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Abstract

A numerical investigation was conducted to examine the flow around a European tractor-trailer
combination model (GETS) using a steady RANS model k-o SST at a Reynolds number of 100000.
Experimental aerodynamic force measurements were also carried out for the purpose of validating the
CFD simulations. The present paper focuses on the effect of steady blowing from the thin slots
positioned on the rear surface (base) of the model on the aerodynamic characteristics of the GETS. The
combination of three key parameters was tested: the jet-to-freestream velocity ratio (VR), the inclination
angle of the jet (6), and the jet’s location. More than 100 CFD simulations were performed over a range
of key parameters. The findings indicate that the jet direction’s inclination towards the rear surface
typically leads to a modest yet favorable effect on the drag reduction. It has been demonstrated that
increasing the VR to 2 has the potential to reduce aerodynamic drag by up to 50%. However, it is also
demonstrated that employing VR values greater than approximately 1.25 is not viable in terms of active
flow control efficiency. At 6=0°, the active control efficiency of the both-jets configuration is
approximately 6 for VR=0.5 and approximately 1.6 for VR=1. The total drag coefficient on the model is
reduced by 8.3% and 17.7% for the VR=0.5 and 1 cases, respectively. It has been demonstrated that the
viscous components of total drag and lift are independent of jet configuration, VR, and 6. In both upper
and lower jet configurations, it is possible to increase or decrease the aerodynamic lift acting on the
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1. Introduction

It is reported that heavy-duty vehicles (HDVs), including lor-
ries with a maximum permissible laden mass of over 3.5 tones,
as well as buses and coaches, are currently responsible for over
a quarter of greenhouse gas emissions from road transport in the
European Union (EU) and over 6% of the EU’s total GHG emis-
sions [1]. In order to achieve the EU’s goal of climate neutrality
by 2050 (which requires a 90% reduction in transport emissions),
the EU has introduced a number of new legislative measures in
recent years to encourage improvements in the CO2 emissions
performance of HDVs.

One method for tractor and trailer manufacturers to reduce the
CO; emissions and fuel consumption of HDVs is to improve
their aerodynamic performance. The enhancement of a vehicle’s
aerodynamic performance can be achieved through the imple-
mentation of a flow control method on the concerned vehicle.

The classification of flow control methods is typically into two
main categories: active and passive. The former methods (i.e.
active) necessitate the utilization of external energy, whereas the
latter do not. In the study by Hariram et al. [2], a range of passive
aerodynamic solutions for European tractor and semi-trailer
configurations were presented and discussed. These solutions
were then summarized in terms of their impact on aerodynamic
drag, and the potential contribution of this to the reduction of
fuel consumption. McAuliffe [3] employed a 30% scale model
of modern tractor-trailer combinations to investigate the aerody-
namic improvements possible with current and emerging pas-
sive drag reduction technologies for heavy-duty vehicles, with
the intent of guiding future implementation and regulation of
such technologies for Canada’s transportation industry. As out-
lined in the comprehensive report, the wind-tunnel measure-
ments were utilized for two primary purposes: firstly, to estimate
a drag coefficient for typical North-American wind conditions,
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and secondly, to estimate fuel savings and greenhouse-gas re-
ductions based on typical Canadian driving distances.

As is the case with the majority of extant studies, the afore-
mentioned works have primarily centered on passive flow con-
trol methods for minimizing aerodynamic drag in the context of
the tractor-trailer configuration [2-8]. The primary rationale for
this is that they can substantially minimize the drag affecting the
tractor-trailer configuration without necessitating external en-
ergy sources or complex electronic circuits. Conversely, active
flow control methods offer significant advantages due to their
capacity to be activated and deactivated as required and to adapt
to changing environmental conditions. Consequently, a limited
number of researchers have examined the potential of active
flow control methods in reducing the drag coefficient of a trac-
tor-trailer configuration. For instance, Phan et al. [9] performed
numerical studies to minimize the aerodynamic drag on a 1:20
scale tractor-trailer combination using pulsed jets. The jets were
ejected from thin slots near the edges of the rear surface of the
trailer and directed toward the base region. They used the SST
k-o turbulence model. They showed that, when optimized jet
parameters were used, pulsed jet increased the base pressure.
However, the numerical study did not provide the net reduction
in time-averaged drag. Vernet et al. [10] conducted a series of
wind tunnel measurements with the objective of assessing the
drag reduction capability of dielectric barrier discharge plasma
actuators under cross-wind conditions. The DBD actuators were
positioned on the A-pillar of the leeward side of the 1:6 scale
model tractor-trailer combination, and the drag force was meas-
ured using a wind-tunnel balance. According to the available
data, a drag reduction of approximately 20% is achieved at a
yaw angle of 9°. In addition, it has been documented that a de-
crease in drag is observed as the yaw angle approaches a value
of 0°. Some of the other studies are related to controlling flow
separation at the A-pillar of a truck cabin using synthetic jets;
increasing base pressure at the rear end of a large truck-trailer
configuration driving at highway speeds with a 1/4-cylinder-
shaped add-on device mounted on the rear end that has an array
of synchronized suction and oscillatory blowing (SaOB) actua-
tors; and improving the aerodynamic performance of the vehicle
with circulation control on the rear surface [11-14].

Continuous steady jet/blowing is also an active flow control
method, and its potential to reduce aerodynamic drag affecting
different types of vehicles or vehicle models (Windsor model,
DrivAer, Ahmed body, commercial van model, Honda simpli-
fied body) has been tested by various researchers [15-21]. In nu-
merous tests, the device associated with the relevant flow con-
trol method is typically situated on the rear section of the rele-
vant vehicle. However, the drag reduction potential of this
method was not assessed on the HDVs. The aspect ratio (height
to width ratio) of cars and vans differs from that of HDVs. The
aspect ratio affects the aerodynamics and near-wake flow char-
acteristics of road vehicles [22-24]. This constitutes the primary
impetus for conducting the present study.

In the present study, the effects of continuous steady jets is-
sued from the thin slots placed along the width of upper, lower,
and both edges on the aerodynamic characteristics of a simpli-
fied European tractor-trailer combination model (GETS) are ex-
amined. To this end, steady-state flow simulations were con-
ducted. To validate these flow simulations around the GETS
model, experimental measurements were also conducted. The
present numerical study focuses on three key parameters: the jet
velocity ratio (VR), the angle at which the jet exits the model (9),
and the location of the jet.

The paper’s structure is as follows. The experimental and nu-
merical setups are described in Section 2. The verification and
validation of the numerical study is also provided in this section.
The effects of key parameters on the aerodynamic characteris-
tics of the vehicle model were provided and discussed in Section
3. The conclusion in Section 4 ends the paper.

2. Setups and Techniques
2.1. Test model and key parameters

The model utilized in the wind tunnel measurements is de-
picted in Fig. 1. This model is a 1:26 scale GETS, first intro-
duced by Van Raemdonck and van Tooren [25]. The primary
dimensions of the model are delineated in the figure [6]. The
distance between the ground and the model was maintained at
21 mm, and the leading edges of the model were rounded to 20.8
mm.

1=635.8 mm -

h=1353 mm

A
“— Rounded
leading edges

= Steel rod

Figure 1. Dimensions of the GETS model installed in the test sec-
tion of the wind tunnel.

Fig. 2 presents the key parameters and coordinate system uti-
lized in the study. In the figure, Vje: denotes the jet velocity in
m/s, and @ denotes the jet direction with respect to the main flow
direction. The ratio of the Vje to the freestream velocity (U.) is
defined as the velocity ratio (VR). In the present numerical study,
nine values of VR, ranging from 0 to 2 with 0.25 increments,
were examined. It is evident that attaining elevated VR values
for planar jets is only attainable through the implementation of
a blowing system that necessitates additional spatial require-
ments and greater power consumption. Consequently, the upper
limit was designated at 2. In other studies that employ planar jets
to manage the flow around a road vehicle, the upper limit for
this parameter has been set at a lower value [15, 19].

As the direction of the upper or lower jets inclines toward the
rear surface of the model, the @ takes on a positive value (Fig.
2a). In other words, the inward inclination of the jet direction
results in a positive 8 value. In the present numerical study, nine
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values of @, ranging from -16° to +16° with an increment of 4°,
were examined. As is evident from the extant literature, base
flaps and boat tails are popular passive flow control devices [3-
6]. These devices are utilized in order to reduce aerodynamic
drag. As demonstrated in the extant literature, the optimal angle
for the flat flap affixed to the base of the trailer is approximately
+13 degrees [3, 4]. A planar jet generates an air curtain, which
functions as a flat plate in terms of separating two flow regions.
In the present study, the range of values for the 6 was determined
to encompass this optimal angle and to reveal the effects of both
positive and negative angles on the aerodynamic characteristics.

+E - T
Vc

Left surface of
the GETS model

Rear surface
of the GETS
model

Lower-_

Vi"‘ slot
+0
¥ (i/mund Ground
X é':
4 4 7 7 rd rd

(a) (b)

Figure 2. Schematic demonstration of the key parameters used in
the study. a) Left view of the model b) rear view of the model. The
adopted coordinate system is also delineated in the figure.

Lorite-Diez et al. [20] demonstrated that the optimal perfor-
mance in terms of drag reduction is achieved by blowing from
the slots located at the top, bottom, or both. The present study
also adopts their slot locations. In the present numerical study,
three jet configurations were examined: upper jet (i.e. jet is cre-
ated only at the upper slot), lower jet (i.e. jet is created only at
the lower slot), and both jets (i.e. jet is created concurrently on
both slots). The locations of the thin slots, one on the top and the
other on the bottom of the rear surface, are depicted in Fig. 2b.
Both slots possess a thickness of 2 mm and extend along the
width of the model. The utilization of slots with reduced thick-
ness in the creation of a jet necessitates a lesser amount of en-
ergy and is also a more viable engineering approach [17-20].

The momentum coefficient is the dimensionless form of the
force exerted by a jet flow, which is a direct consequence of the
conservation of momentum. The momentum coefficient was
calculated using the following formula.

P Vet As (Vjer cos®)

Cu = 0.5 p U Ap @
where p denotes the air density at a standard sea level and ambi-
ent temperature of 22.5+1°C, As denotes the area of the slot, Ar
denotes the frontal area of the GETS model.

2.2. Experimental setup

It is imperative to acknowledge that the present experimental
study was conducted with the objective of validating the numer-
ical study. The experiments described herein were conducted
within the open circuit subsonic wind tunnel at Karadeniz Tech-
nical University (Fig. 3). The tunnel’s contraction ratio is ap-
proximately 6.3:1. A variable frequency drive was integrated
with the electrical motor of the axial fan to achieve the desired
freestream velocity (U.) in the test section. The tunnel contains
a 1200 mm long test section, with an inlet cross-section measur-
ing 570 mm in width and 570 mm in height, and an outlet cross-
section measuring 583 mm in width and 583 mm in height. The
area-weighted freestream turbulence intensity (Tuy) in the test
section was approximately 0.7%.

U,
NACA0030 cover GET/S model
, 7 | 1%
[ \
D722 w77 722 Z
Glass plate NACAQO12 \
supports Steel rod
Bottom surface of 6-axis F/T sensor
the test section
Rotary table
Base plate —*1 /T/ ]

Figure 3. Sketch of the experimental set-up

The width-based Reynolds numbers of the experimental study
ranged from Re,=71000+1300 (U.=11 m/s) to 130000+3800
(U=20 m/s). The width-based Reynolds number was calculated
using the following formula.

p U W

Re, =—"— @

As indicated in the aforementioned equations, w denotes the
width of the test model and u denotes the viscosity of air. The
GETS model was situated at the center of the bottom wall of the
test section. The maximum effective blockage for the working
section above the glass ground plate was approximately 4.25%
in the no yaw case. It is noteworthy that no blockage correction
was implemented, as the rate was found to be below the 5%
threshold [26]. The model height was equivalent to 0.28 of the
active test section height. The ratio of the clearance between the
GETS model and the ground plate (g) to model width (w) was
0.210+2%. The 4 mm-thick ground plate was installed 12 mm
above the inner surface of the bottom wall of the test section.
This was done to reduce the thickness of the turbulent boundary
layer. The thickness of the boundary layer on the plate was sub-
sequently quantified through the utilization of a Pitot tube,
which was connected to a digital differential pressure sensor
(Sensirion, SDP810-125Pa). Velocity data were recorded at a
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frequency of 250 Hz for a duration of 300 s. Boundary layer
measurements were conducted on the ground plate in the ab-
sence of the GETS model at the station corresponding to the
midpoint of the ground plate. The thickness of the boundary
layer that has been measured to develop on the ground plate at
the station is approximately 11 mm at Re,, =130000+3000. The
ground plate was extended 2.1w in front of the GETS model and
3.5w behind the GETS model, with w representing the width of
the model.

The GETS model is connected by a steel rod with a diameter
of 12 mm to a 6-axis force/torque (F/T) sensor (Schunk, FTD-
Gamma SI-32-2.5; Fig. 2). The distance between the rod axis
and the model base was approximately 3.45w. In order to cir-
cumvent the necessity for corrections for tare forces and mo-
ments, the steel rod between the GETS model and the glass plate
was encased within a hollow NACAOQ0030-profiled part, with a
chord length of 66.6+0.2 mm. The height of this part is 19.0£0.2
mm. Furthermore, it is imperative to note that this part is at-
tached exclusively to the glass plate and does not come into con-
tact with the GETS model or steel rod. The relatively diminutive
vortical structures shed from the NACAO0030 profile presumably
dissipated before reaching the base of the GETS model, thereby
exerting no effect on the flow characteristics in the GETS model
wake. The F/T sensor was utilized to ascertain the time-averaged
drag, Fp, and time-averaged lift, F, experienced by the GETS
model. The signals from the F/T sensor were sampled at a rate
of 2 kHz for a duration of 30 s. The time-averaged drag and lift
coefficients, Cp and C., were calculated using the following
equations, respectively.

2 F

Cp = P UgoDAF (3)
2 F

€= P UozoLAF (4)

The drag and lift coefficient calculations for the GETS model
were accurate to within =0.02. The width-based Reynolds num-
ber calculation was accurate to within +2.3%. The yaw angle
measurement was accurate to within +0.1°.

2.3. Numerical setup

The computational domain geometry employed in numerical
studies is designed to be identical to the interior of the wind tun-
nel test section utilized in experimental studies (Fig. 4). The sole
distinction between the two models lies in the suspension of the
GETS model employed in the numerical study. The height of the
computational domain is equivalent to the vertical distance be-
tween the ground plate and the tunnel top wall utilized in exper-
imental studies (i.e., 0.558 m). The width of the computational
domain is equivalent to the width of the tunnel test domain (i.e.,
0.570 m). The length of the computational domain is equivalent
to eight times the length (I) of the GETS model. The GETS
model is positioned at a height of 21 millimeters above the
ground plate and at an equal distance from the side walls, as was
established in the experimental study. The distance between the
front surface of the model and the surface where the velocity

inlet boundary condition is assigned is equivalent to 2l, while
the distance between the rear surface of the model and the sur-
face where the pressure outlet boundary condition is assigned is
51.

At the inlet boundary, the x-component of the velocity is the
only component with a non-zero value that corresponds to the
freestream value. Within this boundary, the free-stream turbulence
intensity value is designated as 0.7%. At the outlet boundary con-
dition, a value of 0-gauge pressure has been assigned to the entire
surface. A no-slip wall boundary condition has been assigned to
the model surface and tunnel walls.

The flow simulations were performed using the commercial fi-
nite volume solver ANSYS FLUENT (version 2020 R2). The
steady formulation of the Reynolds-Averaged Navier-Stokes
(RANS) equations was employed to solve the flow, despite the un-
steady nature of the flow in the base of the GETS model. The ra-
tionale behind this choice is that extant literature has demonstrated
the feasibility of accurately determining the aerodynamic forces
acting on HDVs through the implementation of steady flow simu-
lations [27-30]. Similar preferences are observed not only in exter-
nal flow conditions but also in internal flow conditions [31]. The
two-equation k- Shear Stress Transport (SST) turbulence model
[32] was employed to solve for turbulence. The details of numeri-
cal formulation of the k- SST model can be found in [32].

Pressure
outlet

Bottom wall

Velocity
inlet

Figure 4. Geometry of the computational domain and boundary
conditions. The GETS model is shown in gray within the figure. The
side and top walls are transparent to ensure visibility of the interior of

the computational domain geometry.

The program utilizes a control-volume-based technique to con-
vert a scalar transport equation into an algebraic equation that can
be solved numerically. Diffusion terms in the discretized scalar
transport equation are central-differenced. The pressure-based
solver was selected on the basis that the flow system under consid-
eration did not exhibit compressibility effects. The gradients are
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computed according to the Least Squares Cell-Based method. The
velocity—pressure coupling is solved by means of the SIMPLEC
scheme. The second-order scheme was utilized for the interpola-
tion of pressure values at the interfaces between cells. The QUICK
scheme was utilized to calculate a higher-order value of the any
convected variable at a cell face. The turbulence quantities (turbu-
lent kinetic energy and specific turbulent dissipation rate) were dis-
cretized using the first-order upwind scheme. The rationale under-
lying this phenomenon is that when the second-order upwind
scheme was selected, the convergence criterion was not met. All
simulations were executed until the continuity residual reached a
value below 10*. The solver settings adopted in the present study
are summarized in Table 1.

Table 2. Mesh dependency study conducted between four mesh
cases. The variation of the GETS model drag and lift coefficients as a
function of the total number of meshes.

Mesh size To:i:urrr]lte sh Co CL
Coarse 3063648 0.387 -0.127
Medium 4553184 0.382 -0.119
Fine 6195104 0.379 -0.115
Finer 8256000 0.378 -0.115

Table 3. Validation study for the GETS model with fine mesh. The
effects of curvature correction options on the results were also exam-
ined. Here, CC represents the specific limiter for the curvature correc-

tion function.

Table 1. Pressure-based solver settings Method ggﬂr‘gittli‘g?] Co CL
Turbulence model k-m SST Num. (SST k-w) |  Off (CC=0) 0.379 -0.115
Production limiter On Num. (SST k-) | On (CC=1.00) 0.382 -0.112

Curvature correction On (CC=1.25) Num. (SST k-w) | On (CC=1.25) 0.384 -0.111
Pressure-velocity coupling SIMPLEC Exp. (Direct force } 043620015 | -0.0985+0.0083
Gradient scheme Least squares cell based measurement)

Pressure discretization Second order

Momentum discretization QUICK
Turbulence discretization First order
Residuals 0.0001

The multi-block analysis was adopted as a method for generat-
ing hexahedral cells in the computational domain (Fig. 5). In order
to resolve the viscous sublayer, it is necessary to determine a value
for the non-dimensionalized distance from the wall (y*) that is ap-
proximately 1. The height of the wall adjacent mesh on the GETS
model is around 0.03 mm yields a y* value of around 0.52, which
is less than 1.

Figure 5. Visualization of surface meshes on the GETS model and
on the ground plate. Block-structured hexahedral meshes were gener-
ated within the computational domain.

A mesh independence test was performed to determine the total
number of meshes required for conducting the proposed flow sim-
ulation. To this end, volume meshes with four different levels of
refinement were generated (Table 2). The results demonstrated that
the percentage change in the drag coefficient is -0.26% as the mesh
size is changed from fine to finer (Table 2). Additionally, the value
of the lift coefficient remained constant at -0.115. Consequently,
the fine mesh was selected for the subsequent simulations. In ad-
dition to conducting the mesh independence test, the effect of cur-
vature correction on the aerodynamic characteristics was exam-
ined. This was necessary because the GETS model has rounded
leading edges (Table 3) and the adopted turbulence model is insen-
sitive to streamline curvature. The findings revealed that the values
of both aerodynamic characteristics converged towards the exper-
imental values as curvature correction was enabled. The drag and
lift coefficients computed using the SST k-o turbulence model
with a curvature correction option (CC=1.25) are found to be -11.9%
and -12.7% lower than those obtained from wind tunnel experi-
ments. Consequently, the curvature correction option with a spe-
cific limiter of CC=1.25 was employed for the remaining simula-
tions.

The drag and lift coefficients, calculated from direct force meas-
urements and those obtained from the current numerical study, are
compared in Fig. 6 for a specific Reynolds number range. The fig-
ure indicates that the experimentally obtained lift coefficient is
nearly equivalent to the numerically obtained value. With regard
to the drag coefficient, the numerical data exhibit a slight discrep-
ancy from the experimental data. The observed discrepancies be-
tween the experimental and numerical studies can be primarily as-
cribed to three factors. Firstly, the utilization of a steady-state
solver in simulating the flow around the model. Secondly, the ac-
curacy of the turbulence model employed in solving the pertinent
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problem. Thirdly, the disparity in boundary layer developments
between the experimental and numerical studies.

0.6 -
0.5+
L T T I ;
0s . ) T I
n n .
(=}
@)
0.3
024 = Numerical (SST k-o)
' ® Experimental (Direct force measurements)
0.1+
00 T T T T T T T
70000 80000 90000 100000 110000 120000 130000
Re,,
-0.30
-0.25 -
= Numerical (SST k-o)
® Experimental (Direct force measurements)
-0.20
&
-0.15
' :
% L) ] [ ] ¢
u u
-0.10 ¢ 3 ¢
-0.05
0.00

T T T T
100000 110000 120000 130000
Re,

T T T
70000 80000 90000

Figure 6. Validation of aerodynamic coefficients acting on the
GETS model for different Reynolds numbers

In the present study, solely the geometric similarity was
achieved. Additionally, it is not possible to match the GETS model
Reynolds number to that of the prototype with this wind tunnel fa-
cility. In the extant literature, the majority of studies on road vehi-
cles have not achieved complete similarity [5, 6, 9, 13, 19, 20].
However, it has been demonstrated that the drag reduction perfor-
mance of a flow control device obtained in the case of incomplete
similarity exhibits the same trends in the case of complete similar-
ity [33]. In this study, values approaching those that could be ob-
tained using the proposed flow control method on the prototype
(full-scale model) will be obtained.

3. Results and Discussion
3.1. Aerodynamic coefficients

Prior to delving into this section, it is imperative to elucidate
the role of the jet flow from the rear slots in the calculation of
the aerodynamic characteristics. The momentum coefficient,
which is the dimensionless form of the forces associated with
the jet flow, was derived by utilizing the conservation of linear
momentum (see Eq. (1)). The total drag and total lift coefficients

(i.e., Cor and Cr) which encompass the momentum coefficient,
can be expressed as follows.

Cpr = CD—p‘re + Cp_vis + Cp_mom )
C _ Fp_pre Fp_pis P Vy—jet As (_Vu—]'et cos 9) +
DT ™ o5 p UL 4F ' 05 p UL Af 05 p UL Ap
P Vicjet As (~Vi_jer cos6) ©)
0.5 p UL Af
CLT = CL—p're + CL—vis + CL—mom (7)
C. = FL—pre Fl—vis P Vu—jet As (Vy—jer sin8) n
LT = o5 p UL Ar ' 05 p U2 Ap 0.5 p UZ Af
P Vijet As (Vi_jer sin(=6)) ®)
0.5 p UZ Af

where Fp.pre iS the pressure drag, Cp.-pre i the pressure drag coef-
ficient, Fp.yis is the viscous drag, Cp.vis is the viscous drag coef-
ficient, Cp.mom IS the jet momentum coefficient in the horizontal
(drag) direction, Ci.mom is the jet momentum coefficient in the
vertical (lift) direction, Ve is the velocity of the upper jet, Vijet
is the velocity of the lower jet, respectively.

0.40
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2 e
0.36 a [ ]
. [
o A ®
0.32 N ]
[}
A
0.28 - s
A
0.24
A
®  Upper Jet
0.20 4 ® lower Jet
A Both Jets A
016 T T T T T T T T T 1
-0.25 0.00 025 050 0.75 1.00 125 150 1.75 200 225
VR
-0.08
- n
s n ] - ] - L] "
-0.12 4
3
5 LA
13 B 4 a
° °
°
-0.16
® Upper Jet
® |Lower Jet
A Both Jets
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-0.25 0.00 025 050 0.75 1.00 125 150 175 200 225

VR

Figure 7. Variations of total drag and lift coefficients as a function
of VR for different jet configurations. 6=0°.
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Fig. 7 demonstrates the variation of the total drag and lift co-
efficients with the VR parameter for various jet configurations.
In this figure, the inward inclination angle of the jet direction is
0°. The figure indicates that blowing from the rear surfaces has
a positive effect in reducing Cpr, regardless of the VR and jet
configuration. The increase in VR led to a substantial reduction
in the Cpr. For a value of VR=2, the reductions in the Cpr are
26%, 25.8%, and 50.5%, respectively, for the lower, upper, and
both jet configurations. It has been observed that the combined
thrust of both jets is equivalent to the sum of the individual
thrusts of each jet.

A close examination of the total lift force graph reveals that
Cyr is independent of VR in the upper jet configuration. In more
precise terms, the jet generated in the upper slot exerts no effect
on the lift force within the range from VR=0 to 2. In both jet
configurations, the total lift exhibited a gradual decrease with
increasing VR, up to a value of VR=1. For VR>1, the rate of this
reduction was reduced. It can be posited that the relationship be-
tween Crr and VR in this jet configuration is represented by an
asymptotic curve. In the lower jet configuration, Cir exhibited a
gradual decrease proportional to increasing VR. It has been pos-
ited that, in the lower jet configuration, an inverse linear rela-
tionship exists between Cr and VR. This finding indicates that
the jet produced in the lower slot exerts a substantial influence

on the flow emanating from the lower region of the GETS model.

In order to better understand how the resistance and lift coef-
ficients vary with VR, we will first examine how each compo-
nent contributes to its respective coefficient. Fig. 8 demonstrates
the variation of individual drag components with VR. A salient
feature of the graphs is that, irrespective of the jet configuration,
the viscous component of drag (also known as the friction com-
ponent) is not a function of the VR parameter. The Cp.yis value
remains constant at 0.105 in the graphs. It is noteworthy that the
variation of the Cp.pre cOmponent with VR is also quite similar
across all three configurations. Irrespective of the jet configura-
tion, the Cp-pre decreased and reached a minimum in the VR
range from 0.25 to 0.5, after which they increased gradually with
increasing VR. Lorite-Diez et al. [20] conducted an investigation
into the wake modes of a three-dimensional blunt-based body in
proximity to a wall, in the presence of continuous blowing ap-
plied at varying locations through four slits along the base edges.
The identification of two flow regimes, designated as mass and
momentum, was made for all configurations. In the mass flow
regime, the reduction in base drag is attributable to small blow-
ing; in the momentum regime, the increase in base drag is at-
tributable to large blowing. A comparison of their base drag co-
efficient variation-blowing velocity ratio curve with the current
pressure drag-velocity ratio curve reveals a high level of simi-
larity. It is also evident that, for VR>1, the presence of a rear
jet/jets has an opposite effect on the Cp-pre (Fig. 8).
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Figure 8. Variation of individual drag components as a function of
VR for each jet configuration. 6=0°.

The pressure distribution along the vertical direction on the
mid-width of the rear surface is shown in Fig. 9. As can be seen
from the figure, the reduction in drag as VR increased to 0.5 is
due to an increase in pressure on the rear surface in the range
y/h=0.3-1. A further increase in VR reduces the base pressure in
the y/h range from 0.4 to 1, which increases Cp.pre.
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Figure 9. Pressure coefficient distribution along the vertical line on
the rear surface of the GETS model. The line is placed on the mid-
width of the model, and extends from the bottom trailing edge to the
top trailing edge.

Conversely, the jet momentum in the drag direction exerts a
substantial influence on the total drag, irrespective of the jet con-
figuration. Irrespective of the VR, this component contributes to
the reduction of the total drag caused by the thrust generated by
the jet(s). For VR=2, the total dimensionless thrust generated by
both the upper and lower jets is around -0.24.

As illustrated in Fig. 10, the total lift coefficient and its com-

ponents vary as a function of VR for each tested jet configuration.

In the absence of jet formation behind the GETS model (i.e.,
VR=0), 99.7% of the total lift acting on the GETS model is gen-
erated by the Cipre component. In addition, when 6=0° and
VR>0, the jet direction is parallel to the x-axis (drag direction).
Consequently, the jet does not generate any force component
along the y-axis (lift direction). Consequently, the value of C.-
mom 1S 0. In summary, irrespective of the jet configuration, the
CLpre is the sole contributor to the Cyr.

BV ERS :vovomecvcineers
0.02
0.00 b—6—46 4 6 5 o & A
-0.02 4
€ -0.04 + = CLrpre A Cerom
o ° v
S 064 CL-vls CLT
£ 0.
©
o
© -0.08
&
jr}
-0.10 4
012 4 -—-\.—-’/4’_‘-*"/"
-0.14 4
‘ Upper jet configuration ‘
-0.16 T T T T T T T T T 1
-0.25 0.00 025 050 0.75 100 125 150 175 200 225
VR
0.02
0.00 6 6 66— 664
-0.02
c -0.04 4 CL-pre CL-mom
] —e— —v—
©c -0.06 - CL vis CLT
& 0.
©
]
© -0.08 +
£
3
-0.10
-0.12
-0.14
Lower jet configuration
'016 T T T T T T T T T 1
-025 000 025 050 0.75 1.00 125 150 175 200 225
VR
0.02 4
0.00 - S U U U S U W — Y
-0.02 4
= -0.04 4
[9) —a—C —A—C
‘S L-pre L-mom
g 0% | e-Cc, . —vC
1] L-vis LT
o]
© -0.08
E=
3
-0.10 4
-0.12 4
-0.14 4
‘ Both jets configuration ‘
-0.16

T T T T T T T T T 1
-0.25 0.00 025 050 0.75 100 125 150 175 200 225
VR

Figure 10. Variation of individual lift components as a function of
VR for each jet configuration. 6=0°.

As illustrated in Figs. 8 and 10, C.r remains constant with in-
creasing VR in the upper jet configuration, while it decreases as
VR increases in the lower jet and both jet configurations. Fig. 10
demonstrates that the observed change in the Cyr is attributable
solely to Crpre. The present study utilizes the lower jet configu-
ration as a foundation to elucidate the underlying cause of the
relationship between Cr.pre and VR.
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Figure 11. Pressure coefficient distributions on the upper and lower
surfaces of the GETS model for the lower jet configuration: (a) VR=0
(no jet), (b) VR=1, and (c) VR=2. =0°.

Fig. 11 shows the pressure distributions on the top and bottom
surfaces of the GETS model, which contributes most signifi-
cantly to the Crpre. Although high pressure exists on the front
surface of the model due to the stagnation point where velocity
is nearly zero, the flow passes through the rounded portions of
the leading edge at high speeds. This high velocity causes low
pressure to form in these rounded regions [34]. This explains the
low pressure at the front portions of the top and bottom surfaces
of the model. Increasing the VR value slightly increases pressure
in the middle section of the top surface and decreases the pres-
sure in the rearmost section of the top surface while significantly
decreasing pressure in the rearmost section of the lower surface
(i.e., near the lower jet location).

y/h

x/h

Sls

N

1

x/h

Figure 12. Dimensionless streamwise velocity contours (Ux/Ux) and
streamline topology on the x-y plane, which divides the GETS model
into two equal parts for the lower jet configuration. §=0°.

Fig. 12 shows the dimensionless streamwise velocity contours
and streamline topology in the rear section of the GETS model
for the lower jet configuration. These contours and topologies
were obtained from the x-y plane at z=0 and illustrate the effects
of the lower jet, with different VR values, on the flow structure.
The first noticeable observation in the figure is that the sizes of
the large recirculation cells change as VR increases. Another no-
table observation is that an increase in VR causes the decelera-
tion distance of the flow exiting the lower part of the model to
lengthen. Furthermore, and most importantly, an increase in VR
causes the flow at the bottom of the model to approach the bot-
tom surface before it has even emerged from the rear section,
thereby causing a drop in pressure in this region.
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We will now examine how the inclination angle of the jet di-
rection, which varies between -16° and +16° for two VR values
(i.e., 0.5 and 1), affects the aerodynamic characteristics. The ef-
fects of & on total drag are presented in Fig. 13 for various jet
configurations. Regardless of the tested 6, it is evident from the
figure that the drag acting on the GETS model with any jet con-
figuration is lower than that of the GETS model with no jet (i.e.,
VR=0). Regardless of the VR and jet configuration, the gradual
and linear increase in the total drag with the decrease in 6 from
0 to -16° is evident in the figure. Conversely, increasing 9 in the
positive range (i.e., from 0 to 16°) generally leads to a slight
decrease in total drag. Consequently, increasing @ in the positive
range (i.e., directing the jet toward the base of the model) gen-
erally has a positive effect on drag reduction.
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Figure 13. Variations of total drag coefficients as a function of 6 for
different jet configurations. VR=0.5 and 1.

The subsequent discussion will concentrate on the manner in
which each component contributes to the total drag values ob-
tained as a function of ¢ for these different VR values. In order
to address this objective, the upper and both jet configurations
were considered (Figs. 14 and 15). It is evident from Figs. 14
and 15 that the viscous drag exerted on the model is independent
of 9, irrespective of the VR and jet configuration. It is evident
that Cp.mom €xerts a beneficial impact on drag reduction, irre-
spective of the @ tested. The x-component of the jet momentum

undergoes a slight alteration as the @ increases in a positive or
negative direction. This outcome is not unexpected, given that
only the lower values of 6 were investigated. As the 6 value in-
creased from -16 to +16°, the Cp.pre reduction occurred in a pro-
portionate yet gradual manner. It is evident that as the value of
VR rises from 0.5 to 1, the rate of reduction in the Cp.pre also
increases. The findings indicate that both Cp-mom and Cp-pre are
responsible for the reduction in the Cpr. Furthermore, the con-
tribution of Cp.pre to the reduction in Cpr attains its maximum
level at approximately 0=+16°, while that of Cp.mom reaches its
maximum level at approximately 6=0°.
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Figure 14. Variation of individual drag components as a function of
6 for the upper jet configuration. VR=0.5 and 1.

Fig. 16 illustrates the pressure distribution on the rear surface
of the GETS model for upper jet and both jets configurations.
For the upper jet case, an increase in @ from -16° to +16° results
in the following outcomes. The relatively high-pressure region
in the mid-height of the rear surface undergoes expansion. The
pressure of the region near the lower edge of the rear surface
increases. The two regions coalesce at the highest 6. It is note-
worthy that the increase in @ (i.e., the inward inclination of the
upper jet) results in a concomitant increase in pressure in the
lower half of the rear surface. In the lower jet case, the relatively
high-pressure region located just below the half-height of the
rear surface shifts toward the center of the rear surface as 6 is
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increased (not shown here) and expands. Furthermore, an in-
crease in the pressure of the upper half part near the jet and a
decrease in the pressure of the lower half part near the jet were
observed. In contrast to the upper jet configuration, the lower jet
configuration exhibited a symmetrical distribution of pressures
in the upper and lower halves of the model’s rear section when
the 6 increased.
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Figure 15. Variation of individual drag components as a function of
6 for the both jets configuration. VR=0.5 and 1.

In the both jets configuration, an increase in  results in a shift
of the relatively high-pressure region, located just below the
central part of the rear surface, towards the center of the rear
surface, accompanied by an expansion of the region. The in-
crease in pressure is discernible in both the lower and upper re-
gions of the rear surface (Fig. 17). Irrespective of the jet config-
uration, an increase in the area-weighted pressure at the rear sur-
face is observed with an increase in @. This increase serves as
the underlying cause of the decrease in the Cp-re With increasing
0.
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Figure 16. Pressure contours on the rear (base) surface of the GETS
model for various 6. Upper jet configuration and VR=1.
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Figure 17. Pressure contours on the rear (base) surface of the GETS
model for various 6. Both jets configuration and VR=1.

The effects of ¢ on total lift are presented in Fig. 18 for vari-
ous jet configurations and VR. It is noteworthy that the Cpt ex-
hibits a linear relationship with theta, irrespective of the jet con-
figuration. An increase in the VR value from 0.5 to 1 results in a
more precipitous line representing the VR-6 relationship, as il-
lustrated in the figure. In the context of lower jet and both jets
configurations, an augmentation in @ has been observed to result
in a concomitant reduction in the Cir. This decline in C.t has
been shown to enhance the traction of vehicle tires, while con-
currently leading to an increase in fuel consumption. In the up-
per jet configuration, an increase in the C.r with 8 has been
shown to improve fuel efficiency but reduce tire traction.

Fig. 19 shows the contribution of each component to the total
lift values obtained as a function of 6, at VR=1. In order to ad-
dress this objective, all three jet configurations were considered.
As demonstrated in the figure, it is evident that there is no ob-
servable impact of C.is on Cir. The CiL.mom COMpoONeNt exerts a
negligible influence on the Ct for lower and upper jet configu-
rations. This limitation is not unexpected, given that the maxi-
mum jet inclination angle is £16°, which is considerably less
than £90°. In the both jets configuration, the Ci-mom generated by
the upper and lower jets act in opposite directions, resulting in
the Ci-mom NOt contributing to the Cyr in this configuration.
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As illustrated in Fig. 19, the Cipre is the primary contributor
to the Cit. This finding indicates that the pressure variations be-
tween the upper and lower surfaces of the GETS model are cru-
cial for the generation of lift, particularly in the upper and lower
jet configurations. The aforementioned pressure differences for
6 equals -16 and +16° are displayed in Fig. 20. The pressure co-
efficient (Cp) values depicted in the graphs of the figure are de-
rived from the mid-width of the top and bottom surfaces of the
model (see yellow line in the figure). The distribution of Cp on
the top and bottom surfaces is consistent across the x-axis, rang-
ing from -0.615 m (aft point) to approximately -0.150 m, irre-
spective of the theta and jet configuration. Within this range, a
negative lift, also known as downforce, is generated. It can be
posited that the variation in Cp distributions within the remain-
ing range of -0.150 mto 0 m (rear edges) exerts a more substan-
tial influence on the determination of the C.yre as well as the Cir.
In the upper jet case, the flow on the top surface was partially
obstructed by the jet at 6=-16°. This results in an increase in
pressure in the area adjacent to the rear edge of the top surface.
In this case, the pressure distribution in the bottom surface of the
model exhibits the same distribution along the x-coordinate, re-
gardless of 6. At #=+16°, a vacuum pressure was generated in
the vicinity of the rear edge of the top surface. This phenomenon
results in a lift generation, thereby elucidating the reduction in
downforce observed as @ increases from -16° to +16°.

In the lower jet case, the pressure distribution is reverse to that
observed in the upper jet case (Fig. 20). In this case, the distri-
bution of pressure in the top section of the model remains con-
stant, irrespective of 4.
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Figure 20. Pressure distribution on the mid-length of the top and
bottom surfaces of the GETS model for various jet configurations
tested. 6 =-16 and +16°. VR=1.

Conversely, the downward flow of the jet stream at =-16°
obstructed the flow passing through the lower part of the model,
which in turn induced a pressure increase in the rearmost section
of the model’s bottom. However, at an angle of +16°, the jet has
transferred momentum to the flow emanating from beneath the
model, thereby causing an acceleration in the model and conse-
quently leading to a pressure drop in the lower rear section. This
elucidates the underlying reason for the enhancement in down-
force with an augmentation in 6. In the both jets configuration,
there is a slight increase in downforce due to the lower part of

the model being in close proximity to the ground. The absence
of a substantial rise in the lift force exerted on the model as 6
increases in the both jets configuration can be attributed to the
generation of opposing forces along the vertical axis by the up-
per and lower surfaces.

3.2. Active control efficiency

It is evident that the aerodynamic drag of the simplified HDV
model can be decreased by blowing from the rear slits. The pro-
vision of this blowing (i.e., the generation of these jets on the
rear surface of the model) necessitates an additional energy ex-
penditure. The efficacy of active flow control can be substanti-
ated by a comparison of the energy recovered from this reduc-
tion in aerodynamic drag with the energy required to generate
the jet. The following formula, based on the blowing system pre-
sented in Fig. 21, has been demonstrated to provide this effi-
ciency.

AFp-Uco AFp-Ue
AP-Q/Ncomp - 0-5'Pz'Vjset'AS/71comp

Ncontrol = ©)

where AFp is the absolute aerodynamic drag difference between
the model with and without the control, AP is the pressure dif-
ference between the points given in the figure, Q is the flow rate,
p2 is the density of air at the slot exit (point 2), and #comp iS the
compressor efficiency (77comp=0.70 in this study). The expression
for the power necessary to generate a jet at the desired velocity
in the slot was derived using the Bernoulli equation and under
the assumption that changes in air density can be disregarded.
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Figure 21. Side view of the upper rear part of the GETS model. The
system used to generate jet is depicted.
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Figure 22. Active flow control efficiencies of various jet configura-
tions as a function of VR. §=0° and #comp=0.70.
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Eq. (9) demonstrates that the power necessary to generate a
jet in the rear slot is directly proportional to the cube of the jet
exit velocity (Vier). This phenomenon elucidates the underlying
reason for the observed decline in control efficiency (control)
with increasing VR. It has been demonstrated that control effi-
ciency is not contingent upon jet configuration for VR>0.5. For
values of VR less than around 1.25, the control efficiency ex-
ceeds 1. However, for VR values greater than 1.5, the control
efficiency is less than 1. In essence, the employment of the ac-
tive flow control method for VR<1.25 is advantageous in terms
of efficiency.

4. Conclusions

In this study, a simplified tractor-trailer combination model
was modified by creating narrow slits along its rear upper and
lower edges, where planar jets were generated. The effects of
the positions, velocities, and exit directions of these jets on the
aerodynamic characteristics of the aforementioned model were
investigated using steady-flow simulations. The following re-
sults were obtained from this study.

When the jet flow direction is aligned with the free-stream
direction (6=0°), employing the upper jet facilitates a reduction
in the drag acting on the model without inducing any change in
the value of the lift force acting on the model.

The lower jet interacts with the flow between the model’s bot-
tom surface and the ground. As 6 varies for a fixed VR value, it
causes a significant and inevitable change in the lift force acting
on the model.

In the upper jet configuration, at a fixed value of VR, an in-
crease in @ in the positive direction results in an increase in lift,
while an increase in 6 in the negative direction results in a de-
crease in lift. In the lower jet configuration, the situation is pre-
cisely the reverse.

The viscous components of the total aerodynamic character-
istics are independent of the jet configuration, VR, and 6.

The both jet configuration, which utilizes both the upper and
lower jets concurrently, yielded the lowest aerodynamic drag
values for the model.

When the @ value is set to 0°, the application of the active flow
control method while maintaining a VR value below 1.25 is es-
sential to ensure the effective implementation of the method.

It is also imperative to address a salient aspect associated with
the findings of this study in this section. As previously men-
tioned, the Reynolds number independence criterion has not
been met in the present numerical study. The findings of the pre-
sent numerical study demonstrate that the utilization of both jet
configurations with VR=2 and 6=0° results in a 50% reduction
in aerodynamic drag. In real-world applications, the probability
of achieving such a substantial reduction in aerodynamic drag
without implementing any radical design modifications is rather
low. However, the current numerical study indicates that a re-
duction in aerodynamic drag, albeit much lower than 50%, can
be achieved.

BV ERS vovoms cncinees
Nomenclature
Ap : frontal area of the GETS model (m?)
A : area of the slot (m?)
ce : specific limiter for the curvature correction f
unction (-)
Cp : drag coefficient (-)
c . jet momentum coefficient in the horizontal (drag)
b-mom direction (-)
Cp—pre : pressure drag coefficient (-)
Cp_yis . Viscous drag coefficient (-)
Cpr . total drag coefficient (-)
C, . lift coefficient (-)
c : jet momentum coefficient in the vertical (lift) dir
L=mom ection (-)
Cr—pre : pressure lift coefficient (-)
Ci_pis - viscous lift coefficient (-)
Cir . total lift coefficient (-)
Cp . pressure coefficient (-)
Cy : momentum coefficient (-)
Fp : drag (N)
Fp_pre : pressure drag (N)
Fp_yis  : viscous drag (N)

F, it (N)

Fi_pre - pressure lift (N)
Fi_vis : viscous lift (N)
. clearance between the GETS model and the grou
9 nd plate (m)
h . height of the GETS model (m)
l . length of the GETS model (m)
Re,, : width-based Reynolds number (-)
Tu, . freestream turbulence intensity (-)
U . freestream velocity (m/s)
U, . streamwise velocity component (m/s)
Viet . jet velocity (m/s)
Vicjet . velocity of the lower jet (m/s)
Vu_jer  : velocity of the upper jet (m/s)
VR . velocity ratio (-)
w : width of the GETS model (m)
x : streamwise coordinate axis (m)
y . transverse coordinate axis (m)
y* : non-dimensionalized distance from the wall (-)
z . spanwise coordinate axis (m)
Hcontrol . active flow control efficiency
Tcomp : compressor efficiency
: inward inclination angle of the jet direction with
9 : (e}
respect to the main flow (°)
u : viscosity of air (Pa‘s)
p . density of air (kg/m?3)
p2 : density of air at the slot exit (kg/m?)
CFD : computational fluid dynamics
EU . european union
GETS . generalized european transport system
GHG . greenhouse gas
HDV . heavy-duty vehicle
NACA  : national advisory committee for aeronautics
RANS : reynolds-averaged navier-stokes
SaOB : synchronized suction and oscillatory blowing
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: semi-implicit method for pressure linked equation

SIMPLEC -
s-consistent
SST : shear stress transport
QUICK . quadratic upstream interpolation for convective ki

nematics
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