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Abstract Large-eddy simulations and full-scale investigations were carried out that
aimed to reduce the aerodynamic drag and thus the fuel consumption of trucktrailers. The computational model is a relevant generic truck-trailer combination,
and the full-scale is a corresponding Volvo prototype vehicle. Passive and active
flow control (AFC) approaches were adopted in this work and applied at the rear
end of the trailer. Flaps were mounted at an angle that induces separation, and synthetic jet actuators were placed close to the corner of the rear end and the flaps. The
drag reduction obtained is in the order of 30%. The flow was analyzed by comparing the phase-averaged and time-averaged flow field of the unforced and the forced
cases. The full-scale prototype is a Volvo truck-trailer. The trailer is mounted by
three flaps at the rear sides and top end. The actuators consist of loudspeakers in
sealed cavities, connected to amplifiers that are supplied with a frequency generator
controlled by LabVIEW. The full-scale test includes passive and active flow control
investigations by varying the flap angle, with and without AFC, investigating different frequency and slot angle configurations. The fuel flux was measured during the
full-scale test. The test shows a fuel reduction of about 4% in a comparison of two
flap angles. The test of active flow control shows a reduction of 5.3% compared to
the corresponding unforced case. Compared with the baseline case, the passive flow
control fails to reduce the total fuel consumption.

1 Introduction
Many efforts are made by vehicle manufacturers and research institutions around
the world to reduce the drag of vehicles. The objective of drag reduction was earlier
related to the increase in vehicle speed. Today, efforts to reduce drag are driven by
economic and environmental requirements. In the aerodynamic shaping of trucktrailers, the major advances have been implemented in the truck and fewer improvements have been considered for the trailer. The reason for this is both practical and

economic. Every cargo company strives to maximize its cargo in order to increase
income. The trailer design is therefore almost untreated by aerodynamics engineers.
By studying the different contributions to the drag of a truck-trailer, interest has increased in analyzing the wake and altering its intensity by several add-on devices,
sush as, splitters, vanes, cavities and boat tails. However, the gain in drag reduction
and in fuel economy achieved by these rear-end add-on devices has never exceeded
10% and 5%, respectively. This work investigates the opportunities for using an
active flow control approach consisting of add-on flaps together with synthetic jet
actuators to reduce the drag of truck-trailers. The idea is to increase the base pressure by narrowing the wake size. The efficiency of the AFC system is not considered
in this work; the aim is to study the possible effect of the AFC system and the possibility to reduce the overall fuel consumption of truck-trailers. The design cycle for
this work starts with the simulations. Large-eddy simulations of a simplified trucktrailer geometry with AFC ON and AFC OFF were carried out to find proper values
of the different design parameters, test a simple actuator, employ add-on flaps with
integrated actuators and finally to test the prototype vehicle at the proving ground.
The idea of using flaps and reattaching the separated flow is in line with research
showing successful results in tilt-rotor aircrafts carried out by the authors in [1, 2]
that was a continuation of previous research [3, 4, 5]. Several active flow control
efforts have been reported in the literature, both with and without an extended flap.
The case without a flap was investigated in [6] and [7], where the authors in [6] used
a circular cylinder that had a built-in actuator and achieved a drag reduction of 20%.
In [7] they used closed-loop control on a blunt trailing edge and achieved a 10%
drag reduction. The authors in [8] and [9] used base flaps with AFC and achieved a
drag reduction below 10%. One successful effort was reported in [10], where a drag
reduction of about 30% was achieved using steady blowing. This is a promising result, but the use of steady blowing is energy consuming and the net drag reduction
is not particularly high.
The simulations in this work were carried out using a finite element code called
FlowPhys v2.0a. This code has previously succeeded in simulating active flow control in several cases [3, 4]. The details of the code are given in [11, 12].

2 Computational model
The computational model is a bluff body comparable to a truck with a width of
(w = 2.6 m) and length of (l = 13.0 m), a typical size for today’s truck trailers.
Assuming a sufficiently large height of the truck, an appropriate large slice in the
middle was isolated. The domain is shown in (figure 1(a)). The trailer was also
supplied with additional flaps on the rear end. The oscillating synthetic jet actuators were placed immediately downstream of the corner between the rear end of
the trailer and the flaps (figure 1(b)). The actuators were modelled as a time varying boundary condition (slot) and extended over the entire height (z) of the truck.
The inlet flow was modelled as a constant free stream velocity, U∞ = 25 m/s. The
Reynolds number was reduced from 4 300 000 to 200 000 by increasing the viscosity
to µ = 3.25 · 10−4 kg/ms, and the density was set to ρ = 1.0 kg/m3 . A part of the
computational mesh is shown in figure 1(c) and 1(d). There is a much larger concentration of nodes in the wake and flap regions as compared to the free stream region.
The mesh size is about 1.4 − 3.3 million nodes and consists of a structured O-grid
around the truck-trailer model, a free mesh of unstructured quad elements in the
outer region in the x − y plane and structured quad elements in the span-wise direction. The mesh quality (table 1) is very high in the wall and flap regions. A thorough
dependence study of span-wise mesh resolution and domain size is reported in [13].
Max y+ Mean y+ Max ∆ x+ Mean ∆ x+ Max ∆ z+ Mean ∆ z+
<2
∼1
< 30
∼ 20
∼ 130
∼ 100
Table 1 Mesh quality values prior to the flap.

2.1 Results
The results of the numerical simulations are presented in this section. It starts with
the analysis of the phase locked flow. Some results are presented for a smaller slot at
two different locations, one at the most upstream position of the flap and one 12 cm
downstream of the rear end corner. A detailed analysis of the unforced case is given
in [14, 13].

2.1.1 Phase averaging
The phase averaged velocity is analyzed in this section to study the mechanism of
AFC. Two cases are studied with different slot angles, a small one of SA = 25◦ (Case
A) and a larger one of SA = 90◦ (Case B). All other parameters are identical in both
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Fig. 1 (a) Simplified truck model: inlet at x = −12w; outlet at x = 30w. (b) Line representation of
the truck. (c) 2D slice of the mesh, wake region and (d) Flap region

cases. These two angles are shown to give the highest and lowest drag reduction,
according to figure 2(a). The phase averaging procedure is presented in figure 2(b).
The actuation cycle is phase locked at eight positions, labelled 1 to 8, i.e. at each
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Fig. 2 Dependence on slot angle of drag (a) and phase lock positions (b) of the actuation cycle.

Flow control dynamics around the flap
The dynamics of the flow is visualized and analyzed in detail in the flap region (figure 3). Phase 1, plotted in figures 3(a) and 3(b), is the phase following Phase 8 in
figures 3(o) and 3(p), i.e. the flow is already affected by the actuation cycle when
the first phase is analyzed. It can be observed that the flow is fully attached and
a shear layer is present at the trailing edge of the flap in both cases. In the second
phase, figures 3(c) and 3(d), the ejection stroke is started with just a small amount of
blowing; vortices are created immediately downstream of the slot location in both
cases. However, the vortex in Case B (figure 3(d)) is significantly larger than the
one in Case A (figure 3(c)), and the shear layers move away from the flap surface.
In Phase 3 (figures 3(e) and 3(f)), the size of the vortices increases and the major
difference between the cases is the creation of two vortices in Case A as opposed
to one vortex in Case B. Analyzing the ejection stroke, the possible reason for the
creation of two vortices is the faster movement of the first vortex in Case A as compared to Case B. This is expected because the velocity component of the synthetic
jet parallel to the flap surface is larger in Case A than Case B. We can also observe in
both Phases 1 and 2 that the vortex in Case B is blocking the streamlines upwards of
the slot, a possible explanation for the higher drag in this case. This blocking effect
is a large scale virtual surface change of the flap induced by the small scale synthetic
jet, as described in [15]. In Phase 4 (figures 3(g) and 3(h)), the blocking effect in
Case B is still noticeable and the difference in the magnitude of the velocity of the
moving vortex in Case B is significantly slower than that in Case A. The size of the
Case B vortex is still increasing in the following Phase 5 (figures 3(i) and 3(j)) and
6 (figures 3(k) and 3(l)). In Case A the first vortex is circular and the second has an
elliptical shape. In Phase 7 (figures 3(m) and 3(n)) the first vortex in Case A leaves
the flap region and creates a shear layer and the vortex in Case B is at its largest,
reaching to the trailing edge position of the flap. The flow upstream of the vortex in
both cases is fully attached. Finally, in Phase 8 (figures 3(o) and 3(p)), the vortex
in Case B starts to shed the flap region and creates a wide shear layer outside the
vortex, which is visible in Phase 1. In Case A, the second vortex is about to shed
and creates a shear layer visible in Phase 1. A short summary of the differences between the two cases, which possibly explain the differences in the respective ability
to reduce drag, are listed in table 2.
Slot angle: 25◦
Two vortices per cycle
Small vortices
Fast movement of vortex
Non-blocking of flow
Smooth reattachment

Slot angle: 90◦
One vortex per cycle
Large vortex
Slow movement of vortex
Blocking of flow
Gauche reattachment

Table 2 Comparison of the physics of the two cases with different slot angle configurations.

(a) Phase 1, SA = 25◦ (b) Phase 1, SA = 90◦ (c) Phase 2, SA = 25◦ (d) Phase 2, SA = 90◦

(e) Phase 3, SA = 25◦ (f) Phase 3, SA = 90◦ (g) Phase 4, SA = 25◦ (h) Phase 4, SA = 90◦

(i) Phase 5, SA = 25◦ (j) Phase 5, SA = 90◦ (k) Phase 6, SA = 25◦ (l) Phase 6, SA = 90◦

(m) Phase 7, SA = 25◦ (n) Phase 7, SA = 90◦ (o) Phase 8, SA = 25◦ (p) Phase 8, SA = 90◦
Fig. 3 Phase locked velocity streamlines for two different slot angles, 25◦ (Case A) and 90◦ (Case
B): Phases 1 to 8

Wake Region
The time averaged pressure in the wake region is plotted in figure 4. The base pressure is higher (darker) in Case A than B, which is expected because a higher base
pressure gives lower drag. The local low pressure region on the flap surface, due
to the actuation, is also larger in Case B than in Case A. There are in fact two low
pressure regions in Case B: the first is located at the upstream corner of the flap as
in Case A, and the other has an elliptical shape and is located at the leading edge
of the flap, immediately after the first region. The second low pressure region is due
to the large vortex created by the actuation, which forces the flow to turn around to
reattach on the flap surface. This is in agreement with the above discussion of the
flow. The existence of a large low pressure region on the flap is not beneficial to
reducing drag, but the small regions are important because of the flow reattachment
mechanism.

(a) SA = 25◦

(b) SA = 90◦

Fig. 4 Time-averaged pressure comparing Case A and Case B.

2.1.2 Small slot
This section describes the actuation using a smaller slot width of h = 2 cm instead of
h = 6 cm at two different locations and slot angles. The aim is to use a configuration
as close as possible to the full-scale test configuration. The full-scale slot width is
0.5 − 0.7 mm and is located 12.2 cm downstream of the leading edge of the flap. The
simulations compare two different locations and slot angles at different momentum
strength, Cµ . Cµ is the amount of momentum out from the slot and is defined as
Cµ =

u2rms · h
1
2
2 w · u∞

(1)

where h is the slot width, urms is the RMS velocity from the jet and w a characteristic
length used in the model in which AFC is applied. In this case, w is the width
of a truck [16]. The location of the slot is either immediately downstream of the
rear corner ( loc1) or 12 cm downstream of the corner (loc2). The second location
is very close to the full-scale configuration. The slot angles investigated are 45◦
and 90◦ , which correspond to the slot angles investigated in the full-scale tests.
Figure 5(a) shows the drag reduction at slot angle SA = 45◦ . It is shown that the
reduction in drag improves with high Cµ values for both slot locations. However, the
difference between the two locations in the ability to reduce drag becomes smaller
with increased Cµ . For SA = 90◦ the difference between the locations is large for
Cµ > 0.5; loc2 is even better for very low Cµ values and loc1 is better for high Cµ
values.
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Fig. 5 Drag reduction versus Cµ with small slot at two locations and slot angles: 45◦ and 90◦ .

3 Synthetic jet actuator
To make use of the AFC technique, a reliable and sufficiently powerful synthetic
jet (also known as zero net-mass flux) actuator is evaluated for the experimental
full-scale tests. Synthetic jets can be produced by imposing an alternating pressure
drop over an orifice, either by a vibrating membrane or a piston motion. To investigate the momentum output from a simple actuator, a prototype with a vibrating
membrane (loudspeaker) was manufactured and tested as a first step. With the experience gained from this, another prototype, which was integrated with the mounted
flaps, was manufactured. This section deals with an isolated synthetic jet but without
cross flow. The actuator is active when the loudspeaker membrane is set in vibration; the air will be compressed out from the slot and produce trains of vortices. The
actuator creates a zero net mass flux sinusoidal synthetic jet [15]. The aim is not
to have an optimized and effective actuator, considering size, weight, effectiveness
(power input) and powerfulness (maximum momentum output) but rather to create
a simple test model that can produce enough power and that is cheap and easy to
manufacture for testing purposes. This actuator has to be sufficiently powerful in
the low frequency domain. Our frequency domain is between 10Hz and 30Hz, and
the goal is to reach a momentum coefficient of 0.5% ≤ Cµ ≤ 1%.

3.1 Configuration
The prototype actuator consists of a rectangular wood cavity (V1 = W xLxH =
28.3x28.4x5 [cm]), a loudspeaker and an aluminum plate with an orifice (slot) in
the middle. The cavity volume can be adjusted by moving the loudspeaker, i.e. different H, see figure 6(a). Three volumes were investigated: V1 , 2V1 and 4V1 . There
are also several aluminum plates with different slots (h). The slot length is 28cm

and the different slot widths (h) are 0.5mm, 1.0mm, 2.0mm and 5.0mm. One slot
(2.0mm) was cut with an angle of 25◦ to the surface. The actuator is shown in figure
6. The loudspeaker mainly used is AUDAX PR 240 Z0 with a 24cm diameter [17];
other loudspeakers were also investigated. The running voltage was 22.0V RMS,
giving a power of 80W . The frequency was set to f = 16.67Hz, which is a frequency typically used in AFC simulations. The actuator was well sealed inside in
order to maximize the momentum output. The full-scale flap (figure 6(c)) has 5 − 6
L

W
H

(a) Schematic view of the actuator.

(b) Test actuator

(c) Full-scale flap with actuator

Fig. 6 The actuator investigated for test purposes.

integrated actuators, each having a configuration similar to the test actuator (figure 6(b)) but different designs and materials in order to fit the flaps with respect to
weight and strength.

3.2 Measurements
Phase averaging is adopted in order to separate the turbulence and the periodic motion imposed by the actuator. The sampling rate is fs = 50 000Hz. Considering the
fact that a single hot wire is unable to measure the direction of the flow, the signal
will consist of two half periods with a positive amplitude: one for the ejection and
the other for the suction. A trigger signal is used for the phase averaging and is imposed at the beginning of each ejection. When measuring the velocity profile from
the integrated actuator, the sample time at each position is 6 sec and the spatial resolution is 0.1mm, with an adaptive spatial range that covers more than the whole slot
width. Only one part of the final integrated actuator is measured, as similar behavior,
is assumed in all other parts.

3.3 Results
This section gives an analysis of the integrated actuator. Results of the model actuator are given in [13]. The output velocity, the velocity profile out from the slot
and the span-wise ejection/suction continuity along the flap are presented below.
The instantaneous velocity signal and the phase averaged one are plotted in figure
7. Figure 7(a) shows the signal at z = 760 mm and figure 7(b) shows the signal at
z = 1100 mm. Figure 8 shows the velocity line along the flap for two different fre60
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quencies, f = 16.67Hz in figure 8(a) and f = 10.00Hz in figure 8(b). The velocity
profiles along two slots are shown (recall that the entire integrated configuration
includes 5 − 6 slots, i.e. separated actuator cavities). The maximum velocity from
the slot is shown. The discontinuities at z = 700 mm and z = 1100 mm are due to
the separation between the actuator cavities, which is needed to create enough pressurization inside each actuator cavity. As can be seen in figures 8(a) and 8(b), the
maximum velocity out from the slot is strongly frequency dependent. The frequency
response is further analyzed in figure 8(c), where the output maximum velocity is
plotted versus frequency. The behavior is similar to the electrical characteristics of
a dynamic loudspeaker but with a modified resonance frequency due to cavity and
load combinations. The free-space resonance frequency of the actual loudspeaker is
Fc = 28.10Hz.
The two-dimensional velocity profile is plotted in figure 9. It is noticeable that
the flow in the 45◦ slot exits at a much smaller angle and deflects towards the surface
of the flap. This is probably due to the Coanda effect. This phenomenon shows that
we should not use slot angles less than 45◦ in the full-scale test.

60

50

40

Umax [m/s]

Umax [m/s]

50
40
30
20

30

20

10

10
0
0

200

400

600

800

1000

0
0

1200

200

z [mm]

400

600

800

1000

1200

z [mm]

(a) F = 16.67 Hz

(b) F = 10.00 Hz

55

Umax [m/s]

50

45

40

35
10

15

20

25

30

35

Frequency [Hz]

(c) Frequency response of the integrated actuator.
Fig. 8 Maximum velocity along the slot and actuator frequency response.
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Fig. 9 Contour plots of phase averaged velocities at maximum velocity during the ejection stroke
at two slot angles: 45◦ and 90◦ .

4 Full-scale test
The full-scale tests were conducted at the Hällered proving ground in Sweden (figure 10). The fuel consumption was measured and compared for different cases. The
“Joint ATA/SAE Fuel Consumption Test Procedure, Type II” was adopted to assure
consistency in the tests. This procedure is a standard method for full-scale fuel consumption investigations. The test vehicle together with a similar reference vehicle
are run at the road track repeated times in order to minimize the effect of weather
and other sources of error. In this test, five runs were carried out with both vehicles
for each case.

Fig. 10 Hällered proving ground in Sweden.

4.1 Configuration
Three flaps were mounted at the rear end of the test vehicle (figure 11(a)). The
side flaps had six actuators and the top flap had five (figure 11(b)). The actuators
were connected to five amplifiers, four actuators/amplifier plus one stand-alone, and
the power was obtained from two small power stations located in the trailer. The
frequency and amplitude of the actuation signal were controlled by a LabVIEW
program from the truck via WIFI network. The actuation was active only in the two
straight paths of the proving ground.

4.2 Results
The ratios of total consumed fuel by the test vehicle to the baseline case (case 10)
are shown in table 3. The table includes full specifications of the test cases. A comparison between the unforced (no AFC) Case 2 with a flap angle of 30◦ and the corresponding forced (AFC) Case 4 shows a reduction of 5.4%. We also observe that,

(a) The mounted flaps

(b) The integrated actuators

Fig. 11 The VOLVO full-scale test vehicle

by using a smaller flap angle of 20◦ and no AFC (Case 3), the reduction is 4.3%.
The reduction as compared to Case 2 is almost as large as the reduction gained in
the forced case (Case 4). Comparing all cases with regard to frequencies, one can
conclude that the highest frequency gives a slight improvement in reduction of drag,
e.g. comparing Case 1 and Case 4. The baseline case 10 has better fuel consumption
than both passive Cases 2 and 3. The reason is probably that there is no flap on the
lower edge of the trailer. This will be further investigated to get a better understanding of this unexpected result.
Case AFC Flap angle Slot angle Frequency Ratio Difference
1
ON
30
45
16.7
101.1% +1.1%
2
OFF
30
–
–
105.0% +5.0%
3
OFF
20
–
–
100.7% 0.7%
4
ON
30
45
23.3
99.6% -0.4%
5
ON
30
90
16.7
102.7% +2.7%
6
ON
30
90
23.3
102.3% +2.3%
7
ON
20
90
16.7
99.5% -0.5%
8
ON
20
90
23.3
99.5% -0.5%
9
ON
30
Large slot
16.7
101.9% +1.9%
10 Baseline
–
–
–
100.0% 0.0%
Table 3 Full-scale test cases specifications and results, colored rows by light blue: unforced and
light red: forced.

5 Conclusions
Computational and full-scale investigations using AFC were carried out to improve
the drag of truck-trailers. An experimental investigation was also made of a prototype actuator. The computational work investigates different parameters of the AFC.
It is shown that the influence of slot angle is important for drag reduction. Smaller
slot angles are preferable. The phase-locked flow at two different slot angles is analyzed, and it is shown that the improved ability to reduce drag of small slot angles
has to do with the dynamics of the AFC around the flap region. Two vortices per
cycle were created by the actuation for the smaller slot angle case (Case A) compared to one vortex per cycle for the larger slot angle case (Case B). The flow in
Case A smoothly reattached upstream of the vortices that were created, which were
significantly smaller and had a faster movement than the vortex in Case B. The time
averaged pressure was also investigated for both cases, and it is shown that the base
pressure in Case A is larger than that in Case B, as expected.
Using a smaller slot width and investigating two different slot locations and angles, the reduction in drag at slot angle SA = 45◦ is improved with high Cµ values
for both slot locations. At low Cµ values, loc1 gives a significantly better reduction
as compared to loc2, while the difference becomes smaller with increasing Cµ . The
difference between the locations for SA = 90◦ is large for Cµ > 0.5.
This experimental investigation of the integrated actuator shows that the output
velocity is highly frequency dependent. The maximum output velocity is around
50m/s. The two-dimensional velocity profile shows that the flow in the 45◦ slot
exists at a much smaller angle. The flow is deflected towards the surface of the flap
due to the Coanda effect.
Results of the full-scale tests show that, for a particular unforced case (no AFC),
as compared to its corresponding forced (AFC) case, a reduction of 5.4% in fuel
consumption is achieved. It is also shown that, by using a smaller flap angle of
20◦ and no AFC, the reduction is 4.3%. The baseline Case 10 shows better fuel
consumption than both passive cases.
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