creating the desired flow velocity, 1.e. mitial output velocity,
through each slot jet.

As shown 1n FIG. 1, the slanted rear end profile 102
generally will include an upper sloped or slant surface 110,
extending from a top surface 112 of the vehicle body 100
downwardly to a substantially flat rear face 108. The flat rear
face 108 also can extend from a lower edge of the slant
surface 110 to the bottom edge of the vehicle body 100. The
vehicle body 100 may or may not have imnwardly slanted/
tapering sides and/or an upwardly sloping bottom or lower
section of the rear end profile 102.

According to one embodiment, the vehicle body 100 is
configured with a 25° slant angle a for the slant surface 110
of the rear end profile 102 of the vehicle body, which 1s used
because 1t may closely resemble a typical automobile end
profile. This slant angle o, however, tends to result in a
highly three-dimensional near-wake, which produces a high
drag coeflicient due to creation of random eddy motion of

the air tlow about the rear of the vehicle body 100, which




US 9,586,632 B2

S

increases drag. In testing of the Ahmed body shown in the
embodiment 1llustrated 1n FIG. 1 1n a wind tunnel with
dimensions of about 1.4 meters high, 1.87 meters wide, and
8.35 meters 1n length, a slant angle of 25° was found to
correspond to a favorable blockage ratio of 4.3% of the
vehicle body 100 within the wind tunnel, defined by the
frontal area of the vehicle body divided by the total cross-
sectional area of the wind tunnel.

To reduce drag on the vehicle body 100, a series of slot
jets 106 A-D were first implemented on the rear face 108 of
the rear end profile 102 of the vehicle body, such as indicated
in FIG. 2. The location of each slot jet as discussed herein
corresponds to the respective outlet of each jet. The location
of the inlet for some or all of the slot jets may vary, but
should correspond to areas of high pressure in order to at
least partially facilitate flow 1n a passive manner. One such
area ol high pressure may exist within the rear wheel wells
of a passenger vehicles. The slot jets 106 A-D can be formed
with jet thicknesses generally ranging from about 5 mm to
about 15 mm or greater for the Ahmed body, corresponding
to a thickness of between about 20 mm and about 25 mm for
a midsize passenger vehicle. For example, in some preferred
embodiments, each slot jet 106 A-D can have a thickness of
about 10-12 mm when applied to the Ahmed body, though
their thicknesses can vary. Each of the slot jets 106 A-D
implemented along the wvehicle body 100 mm FIG. 2 1s
configured as a continuously emitting slot jet. Each slot jet
106 A-D 1s arranged about or along the rear face 108 of the
vehicle body, including being formed adjacent the peripheral
edges of the rear face of the vehicle body 1 FIG. 2, at
locations offset from the slant surface 110. The slot jets
106A-D are configured to emit air 1n a steady or continuous
tashion. In other words, the slot jets (1.e. the outlets thereot)
are not intended to pull in air or act in a predetermined
pulsed manner. As used herein, a flow of emitted air 1s the
result of flow 1s a direction opposite the front end profile 104
of the vehicle body 100. The flow may be created actively
with fans, flow may be the passive result of flow across a
pressure differential, or flow may result from a combination
ol active and passive systems. The thicknesses and location
of the slot jets 106A-D, including their positioning, and
spacing of the slot jets about the rear face 108 at spaced
positions thereabout, generally will be selected to define a
slot jet configuration to provide/generate output air jet
velocities of about 20 m/s or less directed rearwardly from
the rear face of the vehicle body when the vehicle 1s
traveling approximately 21 m/s.

FIGS. 3A and 3B illustrate alternative configurations for
the velocity provided by a bottom slot jet 1068 near the
bottom edge of the rear face 108 of the vehicle body 100. As
discussed further below, the discharge angle 3 for the bottom
slot jet 1068 was tested for its eflect on drag reduction.

FIG. 4 shows another embodiment where a slant slot jet
106E 1s provided along the slant surface 110 of the vehicle
body 100.

FIGS. 5A-5C schematically show flow selected from the
slot jets 106A, 106B, and 106E according to further alter-
native embodiments.

The output jet velocities, including speed and discharge
angle, thus provided by the slot jets 106 A-E are selected to
be suflicient to modily and/or disrupt the swishing or ran-
dom eddy motion of the air flow wake generated by the
vehicle body 100 as 1t moves through an ambient environ-
ment to provide enhanced/optimized control of the air flow
separation at the rear end profile 102 of the vehicle body.
The mventors determined that varying individual jet veloci-
ties (1.e. speeds) of the slot jets 106 A-E was generally less
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ellective for drag reduction. Jet velocities (1.e. speeds) above
an 1let velocity (1.e. speed) of air flow mto a wind tunnel
(U. ...) (e.g. the speed of the vehicle body 100) showed an
increase in drag. Thus the tlow velocity from the jets should
be less than the forward velocity of the vehicle. This would
be expected when the tlow velocity 1s the result of a passive
system that relies upon vehicle motion to create the pressure
difference that generates the desired flow through the slot
jets. The passive slot jets would also be able to naturally
adjust tlow velocity as a function of vehicle speed. It 1s
expected fan-assisted flow may only be use at high vehicle
speeds. An example of high vehicle speeds may be in excess
of about 35 mph. The size and location of the slot jets
106 A-E along the vehicle body 100 will be balanced against
the output jet velocities provided by the jets to provide an
optimal net reduction 1n drag acting on the vehicle body.

Accordingly, in the system of the present disclosure as
shown 1n FIGS. 3A and 3B, the discharge angle [ of one or
more of the bottom slot jets 1068 of a lower portion of the
vehicle body 100 that 1s located below a central horizontal
plane P of the vehicle body will be approximately the same
as the discharge angle {3 of corresponding ones of the top slot
jets 106 A of an upper portion of the vehicle body located
above the central horizontal plane of the vehicle body on the
rear face 108.

Computational Models

The DES turbulence model 1s a hybrid modeling method
that utilizes features of the Reynolds-Averaged Navier
Stokes (RANS) turbulence model in combination with large
eddy simulation (LES). DES models are set up to solve shear
layers using the RANS equations, while utilizing LES for
the unsteady separation regions. The RANS equations used
for the DES turbulence modeling are shear stress transport
(SST) k-co. Furthermore, the use of Improved Delayed
Detached Eddy Simulation (IDDES) of Shur et al. may be
beneficial implemented for this simulation.

For testing, in one embodiment, the following example
boundary conditions for model tests were utilized. It will be
understood that variations or changes can be made thereto in
accordance with the principles of the present invention. At
the inlet, the speed was varied such that 21<U._ , <42 m/s,
which corresponds to Re=1.4 to 2.8 million, respectively.
The turbulent viscosity ratio was set to 200 and the turbu-
lence 1ntensity was 0.02. A zero gage pressure was set at the
outlet and a no-slip condition was applied to the walls of the
wind tunnel. The speed of all four slot jets 106 A-D was set
equal and varied from about 9 m/s to about 40 m/s. The side
slot jets 106C, D were modeled as boundary normal velocity
inlets. The direction of the exit velocity (discharge angle {3)
of the top slot jet 106 A was 25° below horizontal, generally
parallel to the slant surface 110 of the Ahmed body. The
direction (1.e. discharge angle {3) of the bottom slot jet’s
1068 velocity was varied from 0 to 25° above the horizontal
to counterbalance (1.e. provide an equal and opposite direc-
tion) the top slot jet’s 106 A vertical force.

Numerical Simulations

Simulations are conducted with the use of CD-adapco
Star-CCM+ version 7.06.009. Star-CCM+ 1s a 3D finite
volume solver which uses a blending factor computed
according to flow field characteristics, to combine a hybnd
second-order upwind and central scheme when considering
discretization. The code includes a plug-in, Optimate+,
which 1s 1mplemented for optimization of the slot jets.
Optimate+ uses Red Cedar Technology’s SHERPA optimi-
zation algorithm.

A mesh mdependence study was conducted to verily an
adequate grid. Four simulations were run with 17.78, 20.5,
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24.2, and 28.3 million unstructured polyhedral cells. The
difference in C, values between the 20.5 million cells,
selected for the study, and the finest grid size, 28.3 million
cells, was less than 2%. To verily capture of the boundary
layer, v+ values were under 4.0. FIG. 4 depicts the mesh at
the vertical mid-plane of the domain.

A time-step independence study was also conducted.
Several time steps were tested and a time step At=0.01 s was

used. Since macro-scale vortex shedding at the rear was of
most importance, a time step of At=0.01 s was chosen. This
time step 1s appropriate considering the period of the vortex
shedding at the rear end of the body. It has been experimen-
tally determined that the Strouhal number for the rear of an
Ahmed body 1s =0.2. Considering a freestream velocity of
21 m/s, the vortex shedding period 1s =0.25 s. The total
simulation time 1s 1.5 seconds (convergence occurred at
t=0.5 s) with results averaged from t=0.75 to 1.5 s.

Computational Results

The present results were compared to the experiments of
Beaudoin et al., Thacker et al., and Joseph et al. These
ivestigators experimentally determined the drag coethlicient

as a function of Reynolds number. The Reynolds number for
an Ahmed body 1s defined as

_ ﬁUEH.!EI‘L (4)

V

Re

where p 1s density, U. . ~1s the wind tunnel inlet velocity
(speed) and L 1s the characteristic length of the Ahmed body
(1.044 m). In the experiments, the mvestigators noticed a
decrease 1n the coetlicient of drag C , with increasing Reyn-
olds number. The present simulations showed a similar trend
(FIG. 6). The high drag scenario of Re=1.4 million

(U, ..~21 m/s) was chosen for this drag reduction study

irtler

(C ~0.371).

TABLE 1

DOE study results, *denotes baseline

h (mm) OF ¢ Ca
39.2 0.336% 0 0.336%
27.2 0.337 5 0.334
15.2 0.335 10 0.331

3.2 0.337 15 0.330
20 0.328
25 0.3225

A design of experiment (DOE) study was conducted to
determine the impact of the discharge angle p of the bottom
slot jet 106B, as well as the distance (h) from the top slot jet
106 A and the slant surface 110. For this part of the study, 15
m/s was chosen as the jet velocity (speed). This velocity

coupled with the original geometry had a C , of 0.336. This
was the benchmark used for the DOE study. FIG. 7 depicts

the height h and the discharge angle 3 of the slot jet 1068
formed 1n the vehicle body 100 that were modified 1n the
DOE. The height h was varied from 39.2 to 3.2 mm 1n
increments of 12 mm. The discharge angle p was modified
from 0° to 25° 1in 5° increments. Modifying the dimension h

generally was proven to be relatively msignificant, with the
C , within about 1% of the benchmark value. Where the

discharge angle 3 equaled 25° for the bottom slot jet 106B,
an approximately 3% reduction (C ~0.3225) in C , from the
benchmark value of 0.336 was shown. Therefore, 1t was
determined that a discharge angle of about 25° for the
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bottom slot jet 106B may be preferred. Results for the DOE
study are shown in Table 1 above. This table shows the
results of different vehicle body simulations that were run
and which had an optimal coeflicient of drag (C ).

An 1mtial optimization study was conducted with a dis-
charge angle of p=0° for the bottom slot jet 106B. The jet
velocity was varied between 8 and 20 mv/s, and 30 simula-
tions were run. The objective function of the optimization
was to mimimize the averaged C, (0.75=t<1.5 s). FIG. 8
shows the results from the initial optimization. The optimal
C ,was 0.316 corresponding to a jet velocity of about 10.28
m/s, a 14.8% reduction from the 1nitial 0.371 when the inlet
velocity was set to 21 m/s.

A second optimization study was conducted with a dis-
charge angle of =25° for the bottom slot jet 1068 and with
jet velocity varied between 9 and 15 m/s. This optimization
study was run for 135 1terations with the results presented 1n
FIG. 9. The optimized C , of 0.312 (about a 16% reduction)
was found to correspond to a jet velocity of about 10.2 m/s.

Returning to the embodiments of FIGS. 4 and 3, a slot jet
106E also can be added to the slant surface 110 of the vehicle
body 100. All cases were run for discharge angle 3=0°. This
means that the slant slot jet 106E had an initial discharge
angle perpendicular to the slant surface 110. Three scenarios
were examined (see FIGS. SA-C for a schematic diagram).
The first case (FIG. 5A) implemented all three slot jets (slant
106E, top 106 A, and bottom 106B). The second case (FIG.
5B) investigated the slant slot jet 106E and the bottom slot
jet 1068, and the third case (FIG. 5C) was for the slant slot
jet 106E only. For the first two cases, the drag coeflicients
represent a 10% reduction 1n drag from the equivalent case
with the top and bottom slot jets 106A, B only (Table 3) of
C ~0.315. For the third case, with the slant slot jet 106E
only, the C , value represents a 7.5% reduction in drag. The
difference 1in C , between the slant jet 106E case and the slant
jet plus rear slot jets 106A,B case 1s approximately 3%. The
volumetric flow rate of each rear slot jet 1s 69 cim (0.033
m>/s).

Flow Visualization

FIGS. 10-12 compare the results of the most optimal case
with the unmodified Ahmed body without jets. The results of
velocity and pressure were averaged over the same time
period (0.75=t=1.5 s) as before to compare the two cases.

In FIGS. 10A and 10B, time-averaged velocity i the
x-direction 1s shown. The case without the jets (FIG. 10A)
has a larger area of recirculation than with the jets (FIG.
10B), as well as a rounded wake structure. The flow under
the Ahmed body also has less energy in the standard case
compared with the optimal. This fluid structure helps reduce
drag by mimmizing the vortex interaction with the tlow

field.

FIGS. 11A and 11B show Line Integral Convolution
(LIC) of the velocity vector magnitude on the mid-plane of
the geometry. LIC was first introduced by Cabral and
Leedom, as a way to visualize complex vector fields. The
figures again show a more energized flow under the Ahmed
body, as well as a more structured wake 1n the jet case (FIG.
11B).

The surface pressure contour diagrams of the rear slant
and adjacent rear face are shown i FIGS. 12A and 12B. The
case with the jets (FIG. 12B) have a larger area of high
pressure on the rear face and trailing edge of the rear slant.
The leading edge of the rear slant also has higher pressure
than the case without the jets (FIG. 12A).

To conclude, several locations for the slot jets 106 A-E
were 1nvestigated along with varying the velocity (both
speed and discharge angle) of the jets relative to a prede-
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termined vehicle speed. A total net drag reduction of about
16% was accomplished using approximately 10 mm thick
slot jets 106A, 1068 located along the rear face 108 of an
Ahmed body with a rear slant angle of about 25°, and which

produced a blowing or output air flow with a velocity of >

about 10.2 m/s given an input velocity of 21 m/s to the wind
tunnel. A discharge angle p of about 25° was shown to be
cllective at drag reduction for the bottom slot jet 106B when
a corresponding top slot jet 106A has a similar discharge
angle corresponding to the slant angle o of the vehicle body
100. As a result, the slot jet 106 A located along an upper
portion of the rear face 108 of the vehicle body 100 waill
provide a vertical velocity component substantially equal to
and opposite the velocity component produced by corre-
sponding ones of the bottom slot jets 106B located along a
lower portion of the rear face of the vehicle body.

The foregoing description generally illustrates and
describes various embodiments of the present invention. It
will, however, be understood by those skilled in the art that
vartous changes and modifications can be made to the
above-discussed construction of the present invention with-
out departing from the spirit and scope of the ivention as
disclosed herein, and that 1t 1s intended that all matter
contained in the above description or shown in the accom-
panying drawings shall be interpreted as being illustrative,
and not to be taken in a limiting sense. Furthermore, the
scope of the present disclosure shall be construed to cover
various modifications, combinations, additions, alterations,
etc., above and to the above-described embodiments, which
shall be considered to be within the scope of the present
invention. Accordingly, various features and characteristics
of the present mnvention as discussed herein may be selec-
tively interchanged and applied to other illustrated and
non-illustrated embodiments of the invention, and numerous
variations, modifications, and additions further can be made

thereto without departing from the spirit and scope of the
present invention as set forth 1n the appended claims.

NOMENCLATUR.

T

[l

C , coethicient of drag

C .. model constant

C,, turbulent constant

D, hybrid length scale

F , wall blending function

t, wall blending function

g blending function

h distance from top jet to rear slant
k turbulent kinetic energy

L. characteristic length of the Ahmed body
l:1v5r5 hybrid length scale coeflicient
Re Reynolds number

S roughness parameter function

t time

u* friction velocity

U. . . wind tunnel inlet velocity

y Cartesian coordinate

v+ dimensionless wall distance
Greek

A, »re mesh length scale

At time step

m speciiic dissipation rate

K von Karman constant

v kinematic viscosity

uw angle of the bottom jet

P density
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The mnvention claimed 1s:

1. A system of wake control for a passenger ground
vehicle to help promote increased fuel ethiciencies of the
ground vehicle, comprising:

at least one slot jet comprising an inlet and an outlet
located along a rear profile portion of a body of the
ground vehicle, the rear profile portion of the ground
vehicle comprising a substantially vertical portion and
a slant surface extending at least partially between the
substantially vertical portion and a top portion of the
body of the ground vehicle, the outlet of the at least one
slot jet extending at least partially along the slant
surface of the rear profile portion of the body of the
ground vehicle, and wherein the inlet of the at least one
slot jet extends at least partially along the body of the
ground vehicle and 1s arranged substantially adjacent a
bottom surface of the ground vehicle;

wherein the outlet of the at least one jet provides a
substantially continuous flow of air at a non-zero
velocity when the ground vehicle 1s moving in a
forward direction, the non-zero velocity flow of air
being at least partially directed in a rearward direction
with an output velocity less than a velocity at which the
ground vehicle 1s moving in the forward direction, but
suilicient to modily an air flow wake generated by the
ground vehicle moving in the forward direction, and

wherein the outlet of the at least one slot jet 1s configured
to direct the flow of air at an 1mitial angle substantially
parallel with the slant surface of the rear profile of the
ground vehicle.

2. The system of wake control of claim 1, further com-

prising;:

at least additional one slot jet having an outlet configured
to direct a flow of air at an 1nitial angle substantially
perpendicular to the rear of the ground vehicle.

3. A passenger ground vehicle, comprising:

a vehicle body comprising a top portion and a rear profile
portion substantially adjacent the top portion, the rear
profile portion comprising a generally vertical portion
and a slant surface between the generally vertical
portion and the top portion of the vehicle body; and

a plurality of slot jets arranged along the vehicle body, the
slot jets comprising at least one top slot jet positioned
above a center horizontal plane of the vehicle body, and
at least one bottom slot jet positioned below the center
horizontal plane of the vehicle body,

wherein each of the plurality of slot jets 1s configured to
provide a substantially continuous flow of air at a
non-zero velocity therethrough when the vehicle 1is
moving 1n a forward direction, the non-zero velocity of
the flow of air from each of the slot jets being at least
partially directed 1n a rearward direction with an output
velocity less than a velocity at which the ground
vehicle 1s moving 1n the forward direction, but suil-
cient to modily an air flow wake generated by the
movement of the ground vehicle 1n the forward direc-
tion, and

wherein a degree of a discharge angle of the flow of air
from the at least one top slot jet 1s angled below the
central horizontal plane and 1s substantially equal to a
degree to which a discharge angle of the flow of air
from the bottom slot jet 1s angled above the horizontal.

4. A passenger ground vehicle, comprising:

a vehicle body comprising a top portion and a rear profile
portion substantially adjacent the top portion, the rear
profile portion comprising a generally vertical portion
and a slant surface between the generally vertical
portion and the top portion of the vehicle body; and

a plurality of slot jets arranged along the vehicle body, the
slot jets comprising at least one top slot jet positioned
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above a center horizontal plane of the vehicle body, and
at least one bottom slot jet positioned below the center
horizontal plane of the vehicle body,

wherein each of the plurality of slot jets 1s configured to
provide a substantially continuous flow of air at a
non-zero velocity therethrough when the vehicle 1s
moving 1n a forward direction, the non-zero velocity of
the flow of air from each of the slot jets being at least
partially directed 1n a rearward direction with an output
velocity less than a velocity at which the ground
vehicle 1s moving 1n the forward direction, but sufli-
cient to modily an air flow wake generated by the
movement of the ground vehicle 1n the forward direc-
tion,

wherein a degree of a discharge angle of the flow of air
from the top jet 1s angled below the center horizontal
plane and 1s substantially equal to a degree to which a
discharge angle of the flow of air from the bottom slot
jet 1s angled above the horizontal; and

wherein the discharge angle of the top slot jet 1s config-
ured to be substantially parallel with a slant surface of
a portion of the rear of the ground vehicle.

5. The system of wake control of claim 1, further com-
prising a plurality of slot jets, wherein each slot jet of the
plurality of slot jets emits air with substantially the same
speed.

6. The system of wake control of claiam 1, wherein the
flow of air from the at least one slot jet 1s the result of a
passive pressure differential between the mlet and the outlet
of the at least one slot jet.

7. A ground vehicle, comprising:

a vehicle body having a substantially horizontal top
surface, a substantially vertical rear face and a slant
surface extending at least indirectly between the top
surface and the vertical rear face, the slant surface
declined at a slant angle of a to the horizontal;

a plurality of slot jets configured to provide a substantially
continuous flow of air 1n a direction and at a speed
suflicient to substantially disrupt an air flow wake
created by movement of the vehicle body 1n a forward
direction, wherein an initial speed of the tlow of air
from the plurality of slot jets 1s less than a speed of the
vehicle body moving in the forward direction, and
wherein the plurality of slot jets comprises:

a first slot jet positioned along the slant surface of the
vehicle body and configured to discharge air in an
initi1al discharge direction substantially parallel with the
slant surface, and

a second slot jet positioned on the substantially vertical
rear face of the vehicle body and configured to dis-
charge air at an initial discharge angle substantially
equal and opposite to the discharge direction of the first
slot jet relative to the horizontal.

8. The ground vehicle of claim 7, wherein each slot jet of
the plurality of slot jets 1s sized, positioned, and configured
to discharge a flow of air at muitial angle such that the
plurality of slot jets provide a balanced flow of air to
optimize reduction in drag.

9. The ground vehicle of claim 7, wherein a size, position
and 1n1tial discharge angle slot jets of the plurality of slot jets
1s balanced with respect to the size, position and iitial
discharge angle of other ones of the plurality of slot jets so
as to generate at least partially opposing flows of air intro-
duced into the airflow wake of the vehicle body suflicient to
provide a total net drag reduction of at least about 16%.

10. A ground vehicle, comprising:

a vehicle body having a substantially horizontal top
surface, a substantially vertical rear face and a slant
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surface extending at least indirectly between the top
surface and the wvertical rear face, the slant surface

declined at a slant angle of a to the horizontal;

a plurality of slot jets configured to provide a substantially
continuous flow of air 1 a direction and at a speed

suflicient to substantially disrupt an air flow wake
created by movement of the vehicle body 1n a forward

direction, wherein an 1nitial speed of the flow of air

from the plurality of slot jets 1s less than a speed of the

vehicle body moving 1n the forward direction, and
wherein the plurality of slot jets comprises:

a first slot jet positioned on the slant surface and config-
ured to discharge air at an 1mtial angle substantially
perpendicular to the slant surface,

a second slot jet positioned on the rear face and configured
to discharge air 1n an iitial discharge direction sub-
stantially parallel with the slant surface, and

a third slot jet positioned on the rear face and configured
to discharge air at an initial discharge angle substan-
tially equal and opposite to the discharge direction of
the second slot jet relative to the horizontal.

11. The ground vehicle of claim 7, wherein the flow of air
1s passively created, and at least one slot jet of the plurality
of slot jets has an 1nlet positioned within a wheel well of the
vehicle.

12. A method of increasing the fuel etliciency of a ground
vehicle, comprising:

reducing the drag on the ground vehicle at speeds above
45 mph, where the ground vehicle includes a vehicle
body having a rear portion that includes a substantially
horizontal top surface, a substantially vertical rear face,
and a slant surface extending at least indirectly between
the top surface and the vertical rear face, the slant
surface declined at a slant angle of a to the horizontal,
and wherein reducing drag comprises:
locating a first slot jet along the slant surface;
locating a second slot jet along the vertical rear face;
generating a substantially continuous flow of air from

the first and second jets, and directing the flow of air
from the first slot jet rearwardly and at an angle
substantially perpendicular to the slant surface and
directing the flow of air from the second jet rear-
wardly and 1n a direction;
wherein the substantially continuous flows of air from
the first and second jets are output at a velocity
balanced against a size and the location of the slot
jets sutlicient to create an optimal drag reduction for
the configuration of the vehicle body.

13. The method of claim 12, wherein the second slot jet
directs the flow of air 1n a direction parallel with the slant
surtace.

14. The method of claim 12, wherein reducing drag
further comprises:

generating a flow of air from a third slot jet, the third slot
jet located on the vertical rear face below the second
slot jet.

15. The method of claim 14, wherein the flow of air from
the third slot jet 1s directed at a discharge angle with an
upward vertical component.

16. The method of claim 12, further comprising:

optimizing drag reduction by providing at least one addi-
tional slot jet and balancing air flows introduced into an
air tlow wake created by movement of the vehicle
between the first slot jet and the at least one additional

slot jet.




