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The Combination of Rear Flaps
and Plasma Actuators for the
Drag Reduction of a
Square-Back Bluff Body

There is a significant need to reduce the aerodynamic drag of ground vehicles. As a
result, the active and passive methods of flow control around bluff bodies have been
extensively studied to improve aerodynamic performance. In this study, the drag reduction
by combining rear flaps and plasma actuators (PAs) is experimentally investigated. PAs
are modern active flow control devices that leverage non-thermal plasma, whereas flaps
are traditional passive flow control devices. Flaps and PAs are mounted on the square
back of the truck model, and the effect of the flap mounting locations (top or side of the
model), flap angle, and flap length are investigated at Repy = 1.58 X 10%. For both top
and side flaps, the longer flaps result in greater drag reduction compared to shorter flaps
in the absence of PA actuation. However, additional drag reduction with PA actuation is
minimal for the longer flaps, and the flap angle at which drag reaches a local minimum
remained unchanged. This is attributed to an increase in pressure drag on the flap as
the flap angle increases when the flow is attached to the flap surface. In contrast, PA
actuation with shorter flaps demonstrates drag reduction, due to the smaller surface area
of the flaps. These results suggest that optimising the flap angle and length is a promising
strategy to maximise the aerodynamic benefits of PA actuation and reduce the drag on

bluff bodies.

Keywords: square-back bluff body, drag reduction, rear flap, plasma actuator
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1 Introduction

The CO, consumption in transportation is a worldwide problem. There is an urgent need for reducing the CO, emission from
ground transportation by road vehicles since it occupies a third-quarter of the total emission in transportation [1]. According to previous
studies [e.g. 2,3], the aerodynamic drag of ground vehicles is more than 50% of the total energy consumption on a highway. Therefore,
it is necessary to reduce the aerodynamic drag of ground vehicles to improve energy efficiency. To this end, there have been many
studies in bluff body aerodynamics to well understand complex three dimensionality and unsteadiness of flowfield, massive separation
at the rear edge, a large wake of rear vehicle, and so on [4].

In the previous studies, some well-known simplified models, Ahmed [5], GM [6], and Windsor [7] models, have been used to gain
insight into the complex flowfield around the bluff body. Ahmed model [8] has a slanted rear surface to represent a fast-back vehicles.
On the other hand, GM model [6] which was proposed by General Motors has a square-back shape. They are well summarized in the
review article by Choi et al. [4]. Windsor model [9], which has a more realistic front geometry with a square-back shape, has been also
adopted in several studies on bluff body aerodynamics.

Zhang et al. [10] conducted extensive hot-wire, flow visualization, and particle image velocimetry (PIV) at Re = (‘)(105) and clarified
the unsteady predominant coherent structures formed around an Ahmed body. They presented a conceptual model illustrating the flow
structures around the Ahmed model, based on various flow field measurements from the literature and previous studies. Their model
incorporates predominant unsteady flow structures formed above the roof, over the side surface and the rear window, and behind the base
of the Ahmed model along with their corresponding dimensionless frequencies. This provides insights into flow control strategies. There
are some studies addressing the effect of curvatures of a bluff body [11,12], and it has been shown that they are also important factors
in achieving better aerodynamic performance. Thacker et al. [13] investigated the effect of edge shape (sharp or round edge) at roof and
rear slant of an Ahmed body on flow topology and aerodynamic force at Re =~ 0(10°). They showed that the round edge connection
prevent the separation bubble on the rear slant, and it contributed to the drag reduction of 10%. Also, Rossitto et al. [14] conducted
a systematic investigation focusing on the effects of rounding of an upper edge and side pillars of an Ahmed body at Re = 0(10%).
Although the flowfield was strongly and locally modified due to the additional rounding of side pillars, there was no drag modification
because of the zero net drag effects on the slanted and vertical surfaces. In reality, wheels seems to affect the underbody flow and
resultant drag on a bluff body. Therefore, some literature added wheels to the simplified models, and the effect of the wheels has been
also investigated. Bao et al. [15,16] placed D-shaped obstacles in the underflow of a Windsor body to mimic wheels and examined
wheel-vehicle aerodynamic interaction through numerical and experimental analysis (Re = 0(10%)). They showed that the distance
between the obstacles and the base of the body had effect on the wake topology. Pavia et al. [17] visualized the unsteady wake of an
Windsor body with wheels at Re = 0(10°) using large-scale tomographic PIV. Due to the addition of wheels, the vertical symmetry of
wake vanished and an upwash-dominated wake was formed. There have been other studies considering real environment such as yaw
effect [18,19], ground effect [20,21], and so on.

Drag can be divided into friction and pressure drags. As the major part of the drag of the bluff body is pressure drag due to flow
separation (so-called form drag) [5,22], researchers have been tackling to control the flow separation around the body both in passive
and active manners.

For passive flow control, several techniques such as fairing [23], flap [24,25], and vortex generator [26] are effective in reducing drag.
Giannenas et al. [27] conducted a two-dimensional simulation of the flowfield around a square-cylinder wake at a Reynolds number of
Re = 100. They showed that periodically pitching flaps decreased drag up to 12.0%. Garcia et al. [28] located two flaps on the rear
lateral edges of an Ahmed body and investigated the effect of two flap angles which were varied individually at various yaw angles.
Their parametric study clarified that the asymmetrical flaps can obtain minimum drag and there are optimal asymmetrical flap settings

for each yaw angle. Beaudoin and Aider [24] used an Ahmed body and investigated the effect of the location of the rear flaps and
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its angle on drag. They achieved 25.5% drag reduction with a combination of multiple flaps which were mounted on all rear edges
at an optimal angle. Recently, the effectiveness of adaptive flaps has been confirmed in flow control around an Ahmed body [29].
Muiioz-Hervas et al. [30] used flexible rear flaps on the side edge of an Ahmed body and investigated the effect of flaps deflecting in
response to the flowfield at Re = O(10%). Their experiments revealed that the flexible flaps could effectively reduce the drag on an
Ahmed body even if it was under cross-flow conditions, and achieved 8.4% drag reduction under aligned conditions.

On the other hand, active flow control, such as blowing [31,32] and suction [33] has been also applied to reduce drag on bluff bodies.
Plasma actuators (PAs) that energize dielectric-barrier-discharge have also got much attention and expected as alternative active flow
control devices [34-36]. A typical PA consists of a dielectric layer and two electrodes that are asymmetrically installed on both sides
of the dielectric layer [37,38]. One electrode is exposed to the air and the other is encapsulated with insulating material. No moving
parts and switching on and off by electrical signal enable PAs to control flow in a very fast response. In addition, thanks to its thin
structure, PAs can be installed easily on various body surfaces [39]. There have been many studies on the application of PAs for flow
control around various bodies, such as airfoils [40,41] and cylinders [42,43]. The power flow diagram of PAs from an electrical input
power to aerodynamical effects is illustarated in Fig. 1, which was also discussed in detail by Rodrigues et al. [44]. When a high voltage
(typical several kVpp), exceeding the breakdown voltage of air, is applied to the electrodes, the accelerated electrons cause the generation
of non-thermal plasma, which consists of electrons, charged particles, excited atoms and molecules, and neutral particles. When PAs
are driven by an AC high-voltage, a part of electrical power is dissipated as dielectric heating. The charged particles in the plasma
are accelerated by the electric field and then transports momentum to the ambient air in a collision, resulting in the wall-surface jet in
quiescent air [45—47]. This fluid mechanical power enables PAs to control the flow, leading to various aerodynamic benefits such as drag
reduction, turbulent drag reduction [48], lift enhancement, noise reduction [49], and so on. Meanwhile, plasma maintenance power is
also dissipated as heat loss (Joule heating), caused by electronically excitation collisions, rotational and vibrational excitation, ion-netural
molecule collisions [50-52]. Previous studies demonstrated various applications of PA utilizing this thermal energy, including anti- and
de-icing above airfoils [53], and flow separation control with nanosecond high-voltage application [54].

Some researchers have reported the application of PA to bluff bodies or truck models. Kim et al. [55] installed a PA on a slant edge
of an Ahmed body and investigated the effect of the spanwise length of PA and applied voltage. They achieved the 10% reduction of
drag at a freestream velocity of ue = 10 m s™! (Re = O(10%)) and clarified that the PA actuation could suppress flow separation above
the slanted surface through flowfield visualization and pressure measurement. Rodrigues et al. [56] performed experiments for three
different slant angles, 30, 40, and 60°, of an Ahmed body and succeeded in delaying flow separation and narrowing the wake for the
slant angle of 60° at ueo =5 m s~! (Re ~ 9(10%)). Vernet et al. [57] and Roy et al. [58] applied PAs to practical vehicle models which
had more complicated shapes and investigated the flow control effect by PA actuation.

Although there have been many studies on either passive or active flow controls on bluff bodies as reviewed above, the combination
of both techniques seems scarce. El-Alti et al. [59] used synthetic jets along with flaps for a full-scale truck model. They showed that
the combination of passive and active flow control devices led to a 4.3 - 5.4% reduction in fuel consumption compared with the case
using only flaps. It suggests that the combination of two or more types of flow control devices can lead to a drastic reduction in drag
and hence fuel consumption.

This study aims to clarify the drag reduction of the square-back bluff body by the combination of rear flaps and PAs through direct
force measurement and particle image velocimetry (PIV). Optimal length and angle of the rear flaps are sought. In addition, we conduct
two types of experiments which vary the side of mounting flaps; top and side of vehicle.

The rest of the paper is organized as follows. Section 2 describes a truck model used in this study and methodologies of force
measurement and PIV. Section 3 discusses the optimal length and angle of the rear flap mounted on top of the model for aerodynamic
performance improvement by PA actuation. Similarly, the effects of length and angle of side flaps on aerodynamic performance
improvement by PA actuation are clarified. Then, a comparison is made between the effects of top and side flaps on aerodynamic

performance improvement by PA actuation. Finally, the conclusions are drawn in Sect. 4.
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2 Experimental method

2.1 Truck model. Figure 2(a) shows the square-back bluff body model used in the experiments. While most of previous studies
in vehicle aerodynamics employ either Ahmed or Windsor bodies as reviewed in the previous section, we design the bluff body model
having the streamlined nose on both top and sides as shown in Fig. 2(a). This is because we focus on the aerodynamic effect of top and
side rear flaps combined with PAs, which requires the flow attached on the carriage walls. As shown in Fig. 2(b), therefore, the fairing
(black) was mounted on the front of the truck model (purple and gray). The gap between the fairing and the model is sealed with tape.
The truck model is manufactured by Tokyo Fluid Research Co., Ltd. using a stereolithography apparatus. The fairing is homemade by
3D printing. The wheels are represented by rigid semicircular cylinders and fixed to the model body, resulting in no rotation during
experiments. The height H, width W and length L of the model is 0.250 m, 0.190 m, and 0.732 m, respectively. Since the width of the
wheels of the model is 0.040 m, the cross-sectional area A of the model is calculated as A = 4.99 x 1072 m2.

Rear flaps are made by bending a part of acrylic plates smoothly at angle @ as shown in Fig. 3(¢). As mentioned below, the acrylic
plates are also used as a dielectric plate of PA. The acrylic plates are flush-mounted on the top or sides of the model, and bent sections
are used as rear flaps. Figure 4 shows the examples of rear flaps on the (a) top and (b) sides. As can be seen from Fig. 4, the top or
side walls, which are not equipped with PA-mounted flaps, are extended to have the same length as the flaps. It enables us to see the
effect of one side flap on the aerodynamic performance. For example, when the flap is mounted on the top of the model (Fig. 4(a)),
two acrylic plates are mounted on the side. Table 1 summarizes the conditions of flaps. We test two different flap lengths, / = 10 mm
and 50 mm, and flap angles @ are varied from 0° to 30°. Note that the overall length of the model becomes L + I cos @. This makes
the overall length 0.782 m at @ = 0° and 0.775 m at @ = 30° for / = 50 mm, and thereby the difference is negligible. The flap lengths
shown in the table are non-dimensionalized by the height of the truck model H.

Acrylic rear flaps with 2 mm thickness are used as a dielectric plate as shown in Fig. 3(b). Copper tapes of 0.07 mm thickness
are placed on both sides of the acrylic plate asymmetrically with 0 mm overlap between the electrodes. The spanwise length of the
electrodes is 0.150 m, which is about 79% of the width of the truck model W = 0.190 m. The exposed electrode is serrated to generate
plasma uniformly along the spanwise direction. Both the height of the tips and the distance between two successive tips are 1 mm. The
PA is set so that the serration tips of an exposed electrode are on the bending point of the rear flap. We use a high-voltage amplifier
(PSI, PSI-series) to drive the PA. The frequency and applied voltage are 5 kHz and 20 kVy,,, respectively. The voltage applied to the PA
is monitored using the high-voltage probe (Tektronix, P6015A) and the oscilloscope (Tektronix, TDS2024B).

2.2 Force measurement. The experiments are performed in the suction-type low-speed wind tunnel at Tottori University. As shown
in Fig. 5, the truck model is placed in the test section of 0.6 m width and height. It results in a blockage ratio of approximately 14%.
Although this blockage ratio is relatively high, the blockage correction is not applied in this research because we focus on the drag
reduction due to the combination of PAs and rear flaps rather than the absolute values. Four wheels of the model are mounted on a
stage, which is rigidly connected to a 6-component load cell (Nissho Electric Works, LMC-61187) such that they do not touch the wind
tunnel floor and flow disturbance is as minimal as possible. The freestream velocity us is fixed at 10 m s7! by monitoring a pitot tube
in the test section and a differential pressure gauge (Halstrup Walcher, KAL84). The Reynolds number based on the model height H is
Re = usoH/v =1.58 x 10°, and the turbulent intensity is 0.7%.

The signal of the aerodynamic balance is sent to a signal conditioner and acquired by a data acquisition board (DAQ) (National
Instruments). To minimize the electromagnetic noise due to PA activation, several ferrite cores are attached to the cables covered by
electromagnetic shields. In addition, the raw signals are low-pass filtered by a signal conditioner with the cut-off frequency f. of 100 Hz.
The cut-off frequency is chosen based on the estimation of dominant frequency f; associated with flow structures around the body.
According to previous study [10], the Strouhal numbers of the unsteady flow structures targeted for control using flaps and PAs in this
study - namely, the side vortex (Sts) and the flow structures emanated from the upper and lower bubbles (S,,) - range from 0.25 to 0.54.

Therefore, the frequency associated with these flow structures can be estimated as f; < Stuc/H = 21.6 Hz, resulting in the cut-off
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frequency of 100 Hz which is sufficiently higher than this frequency. The force measurement is conducted for t = 10 s (fuco/L = 140)
at a sampling rate of 1000 Hz. As a result, the time-series data of 10000 points are obtained, following which the signals are averaged.
Figure 6 shows the results of averaging-time (sampling duration) convergence. The plotted data originate from the time-series data
obtained under the same condition: [* = 0.04, @ = 10°, with the PA actuation. The measured voltage converges as the averaging time
increases, indicating that a sampling duration of 10 seconds is sufficient. For each condition, more than four trials are performed to
verify repeatability. The time-averaged drag force and its standard deviation are then calculated from these measurement results. As
preliminary experiments, the force measurements without operating the wind tunnel are conducted with and without driving the PA. The
difference is subtracted from the results obtained with the actuation of PA in freestream to remove the effect of magnetic noise. From

the time-averaged drag D, we calculate drag coefficients Cp and drag reduction rate DR as,

D

Cp=——, (1
%pugoA
and
C -C
DR = D ,off D,on, @)
CD,oﬁ

where the subscript ‘on’ and ‘off” means that PA is driven or not, respectively.

2.3 Particle image velocimetry. Particle image velocimetry (PIV) is conducted for two different cross-sections depending on the
flap types as shown in Fig. 7. In the cases where a flap is mounted on top, a laser is irradiated from above the test section so that
the laser sheet is perpendicular to the wind tunnel floor (Fig. 7(a)). A measurement cross-section is at the centre of the model and
images are recorded by a high-speed camera (Photron, Fastcam Mini, 1024 X 736 pixels) equipped with a zoom lens (Nikon, AF-S
Nikkor 24-120 mm {/4G ED VR). As can be seen in Fig. 7(b), in the cases where flaps are mounted on the two sides of the model, the
positions of the laser and camera are swapped. The laser is irradiated parallel to the floor at a height of 0.208 m (z/H = 0.83). In this
study, two types of laser systems, a continuous wave laser (Dantec Dynamics, RayPower2000) with a cylindrical lens (Seika, BZ-61N)
or a double pulse laser (Lee laser, EN60825-1), are used. Note that we confirm that there is not a significant difference between the
particle images obtained using different laser systems. For tracer particles, two fog machines (ANTARI, Z-1500 and Z-800) are placed
upstream of the suction nozzle of the wind tunnel. The fog liquids (ANTARI, FLG 6; water 48-51%, propylene glycol 30-32%, glycerin
19-20%) are used. Estimating the diameter d and the particle density pp, of tracer particles at 10 pm and 1.9 kg/m3, respectively, the
Stokes number Sk is calculated as Sk = p), d*ueo/18uH = 2.3 x 107 < 1. Therefore, the tracer particles highly follow the turbulent
flow. 10000 instantaneous images are acquired at the frame rate of 3000 fps, exposure time of 1/3000 s, and resolution of approximately
0.3 mm/pixel. As a result, we obtain 5000 instantaneous snapshots by image-correlation. The velocity vectors are calculated using
Koncert II software (Seika). The multi-grid interrogation with final window sizes of 24 pixels is used. The overlap of interrogation
windows is 50%, resulting in a physical resolution of 7.2 mm (2.88 x 10~2H) with the grid spacing of 3.6 mm (1.44 x 10"2H). The

outliers are eliminated using the universal outlier detection [60] and then interpolated.

3 Results and discussions

3.1 Top rear flaps. Here we show the results of the top rear flap and discuss its flow control effect. Figures 8(a) and 8(b) respectively
show the drag coefficient Cp and drag reduction rate DR as a function of top flap angle a. The open and closed markers represent the
results obtained without (w/0) and with (w/) PA actuation, respectively. For both flap lengths, drag force decreases with increasing flap
angle @, and increases after reaching the local minimum. This evolution of drag force in relative to change in flap angle is qualitatively
in line with that of previous studies [24,61]. However, a sharp increase (or decrease) of drag around the critical angle, the so-called

‘drag crisis’ is not observed in this study. When the PA is not driven, the longer flap (/* = 0.20, diamond markers) can decrease Cp
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more than the shorter flap (I* = 0.04, square markers). For DR, Fig. 8(b), we find that the shorter flaps have the advantage over the

longer flaps when the PA is actuated. In the following, we discuss the results in detail.

We focus on and discuss the results of longer flaps (I* = 0.20). Cp without PA actuation takes local minimum value between a = 10°
and 15° and rapidly increases at @ = 25°. From Fig. 8(b), DR below a = 20° is around 0% indicating that Cp, is not decreased by PA
actuation below o = 20°. At higher flap angles (@ = 25° and 30°), Cp is decreased by PA actuation shown in Fig. 8(«), also shown
as increases in DR up to 2% without error bars overlapping 0% line (Fig. 8(b)). However, Cp at @ = 25° and 30° is still higher than
that at @ = 10° without PA actuation (blue diamond, Cp = 0.589). Figures 9(a), 9(b), and 9(c) show the time-averaged flowfields
without PA actuation respectively at @ = 0°, 15°, and 25°. White rectangles on the left-hand side represent the model and flap, and
x/H = 0 and z/H = 0 correspond to the back of the model and the ground of the wind tunnel, respectively. Gray arrows show the
velocity vectors. The dashed lines in the figure represent the 15° line along the flap of @ = 15°. We can see that the wake region of
the model is dominated by the flow from the bottom of the model, and a large counterclockwise recirculating flow is formed behind the
model. As indicated in many previous studies, the time-averaged wake represents the symmetrical flowfields in both vertical and lateral
directions when there is no wheel. As indicated in many previous studies, the time-averaged wake in a two-dimensional cross-section
represents a line-symmetrical flowfield in both vertical and lateral directions when there is no wheel. On the other hand, as described
by Pavia et al. [17], the wheels caused the loss of vertical symmetry of wake and the formation of upwash-dominated wake. Since the
model used here has wheels, the flowfields represent the asymmetry and upwash-dominated wake. Flow along the top of the model
is not deflected when there is no flap angle (Fig. 9(a)). As shown in Fig. 9(b), the flow is attached to the flap and the wake region
becomes narrower at @ = 15°, leading to the reduction of Cp. Increasing « to 25° (Fig. 9(c)), the fluid cannot flow along the top flap
and separated from the flap. As a result, the wake region becomes wider than that of @ = 15°. In response to this change in the wake
region, drag increases.

Figure 9(d) shows the flowfield at @ = 25° with PA actuation. Comparison of Figs. 9(c) and 9(d) reveals that the separated flow is
successfully attached by the PA actuation, and the wake region remarkably gets narrower. The modification of the wake region by PA
leads to more than 3% drag reduction as shown in Fig. 8(b). In addition, comparing Figs. 9(d) with 9(b), the wake region at @ = 25°
with PA actuation is narrower than that at @ = 15° without PA actuation. However, as shown in Fig. 8(a), Cp at @ = 25° with PA
actuation (red triangle) is not below that at @ = 15° without PA actuation (blue diamond). This is due to the pressure drag on the flap
itself. There is a pressure difference between both surfaces of the flap, which causes the normal force on the flap itself. As the flap
angle increases, the normal force and its streamwise component, drag, becomes larger. This is why Cp is not decreased even though the
wake region gets narrower by increasing the flap angle. Therefore, decreasing the flap area should be effective to decrease the drag on

flap (i.e., drag force on the model) for larger a.

Here we discuss the results of the shorter flap length (I* = 0.04). As can been seen from Fig. 8(a), Cp of the short flap without
PA actuation also takes local minimum value at @ = 10°. Figure 8(b) represents that DR is more than O for @ > 10°. It means that
PA actuation is effective when it is used with a short flap. In addition, PA actuation increases the critical @ where Cp takes the local
minimum value from 10° to 20°. Therefore, the smaller surface of flaps enables the PA to reduce Cp even at a larger flap angle.
Figure 10 shows the flowfields when a short flap is installed. In Figs. 10(b) and 10(c), the 20° lines are also drawn. From the comparison
between Figs. 10(a) @ = 0° and 10(b) @ = 20° without PA actuation, we can find the short flap at @ = 20° can not deflect the flow above
the model along the flap. In fact, in this case, the drag does not change. We can also find that the PA actuation modifies the wake region
only slightly from Figs. 10(b) and 10(c). Nevertheless, due to the PA actuation, Cp decreases, and DR reaches approximately 3% as
shown in Fig. 8(b).

Here, we make a comparison between the results of long and short flaps. Comparing Fig. 9(d) with Fig. 10(c), the wake region of
the short flap is wider. However, Cp of the short rear flap is smaller. As mentioned above, this is because the normal force acting on
the flap contributes to drag. Since the long flap has a wider surface, the normal force acting on the long flap is larger when the flow is

attached to the flap surface. From the above results and discussions, we can make the following conclusions. Without PA actuation, Cp
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can be reduced more effectively using longer flaps than shorter ones. There is an optimal length of the flap where the drag reduction is

effective by using the PA along with the flap.

3.2 Side rear flaps. Figures 11(a) and 11(b) respectively plots drag coefficient Cp and DR as a function of side flap angle «.
Circles and triangles respectively represent the results of longer (I* = 0.20) and shorter side flaps (I* = 0.04). The drag is smaller than
that shown in the above subsection (Fig. 8(a)). Side rear flaps are mounted on two sides of the vehicle model, while the top flap is
mounted on only the top side of the model. Therefore, there is a difference in the wake flow and resultant drag between the rear flap
conditions. Longer side flaps drastically decrease Cp, and minimum Cp = 0.551 in this paper is achieved at @ = 15°. However, as
can been seen from Fig. 11(b), PA actuation has little effect on Cp in this condition. A general trend that Cp, takes the local minimum
value at the specific flap angle « is the same as that of the top flap. When the longer flaps are mounted, the @ where Cp takes the local
minimum value is 15° whether or not PAs are actuated. On the other hand, PA actuation with short side flaps increases the a of the
local minimum from 10° to 15° or 20°. Similarly to the top flap cases, Cp reduction by PA actuation is observed when PA is used with
shorter flaps.

Figure 12(a) shows the flowfields for longer flaps at & = 0°, measured at z/H = 0.83. We can see that there is a large reverse flow
behind the model. As previously shown in Figs. 9 and 10, the wake formed behind the model is counterclockwise recirculating flow,
and the flow at z/H = 0.83 directs toward the back of the model. Therefore, the reverse flow shown in Fig. 12 is not from the side
of the model, but the upwash flow. Figure 12(b) shows the flowfields at @ = 15°. The upper and lower of the figure represent that
without and with PA actuation, respectively. As well as the figures in the above subsection, 15° lines along the flaps are also depicted.
Comparing Fig. 12(a) and upper of Fig. 12(b), side flaps dramatically modify the wake structure, resulting in the minimum Cp as shown
in Fig. 11(a). In addition, the long flap at & = 15° can attach the flow without PA actuation. Therefore, the comparison of upper and
lower figures of Fig. 12(b) shows little difference in the flowfield. It is the reason why Cp does not change by the PA actuation when
the long flaps are mounted on side at @ = 15°. Figure 13 compares the flowfields when the short flaps are mounted on sides at @ of
(a) 0°, (b) 15°, and (c) 30°. As with the long flaps, the shorter flap also deflects side flows and makes the narrower wake region as
compared in Figs. 13(a) and 13(b). Note that the effect of short flaps on the wake is less than that of long flaps. Increasing flap angle «,
Fig. 13(c), the deflection effect by flaps becomes smaller due to separation. At both Figs. 13(b) @ = 15° and 13(c) @ = 30°, PA actuation
affects the flowfield and makes the wake region narrower. However, the side flows do not follow the 15° lines when the PAs are actuated
above the short flaps (Figs. 13(b) and 13(c)), whereas the long flaps guide the side flows along the 15° lines almost perfectly as shown
in Fig. 12(b). Therefore, the wake region formed by PA actuation above the short flaps is wider than that formed when long flaps are
mounted at @ = 15°, resulting in a larger Cp than that of long flaps. To achieve the fully attached flow and more decrease in Cp by

using PA and short flaps, burst actuation may be one of the options [62-65].

4 Conclusions

In this paper, we have experimentally clarified the drag reduction of the square-back bluff body by the combination of the rear flaps
and PAs. The truck model with wheels has been used, and the force measurements and flow visualizations at Reyy = 1.58 X 10° have
been conducted varying the side of mounting flaps; top and side of the vehicle. In addition, the effects of the flap length and angle have
been also investigated. The longer flap mounted on the top of the vehicle modified the wake region and decreased Cp. In addition, Cp
changed depending on the flap angle and had a local minimum value. However, there was little effect of PA actuation with a longer flap
on Cp, i.e., there is no additional drag reduction. Although the flow behind the model could be modified with the PA actuation, the flap
angle where the Cp took a local minimum did not change. This was because the attaching flow to the flaps by PA actuation increased
the pressure drag. Therefore, the PA actuation with the shorter flaps decreased the Cp because of its smaller surface area of flaps and
pressure drag on the flaps. The above results suggested that the flap length (surface area) have to be optimized to realize a further drag

reduction by the PA actuation. As well as the top flap, the PAs reduced Cp when it was actuated above the shorter flap. A comparison
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of the results of the top and side flaps revealed that the side flaps decreased Cp more than the top flap because of a larger number of
flaps and drastic modification of the wake region.

This study indicates the optimization of the length, angle and mounting surface of the flap is the key factor in achieving extensive
drag reduction by the combination of flap and PAs, based on force measurement and PIV results. Although the two-dimensional flow
visualizations conducted in this study successfully explain the changes in aerodynamic performance due to the flaps and PA actuation,
the wake of the model must be three-dimensional. For a full understanding of the aerodynamic effects of flaps and PA actuation, flow
visualizations in multiple planes or three-dimensional PIV are required. This is the subject of further studies. Furthermore, the effect of
the driving mode of PAs such as continuous or burst actuation has not been investigated. As mentioned in the results section, the burst
actuation of PAs has been shown to work effectively for separation flow control of airfoils in many studies. Therefore, the optimization
of the flap conditions along with the conditions of PA actuation has the potential to achieve further drag reduction of square-back bluff

bodies. This will be tackled in future work.
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Nomenclature

A = cross-sectional area (mz)
Cp = drag coefficient, 2D /puZ A
D = drag (N)
d = diameter of tracer particles (m)
DR = drag reduction rate (%)
fe = cut-off frequency (Hz)
fa = dominant frequency (Hz)
H = truck height (m)
L = truck length (m)
[ = flap length (m)
[* = non-dimensional flap length, //H
Re = Reynolds number, usH /v
Sk = Stokes number, ppdzum/ISMH
St = Strouhal number, fH /uc
u = velocity vector (m s_l)
U = free stream velocity (m sfl)
|| = velocity magnitude (m s~1)
W = truck width (m)
a = flap angle (°)
= viscosity (Pa s)
v = dynamic viscosity (m2 s~1)
p = fluid density (kg m~3)

pp = particle density of tracer particles (m~3)
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Table Caption List

Table 1 Experimental conditions on rear flap length, angle, and mounting surface

Figure Caption List

Fig. 1 Power flow diagram of plasma actuator.

Fig. 2 Bluff body model used in the experiments. The fairing (black) is mounted to prevent the flow separation at the front of the model
and maintain the attached flow just before the rear flaps. (a) Picture and (b) configuration of the model. The height H, width W,
and length L of the model is respectively defined as 0.250, 0.190, and 0.732 m.

Fig. 3 (a) Schematic drawing of a flap with deflection angle @. (b) Plasma actuators are made with the acrylic plate as dielectric.
Copper tapes are attached on both sides of the acrylic plate asymmetrically with O mm overlap.

Fig. 4 Two types of flaps. (a) Top flap and (b) Side flaps. In both cases, the additional flat acrylic plates are mounted on the surfaces
where the PA-installed flaps are not mounted.

Fig. 5 Wind tunnel and measurement system of aerodynamic drag.

Fig. 6 Sampling duration convergence of force measurement. The plotted data are obtained under the condition of I* = 0.04, a = 10°,
with the PA actuation.

Fig. 7 PIV measurements for two cross-sections are conducted depending on the flap type. (a) Visualization of the flowfield along the
x — z cross-section perpendicular to the top flap and wind tunnel floor. (b) Visualization of flowfield along a x — y cross section
parallel to the wind tunnel floor at the height of 208 mm (i.e., z/H = 0.83)

Fig. 8 Results of drag measurements on a top-flap mounted truck model. (a) Drag Cp and (b) Drag reduction rate DR as a function
of flap deflection angle @. The diamond and square markers show the results of long (I* = 0.20) and short (I* = 0.04) flap,
respectively. Cp reduction can be achieved when PA is actuated with a short flap.

Fig. 9 Velocity fields when the long flap is mounted on top of the model. (a) @ = 0° without PA actuation (baseline), (b) @ = 15°
without PA actuation, (c) @ = 25° without PA actuation, and (d) a = 25° with PA actuation. The dashed lines in (b), (c), and (d)
represent the 15° lines. Although flow is deflected, and the wake region is modified at (d) @ = 25° with PA actuation compared
with (b), Cp of @ = 25° with PA actuation is larger than that of & = 15° without PA actuation. The reason why the drag is not
decreased nevertheless the flow is drastically modified is considered to be the pressure on the flap becomes drag.

Fig. 10 Flowfields when the short flap is mounted on top of the model. (a) @ = 0° without PA actuation (baseline), (b) @ = 20° without
PA actuation, and (c) @ = 20° with PA actuation. The dashed lines in (b), (c) represent the 20° lines. Although the PA actuation
above the short flap at @ = 20° shows slight effect on wake, drag can be reduced.

Fig. 11 Results of drag measurements on side-flaps mounted model. (a) Drag Cp and (b) drag reduction rate DR as a function of side
flap angles a. The circle and triangle markers show the results of long and short flaps, respectively. As the top flap, Cp reduction
can be achieved when PA is actuated on short flap as well as the PA is mounted on top flap.

Fig. 12 Flowfields of long-side-flaps mounted model. (a) @ = 0° without PA actuation (baseline) and (b) @ = 15°. The upper and

bottom of (b) respectively show the flowfield without and with PA actuation. Dashed white lines in (b) represent the 15° lines along
the flap. The long flaps mounted on the side of the model can deflect side flows drastically and achieve a considerable decrease in

Cp. However, PA actuation in this condition has little effect, and there is no change in Cp.
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Fig. 13 Flowfields of short-side-flap mounted model. (a) @ = 0° without PA actuation (baseline), (b) @ = 15°, and (c) @ = 30°. The 433
upper and bottom of (b) and (c) respectively show the flowfield without and with PA actuation. Dashed white lines correspond to 434
the 15° lines along the flap. In both @ = 15° and 30°, PA actuation above short flaps can get the wake region narrower and decrease 435

in Cp. This flow control effect does not do as well as that of long flaps (Fig. 12). 436
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Tables

Table 1

Experimental conditions on rear flap length, angle, and mounting surface

Mounting surface  Flap length Flap angle
F=1/H[-] a[°]
Top 0.20 0, 10, 15, 20, 25, 30
Top 0.04 0, 10, 15, 20, 25, 30
Side 0.20 0, 10, 15, 20, 25, 30
Side 0.04 0, 10, 15, 20, 25, 30
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Fig. 1 Power flow diagram of plasma actuator.
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- 190

Fig. 2 Bluff body model used in the experiments. The fairing (black) is mounted to prevent the flow separation at
the front of the model and maintain the attached fiow just before the rear flaps. (a) Picture and (b) configuration of
the model. The height H, width W, and length L of the model is respectively defined as 0.250, 0.190, and 0.732 m.

280

(b)

FE-25-1087, Nishida, 16

G20z aunr g1, uo Jasn nyebreq N oplexpioH Aq jpd'2801-G2-84/€1 1 805./29.890% LIS L L 0L/10p/pd-sjoile/BulssuiBuaspinyy/Bio-swse uonos)|oole)bipawse//:diy woly papeojumoq



401 mm
EE T
g B Acrylic plate
82
£&
o, [}
SE v
a
2
mm %
(@)
401 mm
5 mm
—> Copper tape
—)
10 mm

(b)

Fig. 3 (a) Schematic drawing of a flap with deflection angle «. (b) Plasma actuators are made with the acrylic plate
as dielectric. Copper tapes are attached on both sides of the acrylic plate asymmetrically with 0 mm overlap.
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Fig.4 Two types of flaps. (a) Top flap and (b) Side flaps. In both cases, the additional flat acrylic plates are mounted
on the surfaces where the PA-installed flaps are not mounted.
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Downloaded from http://asmedigitalcollection.asme.org/fluidsengineering/article-pdf/doi/10.1115/1.4068762/7508113/fe-25-1087.pdf by Hokkaido U Daigaku user on 13 June 2025
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Fig. 5 Wind tunnel and measurement system of aerodynamic drag.
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Fig. 6 Sampling duration convergence of force measurement. The plotted data are obtained under the condition of
I* = 0.04, a = 10°, with the PA actuation.
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Fig. 7 PIV measurements for two cross-sections are conducted depending on the flap type. (a) Visualization of the
flowfield along the x — z cross-section perpendicular to the top flap and wind tunnel floor. (b) Visualization of flowfield
along a x — y cross section parallel to the wind tunnel floor at the height of 208 mm (i.e., z/H = 0.83).
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Fig. 8 Results of drag measurements on a top-flap mounted truck model. (a) Drag Cp and (b) Drag reduction rate
DR as a function of flap deflection angle «. The diamond and square markers show the results of long (/* = 0.20)
and short (/* = 0.04) flap, respectively. Cp reduction can be achieved when PA is actuated with a short flap.
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Fig.9 Velocity fields when the long flap is mounted on top of the model. (a) a = 0° without PA actuation (baseline),
(b) a = 15° without PA actuation, (c) a = 25° without PA actuation, and (d) a = 25° with PA actuation. The dashed
lines in (b), (c), and (d) represent the 15° lines. Although flow is deflected, and the wake region is modified at (d)
a = 25° with PA actuation compared with (b), Cp of a = 25° with PA actuation is larger than that of o = 15° without
PA actuation. The reason why the drag is not decreased nevertheless the flow is drastically modified is considered
to be the pressure on the flap becomes drag.
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Fig. 10 Flowfields when the short flap is mounted on top of the model. (a) « = 0° without PA actuation (baseline),

(b) a = 20° without PA actuation, and (c¢) a = 20° with PA actuation. The dashed lines in (b), (c) represent the 20°
lines. Although the PA actuation above the short flap at a = 20° shows slight effect on wake, drag can be reduced.
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Fig. 11 Results of drag measurements on side-flaps mounted model. (a) Drag Cp and (b) drag reduction rate DR as
a function of side flap angles a. The circle and triangle markers show the results of long and short flaps, respectively.
As the top flap, Cp reduction can be achieved when PA is actuated on short flap as well as the PA is mounted on top
flap.
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Fig. 12 Flowfields of long-side-flaps mounted model. (a) « = 0° without PA actuation (baseline) and (b) « = 15°.
The upper and bottom of (b) respectively show the flowfield without and with PA actuation. Dashed white lines in
(b) represent the 15° lines along the flap. The long flaps mounted on the side of the model can deflect side flows
drastically and achieve a considerable decrease in Cp. However, PA actuation in this condition has little effect, and
there is no change in Cp.
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Fig. 13 Flowfields of short-side-flap mounted model. (a) a = 0° without PA actuation (baseline), (b) a = 15°, and
(c) a = 30°. The upper and bottom of (b) and (c) respectively show the flowfield without and with PA actuation.
Dashed white lines correspond to the 15° lines along the flap. In both a = 15° and 30°, PA actuation above short
flaps can get the wake region narrower and decrease in Cp. This flow control effect does not do as well as that of
long flaps (Fig. 12).
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