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ABSTRACT

An experimental investigation has been undertaken to determine the effects of plain and notched base flaps on
the drag performance of simplified tractor-trailer combination without any intermediate gap, Generalized
European Transport System (GETS). Both plain and notched base flaps are rigid, made up of three identical
flaps whose length is equal to the width of the GETS model, and not angled inward or outward. The
experiments examined three-sided flap configurations corresponding to various combinations of seven heights
of the plain part (from 10 to 40 mm in steps of 5 mm), four notch amplitudes (from 2.5 to 10 mm in steps of
2.5 mm), and five notch wavelengths (from 10 to 50 mm in steps of 10 mm). It is shown that the drag
performance of the plain flap at zero yaw highly depends on the height of the plain flap. The maximum drag
reduction occurs for e/w=0.1 yielding a drag reduction of 1.9% when compared to the GETS model without
flap (baseline GETS). It was shown that the time-averaged drag coefficient increased slightly until a
maximum was reached at e/w=0.3 but then decreased slightly with increasing e/w. Under zero yaw angle
conditions, GETS model with a notched base flap, €10-a05.0-120, gives the lowest drag. The addition of this
base flap to the GETS model resulted in a 2.8% drag reduction. This notched base flap was shown to be more
effective not only at reducing <Cp> under yawed flow conditions tested but also at reducing time-averaged
side coefficient under yawed flow conditions tested, compared to the €10-a00.0-100 flap.

Keywords: Passive flow control; Drag reduction; Plain base flap; Notched base flap; Simplified heavy
vehicle; Cross-wind.

NOMENCLATURE
Ar frontal area of the GETS model P static pressure
a notch amplitude Rew width-based Reynolds number
a/w  dimensionless notch amplitude Tux freestream turbulence intensity
Co drag coefficient U. freestream velocity
Cmz  moment coefficient w  width of the model

Ce pressure coefficient X streamwise coordinate direction
Cp-rms root-mean-square pressure coefficient y transverse coordinate direction
Cs side coefficient z spanwise coordinate direction
e height of the plain part of a flap
e/w  dimensionless height of the plain part of a <..> time-averaging operator

flap

Fo drag force B yaw angle

Fs side force A difference

g ground clearance A notch wavelength

h height of the model A/w  dimensionless notch wavelength

| length of the model I viscosity of the air

M; pitching moment p density of the air

1. INTRODUCTION 25% of total road transport CO2 emissions in the

European Union in 2016 (Regulation (EU)

It is reported that CO2 emissions from heavy-duty ~ 2019/1242, 2019). It is also reported that large
vehicles (i.e., trucks and buses) represented about trucks (10 tons or more) were responsible for 65%
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to 70% of all CO2 emissions from heavy-duty
vehicles (HDVs). This explains why the first-ever
CO2 emission standards, adopted in 2019, initially
covered only new large trucks.

As a large truck, the current European tractor-trailer
combination resembles a long rectangular prism
that has a rounded front and a flat back face. This
unstreamlined shape, of course, plays an essential
role in maximizing load volume in the permissible
dimensions of a vehicle (Directive 96/53/EC, 1996;
Directive (EU) 2015/719, 2015). However, the
mentioned shape has poor  aerodynamic
performance due largely to high pressure (form)
drag. This explains why approximately 40% of the
total energy required to move a 40-tons European
heavy truck at a highway speed of 85 km/h has to
be used to overcome air resistance (Verband der
Automobilindustrie e.V. 2010). This ratio is, of
course, reduced at present due to aerodynamic
improvements to HDVs.

Reducing HDV fuel consumption is a significant
challenge for both environmental and economic
reasons. Truck platooning is one way of
simultaneously improving fuel efficiency and
reducing CO2 emissions without compromising
overall load space (Veldhuizen et al. 2019; Térnell
et al. 2021). This is also valid for light-duty
vehicles (LDV; Cerutti et al. 2021). Another way is
to attach various passive (PFCD) and/or active flow
control devices (AFCD) to some parts of the HDV
surfaces. These devices can be used either
individually or as a group to increase aerodynamic
efficiency of HDV (Landman et al. 2010;
McAuliffe 2015; Salati et al. 2017; Schmidt et al.
2018; Hariram et al. 2019; Seyhan and Sarioglu
2021), even aerodynamic efficiency of LDV
(Urquhart et al. 2020; Haffner et al. 2022). Some of
them were developed by tractor manufacturers and
are now standard on all new HDVs. Some of them
are already available on the market such as roof air
deflector/roof fairing, cab side extender, and trailer
skirt. Some of them are under development or are
being designed for development.

Aerodynamic losses are non-recoverable. For the
highway environment, they are the dominant source
for power and fuel consumption (Patten et al.
2012). Front, top, and sides of the cab, the gap
between the tractor and the trailer, the underbody of
the tractor-trailer combination, and the rear surface
of the trailer are the key energy loss areas on a
typical tractor-trailer combination. Any flow control
device which is attached to the front surface of the
tractor must not limit the driver’s field of direct and
indirect vision. This narrows the number of devices
to a few (e.g. active grill shutters, cab side-edge
turning vanes; Hariram et al. 2019). PFCDs such as
cab roof deflector, cab roof fairing with or without a
collar, aerodynamic mirrors, and tractor chassis
filler panels are producing significant reductions in
drag acting on the top and sides of the cab as well
as the gap between the tractor and the trailer,
especially when used in a combined manner after a
careful optimization and evaluation (McAuliffe
2015; Salati et al. 2017; McArthur et al. 2018; Kim
et al. 2019; Hariram et al. 2019). Air dam, trailer
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side panels (trailer side skirts), cab side panels,
bogie fairings, aerodynamic wheel covers, and
slotted mudflaps are examples of PFCDs used to
reduce the drag associated with the tractor-
underbody and trailer-underbody (McAuliffe 2015;
McArthur et al. 2018; Hariram et al. 2019; Kim et
al. 2019). For the trailer aerodynamic technologies,
base flap, base cavity, and boat-tail are effective
PFCDs for reducing the drag contribution from the
large region of separated flow at the rear of a trailer
(McAuliffe 2015; Schmidt et al. 2015; Hassaan et
al. 2018; Kim et al. 2019; Rejniak and Gatto 2019;
Hassaan et al. 2020).

Base flap looks promising for HDV industry
(McAuliffe 2015). Compared to other passive flow
control parts, it has very simple and thin parts,
requires a low set-up cost, is quite light, is foldable,
and is easy to install. Base flap have also proven to
be effective at reducing the drag on simplified
LDVs (passenger cars and vans; Beaudoin and
Aider 2008; Kowata et al. 2008; Hanfeng et al.
2016; Kim et al. 2016; Garcia de la Cruz et al.
2017; Capone and Romano 2019). In previous
experimental studies on base flap drag reduction,
the effectiveness of some parameters was
demonstrated. The first of them is flap angle which
formed by the intersection of the flap and the drag-
axis at zero yaw. Browand et al. (2005) presented
field test results for fuel savings by means of flaps
that attached to the sides and top of the rear of the
trailer  (three-sided flaps). The flaps are
approximately 61 cm (i.e. one-fourth of the trailer-
base width) in length. The Kkey parameter
investigated in their study is the flap angle (i.e., 10°,
13°, 16°, 19°, and 22°). It is stated that the optimum
flap angle appears to be 13°, for which the fuel
consumption is 0.3778+0.0025 L/km compared to
the no flaps case of 0.3941+ 0.0034 L/km. The
second of them is flap shape (i.e., planar or curved,
tapered or not). Smith et al. (2007) assessed the
effectiveness of curved and straight three-sided (top
and sides) base plates in reducing drag. It was
shown that the curved plate provided slightly more
drag reduction at a flap angle of 5°, but slightly less
drag reduction at a flap angle of 12.5°. McAuliffe
(2015) tested drag reduction performance of a three-
sided base flap (top and sides) with 1:4 tapered side
flaps and a non-tapered top flap. It is stated that this
base flap provides a drag reduction of about -0.033
(-5.7%). However, this base flap was not compared
to the non-tapered equivalent. Therefore, the
influence of side-flap tapering on the performance
of tractor-trailer model cannot be determined. The
third one is the number of flaps. Kowata et al.
(2008) investigated drag reduction on a 1:6 scale
square-back bluff body (representative of a light-
duty vehicle) by employing a rear underbody slant
and base flap. Flaps at the top and sides were
extended 20 mm into the wake and rounded with a
radius of 50 mm (i.e. r/w=50/65). It was found that
the aerodynamic performance of the square-back
model with three-sided base flap (top and sides)
demonstrates best performance in comparison to the
same model with one-sided base flap (only top) for
all underbody diffuser angles tested. The fourth one
is the flap length. Capone and Romano (2019)
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Fig. 1. (a) A close-up view of the baselinle GETS model tested. (b) Schematic of the baseline GETS
model showing the major dimensions (not to scale). All dimensions are in millimeters.

investigated the effects of angle of top flap, angle of
side flaps, and the length of the side flaps on the
near-wake structure and aerodynamic
characteristics of a  square-back  model
(representative of a light-duty vehicle) with non-
rotating wheels. Three different side flaps, all with a
height of 15 mm and a thickness of 1 mm, were
tested. Each of the side flaps had a different length
(i.e., small, 50 mm, mid-length, 100 mm, and full-
length, 150 mm). It is shown that the flap length has
a noticeable effect on the drag and lift performance.
The model with mid-length side flaps not only
demonstrates favorable downforce (negative lift)
characteristics (a 130% increase in the downforce),
but also shows the best drag performance (a 5%
decrease in the drag) when compared to the baseline
model. The fifth one is the flap height, that is, the
distance from the bottom surfaces of flaps that are
attached to the base surface to the top surfaces of
flaps. This parameter must meet with local
legislative requirements. For example, in the
European Union (EU), any aerodynamic device and
equipment exceeding 500 mm in height are to be
type approved before being placed on the market
(Directive (EU) 2015/719, 2015). Mason and Beebe
(1978) made some moadifications to the front and
rear parts of a 1.7 scale tractor-trailer model in
order to explore the practical potential for drag
reduction. They also tested the effect of three-sided
base flap and stated that a flap height of 0.13d
(d=(4A/m)*5 where A is the frontal area of the
model) reduced the drag coefficient by 0.03.
However, the effects of flap height have yet to be
demonstrated in any study of the base flap to date.
This is the first motivation for the present
investigation. The second motivation for the present
investigation is that although there have been a
great number of investigations concerned with the
flaps behind a simplified or realistic HDV models,
there are no papers whose focus has been to study
the effect of base flap that breaks the separation line
on the aerodynamic characteristics.

The first objective of the experimental investigation
reported in this paper is to examine the effect of
flap height of the three-sided plain base flap on the
drag performance of the GETS model. The second
objective is to examine the effects of the three-sided
notched base flap on the drag performance of the
GETS model. The key parameters investigated in
this study were the dimensionless plain flap height
(e/w), dimensionless notch amplitude (a/w),
dimensionless notch wavelength (A/w), and width-
based Reynolds number (Rew). Road vehicles

usually experience terrestrial winds from all
directions (Sumida and Hayakawa 2019; Levin and
Chen 2022). In other words, they spend time being
driven in conditions where the ambient wind is not
usually stationary and not in-line with vehicle
motion. Therefore, another key parameter
investigated in this study was, yaw angle ().

In addition, it will be seen later that Reynolds
number independence in this wind tunnel tests has
not been achieved. It is therefore not possible to
obtain fairly accurate full-scale results. However, it
was shown that a researcher does not need to match
the Reynolds number of a small-scale square-back
model in a wind tunnel with that of a full-scale
prototype to assess the drag reducing potential of
passive control parts attached to the base of a small-
scale square-back model (Van Straaten 2007; Van
Raemdonck 2012; Salati et al. 2017).

2. EXPERIMENTAL SETUP

2.1 Wind Tunnel

All experiments reported here were performed in
the Karadeniz Technical University open circuit,
low speed, and closed working section wind tunnel.
The tunnel has a contraction ratio of about 6.3:1. A
variable frequency drive was integrated with the
electrical motor of the axial fan to achieve the
desired freestream velocity (Ux) in the test section.
The tunnel has a 1200 mm long test section with
inlet cross-section 570 mm wide by 570 mm high
and outlet cross-section 583 mm wide by 583 mm
high. The area-weighted freestream turbulence
intensities (Tux) at freestream velocities of
U»=8.0£0.2 m/s, 194+0.4 m/s, and 25+0.5 m/s, were
0.50%, 0.73%, and 1.0%, respectively. The width-
based Reynolds numbers of the experimental study
ranged from Rew=51800+1200 (U»=8.0 m/s) to
162000+3800 (U=25 m/s).

2.2 Experimental Model and Base Flap

The model used for this investigation was a 1:26
scale Generalized European Transport System
(GETS) with a height (h) of 135.3+0.2 mm, a width
(w) of 100.0 £0.2 mm, and a length (l) of 635.8+0.3
mm (Fig. 1; Van Raemdonck and Van Tooren
2008). GETS model was dimensionally superior to
the construction volume of the 3-D printing
machine. Thus, it was split into three parts with
straight cuts. The middle and rear parts of the GETS
model have an empty space inside, but the front part
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Fig. 2. (a) Schematic side view of the baseline GETS model at zero yaw in the wind tunnel. (b)
Schematic top view of the GETS model with a yaw. Schematic drawings are not to scale.
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Fig. 3. Main types of three-sided base flap with geometric parameters: (a) Top view drawmg of a plain
base flap (i.e. €30-a00.0-100), (b) Top view drawing of a hotched base flap (i.e. e10-a10.0-240), (c) The
origin of the coordinate system and GETS model with a three-sided notched base flap, (d) Image of the
base part of the GETS model with a notched flap. Thickness of the flaps printed is 3+0.1 mm.

of the GETS model (Fig. 2). The empty space is
required to measure the static pressure on the rear
surface of the GETS model (i.e. base). The wall
thickness of the middle and rear parts is 2.4+0.1
mm. The walls of these parts may deflect inwards
when subjected to wind loading. To prevent this,
thin rectangular plate supports were added on the
inside of the walls of these parts.

External surfaces of the parts were initially flattened
by rubbing 120-grit, 180-grit, and 400-grit wet-and-
dry sandpapers, respectively, over them after
printing. The cyanoacrylate glue was then used to
combine these parts. A mixture of polyester putty
and hardener was used to smooth out unevenness in
the above-mentioned external surfaces. And finally,
these surfaces were made smooth by sanding them
with 220-grit, 400-grit, and 600-grit sandpapers.
The outside walls of the flaps were also sanded with
400-grit and 600-grit sandpapers, respectively. A
very thin, double-sided adhesive tape was used to
firmly attach base flap to GETS model and to fill
the gap between base flaps and GETS model (i.e.
sealing material). Prior to attachment, GETS model
and all base flaps were painted black.

The GETS model was positioned in the center of
the test section. At zero yaw, the maximum
effective blockage for the working section above
the glass ground plate was about 4.25%. No
blockage correction was made since it was lower
than 5% (SAE J1252, 1981). The model height was
0.28 of the active test section height. The ratio of
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the gap between the GETS model and the ground
plate to model width (i.e., g/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 to reduce the thickness of the turbulent
boundary layer. The thickness of the boundary layer
developing on the ground plate at the GETS model
front was 10.3+0.2 mm at Rew=123000+2900.
Ground plate extended 2.1w in front of the GETS
model and 3.5w behind the GETS model. The
maximum allowable yaw angle () in the test
section that is measured by fixing the projection
width of the GETS model to 0.3 of the tunnel width
is f=6° (SAE J1252, 1981). Therefore, the yaw
angles tested range from -6° to 6° in 1° increments.
The uncertainties are 0.3° for both yaw and pitch
angles.

The key flap parameters investigated in this study
are shown in Fig. 3. The length of each flap is
exactly equal to the width of the GETS model. The
experiments examined three-sided base flap
configurations corresponding to various
combinations of seven es, from e=10 to 40 mm in
steps of 5 mm, four as, from a=2.5 to 10 mm in
steps of 2.5 mm, and five As, from 2=10 to 50 mm
in steps of 10 mm. Base flaps are coded based on
these parameters as follows: They are firstly labeled
by “e” followed by a number indicating the value of
this parameter in mm. They are secondly labeled by
“a” followed by a number indicating the value of
th|s parameter in mm. And lastly, they are labeled
“A” followed by a number indicating the value of
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Fig. 4. (a) Rear view of the GETS model showing the locations and numbers of pressure taps. (b) A
close-up view of the pressure taps in the base of the model with a plain base flap. All dimensions are in
millimeters.

this parameter in mm. All parameters were
separated by a hyphen (see the caption of Fig. 3 for
examples). It must be noted that the height of the
plain part is e=10 mm for all notched base flaps
tested.

Pressure

2.3 Force, Moment, and

Measurements

GETS model connected by steel rod with a diameter
of 12 mm to 6-axis force/torque (F/T) sensor
(Schunk, FTD-Gamma SI-32-2.5) that was attached
to a computer-controlled yaw drive system that
allowed rotation of the GETS model around rods
vertical axis (Fig. 2). The distance between the rod
axis and the base was about 3.45w. No wheels or
extra supports were used for the model. To avoid
any corrections for tare forces and moments, parts
of the silicone tube and steel rod between the GETS
model and glass plate were enclosed by a hollow
NACAO0030 profile with a chord length of 66.6+0.2
mm. The height of this NACA profile is 19.0+0.2
mm. This profile was attached only onto the glass
plate and not touching to GETS model, silicon tube,
and steel rod even under non-zero yaw angle
conditions. The relatively very small vortical
structures shed from the NACAO0030 profile
presumably dissipated before they reached the base
of the GETS model and do not have an effect on the
flow characteristics in the GETS model wake. The
F/T sensor was used to measure the time-averaged
drag, <Fp>, time-averaged side, <Fs>, and time-
averaged pitching moment, <Mz>, experienced by
the GETS model. Signals from the F/T sensor were
sampled at 2 kHz for 30 s. The time-averaged drag
coefficient, <Cp>, time-averaged side coefficient
<Cs>, and time-averaged moment coefficient,
<Cwmz>, are calculated as,

<C >_2-<FD> L
D Uc%oAF ()
S U(%OAF ()
<Cu > 2:<M,> 3
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where p is the air density (kg/m?) and Ar is the
frontal area of the GETS model (m?). For the sake
of clarity, the operator “<..>” is used to indicate
time-averaged quantities. The uncertainty in <Cp>
ranged from +0.027 for Rew=51800+1200 to +0.014
for Rew=162000+£3800. The uncertainty in <Cs>
was estimated to be less than 0.02. The uncertainty
in <Cwmz> was estimated to be less than 0.003.

Pressure measurements were conducted at the rear
surface of the GETS model (i.e., base) using 6 x 8
taps distributed along an equispaced grid with
Ay=4z=15+0.2 mm, as shown in Fig. 4.
Measurements were made for the zero-yaw
condition ($=0°). The figure also shows the exact
locations and numbers of pressure taps with a
diameter of 0.9+0.1 mm. Taps are perpendicular to
the model base and distributed symmetrically
referring to the vertical plane of symmetry of the
model (i.e., x-z plane). A bundle of thin tubes were
not preferred to connect the taps to a mechanical
scanivalve system or pressure sensor. Instead, only
one silicone tube with an inner diameter of 4.5 mm
was used to connect the desired tap to the pressure
sensor (Fig. 2). To measure the pressure in one tap,
the remaining taps were closed by 4 mm x 4 mm,
very thin sealing tapes. Briefly, the plugging
method was preferred to the tubing method. The
reference pressure is taken by a static tap mounted
at the side surface of the test section (Fig. 2). To
prevent air leaking into or out of the GETS model
during force and pressure measurements, a sealant
spray coating was also applied to the internal walls
of the model. The static pressures were measured
with a digital differential pressure sensor with a
full-scale range of +125 Pa (Sensirion, SDP810-
125Pa). Pressure data were recorded at 250 Hz for
300 s. Base pressure measurements will be
expressed in terms of the dimensionless pressure
coefficient as

2-<AP >

< Cp >=

4)
where AP is the change in the surface pressure
measured on the model base relative to the local
static pressure measured at the reference pressure
tap (Pa). The uncertainty in <Cp> was estimated to
be less than 4%.
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2.4 Validation

Before assessing the effectiveness of various base
flaps in terms of drag performance at relatively
lower width-based Reynolds numbers, a series of
measurements for comparison purposes were
performed using baseline GETS and GTS models.
This is required to analyze the validity of the
experimental setup used in this study (Fig. 5). The
assessment was made based on two criteria. The
first one (left-hand plot) is the variation of the <Cp>
relative to Rew. The second one is variation of <Cp>
along the height of the model base at y/w=0.

A <Cp> of 0.471+0.05 was reported by Van
Raemdonck (2012) for the similar GETS
configuration ~ with  stationary  ground at
Rew~120000. The difference of +0.049 (+11.2%) in
<Cp> is caused mainly by one reason. His model
has four roughness tapes with a thickness of 0.65
mm on the front surface. These tapes advance the
transition from laminar to turbulent and prevent the
flow separation from the front surface. It is also
known that skin friction drag along a flat plate
reaches its highest values when the flow becomes
fully turbulent, and then exponentially decreases
with increasing Reynolds number based on the
distance from the leading edge of this plate (Cengel
and Cimbala 2010). Compared to GETS model,
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GTS model is more aerodynamic in shape. This
explains why GTS model shows better drag
performance when compared to the GETS model.
The <Cp> profiles in Fig. 5 show similar trends
despite the distinctly different Rew. Van Raemdonck
(2012) showed that the baseline GETS model has a
decreasing base <Cp> for an increasing Rew. This
explains why increasing the Rew this much
significantly decreased the <Cp> along the height of
the model base by a relatively constant margin.

3. RESULTS AND DISCUSSION

3.1 Model without Base Flap (Baseline)

Figure 6 shows <Cp> measurements versus Rew for
the GETS model without a base flap (baseline). As
Rew increases the <Cp> gradually decreases from
around 0.446 to 0.416. Hassaan et al. (2020) who
numerically investigated the effect of geometric
alterations on the near-wake structure of and <Cp>
of the Ground Transportation System (GTS) found
a similar trend at relatively low width-based
Reynolds numbers (2.7x10* < Rew < 0.6x108). This
downward trend was also seen in the experimental
study of Storms et al. (2001) between width-based
Reynolds numbers of 300000 and 500000. They
attributed this reduction to flow variations around
the front of the GTS model.

Flow visualization results (not given here) on the
top and sides of the GETS model revealed laminar
separation bubbles immediately downstream of
rounded edges. It it known that these bubbles act as
a site of laminar to turbulent transition. It is also
known that skin friction drag along a flat plate
reaches its highest values when the flow becomes
fully turbulent, and then exponentially decreases
with increasing Reynolds number based on the
distance from the leading edge of this plate (Cengel
and Cimbala 2010). This is the main reason behind
the downward trend in <Cp>.

Figure 7 shows the variations of <Cp>, <Cs>, and
<Cwmz> with yaw angle (5) for the GETS model
without base flap. Each of the data plots in this
figure has a very high adjusted R-squared value
(i.e., Adj. R%>0.99). That is, proposed regression
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GETS model without base flap (i.e. €00-a00.0-100). Rew=123000£2900. The <Cp> and <Cs> for more

realistic tractor-trailer models are shown for comparison.
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Fig. 8. (a) Time-averaged pressure coefficient distribution on the base of the GETS model for =0° and
Rew=710000 (Van Raemdonck 2012). (b) Time-averaged and (c) root-mean-square pressure coefficient
distributions on the base of the GETS model without base flap (i.e. €00-a00.0-100). =0° and
Rew=123000+2900.

models perfectly predict all the data points. Force
and moment results show strong dependence on the
S and good symmetry, but not perfect, between the
negative and the positive yaw angles. Similar
results were also obtained by several authors whose
studies are related to square-back models or
vehicles (Gohlke et al. 2007; Windsor 2014;
McAuliffe 2015; Salati et al. 2017). The <Cp>
results are, nevertheless, assumed to be the same for
both negative and positive yaw angles. This is
required to significantly reduce the size of the test
matrix. Therefore, force measurements were
conducted as a function of positive yaw angles,
£=0° to +6°, for the GETS model with a plain or
notched base flap.

The <Cp> for the GETS model without a base flap
falls to a minimum value of 0.422+0.014 at p=0°
(Fig. 7). Irrespective of the yaw angle range studied,
the middle and right plots clearly show the
existence of a linear trend for side and pitch
moment coefficients. In the case of the present
simplified model without base flap, the variation of
<Cp> and <Cs> with B match closely the more
realistic tractor-trailer model (Salati et al. 2017;
Vernet et al. 2018). Figure 8 shows contour plots of
time-averaged and root-mean-square coefficients of
pressure on the base area of the GETS model
without flaps for Rew=123000+2900. The present
<Cp> pattern is qualitatively very similar to that of
the Van Raemdonck (2012), despite the large
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difference in Rew. It is evident that a low pressure
region is concentrated in the central part of the
upper half of the base. The lower values of the
<Cp> on the upper half of the base reflect that
strengths of vortices shed from shear layers from
the upper edge of the base are greater than those
shed from shear layers from the lower edge.
Castelain et al. (2018) showed that the base
pressure distribution is a function of underbody
velocity. As the underbody velocity increases, the
lowest pressure region observed on the upper half
of the base moves to the lower half. The Cp.rms
level is an important indicator of the unsteady
dynamics of the wake. It is evident that regions with
higher levels of fluctuations are concentrated in the
vicinities of corners of the base. This indicates that
strong interactions occur between free shear layers
from the top/bottom and lateral edges of the base in
the vicinity of the corners. Furthermore, a region
with low level of Cp.rus Seen at the mid-height of
the base severs the connection between upper and
lower regions with high level of Cp-rms. This may
be indicative of a bi-stable dynamics of the wake
(Grandemange et al. 2013; McArthur et al. 2016;
Perry et al. 2016; Rao et al. 2018, 2019; Zhang et
al. 20223, b). To clarify this, pressure signals in the
vicinity of the upper, lower, and side edges of the
base were captured (Fig. 9). The trace of bi-stable
motion of the wake in the vertical direction is easily
detectable by the shift between two stable positions
(tap no 9 and 40). On the other hand, there is no
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Fig. 9. Time evolutions of the base pressure coefficients at various tap positions for e00-a00.0-100. Solid
red lines represent local averaging. #=0° and Rexw=123000+2900.
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Fig. 10. Measurements of time-averaged drag coefficient versus width-based Reynolds number for a
GETS model with various height plain base flaps (i.e. 10, 20, 30, and 40 mm). #=0°. Uncertainties are
drawn on graph as error bars.
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Fig. 11. Comparison of linear fits for GETS
model with and without plain base flaps. g=0°.

trace of bi-stable motion of the wake in the lateral
direction (tap no 24 and 25). The existence of
vertical bi-stability and the non-existence of lateral
bi-stability in the wake of the baseline GETS were
also reported by Schmidt et al. (2018).

3.2 Model with Plain Base Flap

Figure 10 displays plots of the time-mean drag
coefficient, <Cp>, versus Rew for each of the GETS
model-plain flap arrangements. In the case of the
GETS model fitted with plain base flap, the
variation of <Cp> with Rew matches closely the
baseline GETS, regardless of the height of plain
flap, e (Fig. 6). To make quantitative comparisons
of GETS models with and without a plain base flap
easier and clearer, linear fits between the <Cp>
versus Rew are presented in Fig. 11. A notable
feature in Fig. 11 is that regardless of plain flap
height GETS model with a plain flap achieves a
lower <Cp> in comparison with the baseline GETS.
A further important feature of Fig. 11 is that the
shorter the plain flap height (i.e., €10 and e20) the
larger the <Cp> reduction.

Figure 12 shows a comparison of the <Cp>
characteristics for various dimensionless plain flap
heights (e/w). The calculated drag coefficients at
Rew=123000£2900 are very close to each other, in
spite of the fact that the expanded uncertainties for
drag coefficients are providing a level of confidence
of approximately 95%. This prevents a definite
conclusion about the drag performance of the flaps.
However, each of data sets contains 60000
instantaneous data and this number was considered
sufficient to calculate the mean drag precisely.
Figure 12 is required to explore the optimum plain
flap height which minimizes <Cp>, if exist. The
maximum <Cp> reduction occurs for e/w=0.1
yielding a drag reduction of 1.9% when compared
to the baseline GETS. It is apparent that the <Cp>
steadily increases until a maximum is reached at
e/w=0.3 but then as the dimensionless plain flap
height is further increased, the <Cp> steadily
decreases. The increase in <Cp> from e/w=0.1 to
0.3 is partly attributable to the increased skin
friction drag with increased plate height. However,
the reason for the decrease in <Cp> from e/w=0.3 to
0.4 is unclear for now.
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Figure 13 shows contour plots of time-averaged
coefficients of pressure on the base area of the
GETS model with various plain flaps (i.e., e/w=0.2,
0.3, and 0.4, respectively) for Rex,=123000+2900.
The <Cp> results presented in Fig. 13 show that
when the plain flaps are fitted to the base of the
GETS model, the region of highest <Cp> is shifted
upwards, compared to the baseline case. Similar
results were observed in the work of Urquhart et al.
(2018), where <Cp> shifted to the center of the base
of the SUV model when fitted with three-sided
smooth extensions. It is clear that presence of the
plain flaps forces the time-averaged bubble to
establish a new equilibrium. It is not clear, however,
which mechanism is primarily responsible for the
reduction in <Cp>. As e/w increased from 0.1 to
0.3, the region of lowest <Cp> is shifted slightly
upwards and expanded along the y-axis. On the
other hand, the region of highest <Cp> is not
shifted, but slight local increases in <Cp> values are
observed. These increases are ascribed to
diminished interactions between separated shear
layers from the outer sides of the plain flaps and the
flow around the base, especially in the vicinity of
the upper edge of the base. As e/w increased from
0.3 to 0.4, the region of highest <Cp> is remained
unchanged. On the other hand, a slight increase in
the <Cp> in the lower portion of the base is evident.
This means that the height of the three-side plain
base flap is now long enough to weaken the strength
of the vortices from the lower edge of the base. The
slight decrease in <Cp> as e/w increased from 0.3 to
0.4 is a direct result of this increase in the <Cp> in
the lower portion of the base.

Figure 14 shows contour plots of root-mean-square
coefficients of pressure on the base area of the
GETS model with various plain flaps (i.e., e/w=0.2,
0.3, and 0.4, respectively) for Rew=123000+2900. It
is evident that pressure fluctuations on the base are
substantially attenuated with the increase in the
height of the base plate. That is, wake becomes
more stable with the increase in e/w. Figure 15
shows the sensitivity of the vertical bi-stability to
e/w. For values up to, and excluding, e/w=0.3, wake
showed a certain degree of vertical bi-stability, but
for values greater than, and including, e/w=0.3. The
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disappearance of the wake bi-stability is found to be
the reason for the decrease in <Cp> as e/w increased
from 0.3 t0 0.4.

3.3 Model with Notched Base Flap

A two-dimensional body has a constant cross-
section along the entire span of it. The cross-flow

nominally two-dimensional at a large part of the
span when the body is long enough (i.e. span of the
two-dimensional body between free ends must be at
least ten times greater than its characteristic length).
Large-scale vortices formed in the near wake of the
two-dimensional bluff bodies are nominally two-
dimensional and more organized (Dong et al. 2006).
On the contrary, the cross-flow over a road vehicle

over a two-dimensional body is said to be

1 1 1
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Fig. 13. <Cp> distribution on the base of the GETS model with base flap: (a) e20-a00.0-1.00, (b) e30-
a00.0-A00, and (c) e40-a00.0-100. #=0° and Rew=123000+2900.
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Fig. 14. Cp.rms distribution on the base of the GETS model with base flap: (a) €20-a00.0-100, (b) ¢30-
a00.0-100, and (c) e40-a00.0-1.00. #=0° and Rew=123000%2900.
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Fig. 15. Time evolutions of the base pressure coefficients at two tap positions (i.e. taps 15 and 40) for
€20-a00.0-100, €30-a00.0-1.00, and e40-a00.0-1.00, respectively. Solid red lines represent local averaging.
B=0° and Rew=123000+2900.
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is three-dimensional and more complex when
compared to the two-dimensional body. Therefore,
large-scale vortices formed in the near wake of
them are three-dimensional and less organized
(Perry et al. 2016; Dalla Longa et al. 2019; Rao et
al. 2019; Fan et al. 2020; Pavia et al. 2020).

It has long been known that flow control methods
which produce a spanwise variation in the mean
straight separation line reduce the <Cp> of a two-
dimensional bluff body (Tanner 1972; Tombazis
and Bearman 1997). As convincingly explained by
Darekar and Sherwin (2001), variation in the mean
straight separation line weakens the strength of the
spanwise vortex (i.e. large scale vortex formed in
the near-wake of the body) by generating transverse
and streamwise vortices. This redistribution of
vortices leads to an increase in base pressure and a
decrease in the time-averaged drag. In this section,
the same idea was used for causing the separation
lines on the three-dimensional square-back bluff
body to deviate from being straight. To this end, a
passive flow control method (i.e., three-sided
notched flaps) is used to produce a spanwise
variation in the fixed straight separation lines at the
rear part of the GETS model (i.e., top and lateral
edges of the base). The time-averaged drag
coefficients, <Cp>, are  plotted against
dimensionless notch  amplitude (a/w) and
dimensionless notch wavelength (1/w) for the GETS
model in Fig. 16. For comparison, the <Cp> of the
baseline model (€00-a00.0-100) and of a model with
a plain base flap that has the lowest drag (i.e., e10-
a00.0-100) were considered too. Irrespective of the
type of notched plate used, it is evident that the
<Cp> of the GETS model with notched base flap is
lower than that of the baseline GETS model. For the
GETS model with notched base flap the maximum
reduction in time-averaged drag coefficient,
A<Cp>=—0.012, relative to the baseline model, is
obtained at a dimensionless notch amplitude of
a/lw=0.05 and a dimensionless notch wavelength
J/w=0.2 (i.e., €10-a05.0-A20). The maximum
reduction in time-averaged drag coefficient is
decreased slightly to A<Cp>=—-0.008 when a plain
base flap (e10-a00.0-A00) was employed. The
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results also suggest that as the a/w and A/w of the
notched base flap is reduced, the model vehicle
performance improves in terms of drag. The reason
for this may be attributed to the formations of more
closely spaced small-scale streamwise vortices from
the free ends of the notched flaps which possibly
lead to the breakdown of the more organized
vortical structures within the less three-dimensional
separated flow into less organized vortical
structures within the more three-dimensional
separated flow. A convincing argument could not
be put forward since the visualized surface flow
patterns on the notched base flaps are not clear. One
problem may be the very small size of the notched
base plates. Another problem may be the location of
the notched base flaps where wall shear stress of the
air flow is relatively low. Figures 17 and 18 show
contour plots of time-averaged coefficients and
root-mean-square coefficients of pressure on the
base area of the GETS model with constant
amplitude (i.e., a/w=0.05) and various wavelength
(i.e., #/w=0.2 and 0.5) notched flaps, respectively.
The <Cp> results presented in Fig. 17 show that
when the notched base flap is fitted to the base of
the GETS model, the region of lowest <Cp> is
shifted downwards, compared to the baseline case.
This shift was also observed on the GETS model
with a plain base flap (Fig. 13). Another notable
feature in this figure is that the lowest <Cp> at the
base of the GETS model with €10-a05.0-A20 is
limited to -0.10. However, this value is lower in
cases with plain base flaps and €10-a05.0-A50. This
partly explains why <Cp> reaches its lowest level
for e10-a05.0-220.

The region of highest Ce-rws is shifted to the centers
of lower and upper half parts of the base, compared
to the baseline case, when e10-a05.0-A50 is attached
to the base of the model (Fig. 18). Topologically,
this pattern is similar to that observed in the base of
the model with €20-a00.0-A00. The same is also true
for <Cp> patterns. It can be deduced that a notched
base flap with a greater wavelength has the same
effect on wake flow as the plain base flap if both
have the same height.
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Fig. 16. VVariations of time-averaged drag coefficients with different dimensionless notch amplitudes
(a/w) and with dimensionless notch wavelengths (). Rew=123000+2900 and f=0°. The <Cp>s for the
model without (baseline) and with a plain base flap (e10-a00.0-100) are shown for comparison.
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Fig. 17. <Cp> distributions on the base of the GETS model for two various notched base flaps: (a) e10-
a05.0-220 and (b) e10-a05.0-A50. #=0° and Rew=123000%2900.
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Fig. 18. Ce-rus distributions on the base of the GETS model for two various notched base flaps: (a) e10-
a05.0-220 and (b) e10-a05.0-A50. #=0° and Rew=123000+2900.

The level of pressure fluctuations in the base of the also clear that the most effective notched base flap
GETS model reaches its maximum value when e10- in reducing drag at zero yaw is €10-a05.0-A20. It is
a05.0-A20 is used. Furthermore, two identifiable known that zero yaw is not entirely representative
concentrations of Cp-rms, ONne is close to the upper of the “on-road” environment. Therefore, the
edge, and the other is close to the lower edge of the aerodynamic effect of implementing these base
base, exist along the width of the model with e10- flaps has been assessed for a range of yaw angles
a05.0-A20. The observation of upper Cp-rvs (from p=-6° to +6° in steps of 1°) on the time-
concentration may be a consequence of increased averaged drag and side force coefficients (Figs. 20
interactions  between  small-scale  streamwise and 21).

vortices from the free ends of the neighboring
notches. The observation of both upper and lower
Cp.rvs concentrations suggests that vertical bi-
stability occurs even in the notched base flap case.
To justify this proposition, time histories of
pressure coefficients at various taps in the base of
the model with notched base flaps were plotted
(Fig. 19). The existence of the vertical bi-stability
(tap no 9 and 40) and the absence of lateral bi-
stability (tap no 25) can be seen from Fig. 19.

A notable feature in Fig. 20 is that the addition of
an e10-a00.0-A00 or an e10-a05.0-A20 provided a
significant drag reduction at all yaw angles tested.
Another notable feature in Fig. 20 is that relative to
the no-flap (baseline) case, both flaps significantly
reduced the drag by a relatively constant margin for
the entire yaw range. The <Cp> curves of the GETS
model with €10-a00.0-A00 and GETS model with
€10-a05.0-A20 were not very similar, except at the
higher yaw angles (i.e., />4). The addition of the
€10-a00.0-A00 provided a side increase that
3.4 Influence of Cross-Wind marginally increased with yaw angle, although the
] i . . addition of the e10-a05.0-A20 reduced the side.
It is c_Iear that the most effegtlve plain base flap in slightly by a relatively constant margin for the
reducing drag at zero yaw is e10-a00.0-A00. It is  entire yaw range. This suggests that irrespective of
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Fig. 19. Time evolutions of the base pressure coefficients at three tap positions (i.e. taps 9, 25, and 40)
for e10-a05.0-A20 and e10-a05.0-150, respectively. Solid red lines represent local averaging. g=0° and
Rew=123000+2900.
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Fig. 20. (a) A comparison of time-averaged drag coefficients for non-zero yaw angles. Only low drag
(i.e. €10-a00.0-100 for plain base flap and e10-a05.0-120 for notched base flap) and baseline
configurations were added. (b) Second-order polynomials were fitted to the data.
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Fig. 21. (a) A comparison of time-averaged side coefficients for non-zero yaw angles. Only low drag (i.e.
€10-a00.0-A00 for plain base flap and e10-a05.0-A20 for notched base flap) and baseline configurations
were added. (b) First-order polynomials were fitted to the data.
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the yaw angle tested, formations of more closely
spaced small-scale streamwise vortices from the
free ends of the e10-a05.0-A20 continue to
breakdown of the more organized vortical structures
into less organized ones in the near wake.

5. CONCLUSION

The most common tractor-trailer combination used
in Europe is a semi tractor with two axles and a
cargo trailer with three axles. One way of reducing
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this wvehicles fuel consumption and its carbon
dioxide (CO2) emissions is to reduce aerodynamic
drag acting on it. One of the main contributors to
the aerodynamic drag of this vehicle is base drag,
which pulls the vehicle back due to the formation of
a low pressure region on the base of the vehicle.
This study focuses essentially on this low pressure
region. To achieve a base pressure recovery to
decrease the time-averaged drag acting on the
model, two types of base flap, three-sided plain and
notched flaps, were attached to the top, left, and
right edges of the base. The current study aims to
examine the effects of the dimensionless plain flap
height (e/w), dimensionless notch amplitude (a/w),
and dimensionless notch wavelength (A/w) primarily
on drag performance of a 1:26 scale Generalized
European Transport System (GETS).

To the author’s knowledge, the link between the
height of the three-sided plain flaps and the time-
averaged drag coefficient at zero yaw has not been
clearly demonstrated in the literature so far. The
bilinear dependence of the <Cp> on the e/w is
revealed with a break point at e/w=0.3. More
importantly, the lowest <Cp> for the GETS model
fitted with a plain base flap is achieved with the
smallest e/w tested (i.e., 0.1; €10-a00.0-100).

In the case of the GETS model fitted with a plain
base flap, the lateral bi-stability was not sensed in
the wake of the baseline GETS. On the other hand,
the vertical bi-stability resisted up to and, and
excluding, e/w=0.3. As the e/w increased from 0.3
to 0.4, bi-stable behavior is no longer evident in the
vicinity of the base and the <Cp> started to
decrease. That is, the absence of a vertical
instability is seen to decrease <Cp>.

Base flaps with relatively smaller amplitude and
wavelength notches perform best in terms of drag at
zero yaw. In this study, the e10-a05.0-A20 flap
shows the best drag performance when compared to
the other flaps with/without notches. The addition
of this base flap to the GETS model resulted in a
2.8% drag reduction.

The addition of €10-a00.0-A00 flap to the GETS
model significantly reduced the drag by a relatively
constant margin for the entire yaw range but
slightly increased the side force with increasing yaw
angle.

The addition of e10-a05.0-A20 flap to the GETS
model significantly reduced the drag by a relatively
constant margin and slightly reduced the side force
for the entire yaw range.

In the future, it is planned to move to three-

dimensional aerodynamic simulations of a
simplified tractor-trailer with base plates to
successfully deal with  Reynolds number

independence problems and to find a link between
drag reduction and wake flow characteristics. It is
also planned to investigate the effectiveness of base
flaps in the presence of spinning wheels and a
moving ground plane, which better represent the
real-world environment in which road vehicles
operate.
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