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Abstract — Several hundred large-eddy simulations with active flow control have been carried out to
propose a novel rear end of a trailer. It is found that a reduction of aerodynamic drag by up to 25% or
more is achieved for certain configurations. The reduction is mainly the result of a pressure recovery on
the flap surface and the rear end of the trailer. The parameters of the novel rear end geometry and the
variables of AFC are investigated. A thorough analysis of the mechanism of flow control and the flow
characteristics of the forced and unforced case is reported.

1. Introduction
1.1. Background

The aerodynamics of today’s trucks is far from optimal. While manufacturers of personal cars
develop their sophisticated models that are designed for low fuel consumption, the rear end of all
trucks is in principle squared, with four perpendicular corners. Truck manufacturers around the
world have begun to realize the great need that exists to reduce fuel consumption and improve
the environmental performance of trucks. In order to develop more environmentally friendly
vehicles to meet the growing environmental requirements, the harder international competition
in the heavy vehicle industry and the still increasing fuel prices, the trailer must be consid-
ered and included in the aerodynamic design development [1] and advanced active flow control
techniques must be implemented.

Most of the drag on a truck is caused by the wake behind the trailer. This is introduced by
the sharp edges on the rear end where the flow naturally separates. This effect gives rise to a
large low pressure region and thus increases the pressure difference between the front and back.
The large low pressure region acts as a force that sucks the whole truck backwards. An effective
way to increase the pressure on the back is by introducing angled flaps. By introducing the flaps
at an angle less than the natural separation angle, the wake becomes narrower, which decreases
the base drag. If the angle is increased, the drag increases. The idea is now to further decrease
the drag by attaching the flow onto the flap surface again. The attachment process is done using
active flow control (AFC). The idea of using flaps and reattaching the separated flow is in line
with research that has shown successful results on tilt-rotor aircraft done by the present authors
in [2, 3], which was a continuation of previous research [4, 5].

The achievement of two main flow physical goals is expected from this technique. The first
is to narrow the size of the wake by attaching the separated flow, and the second is to make the
wake less intensive. The former is achieved by the introduction of flaps at a high angle at the
rear end and reattaching the naturally separated flow onto the flap surface. The reattachment
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process occurs by the increased level of turbulence close to the separation point, which re-
energizes the weak boundary layer, that is to separate. The latter is achieved by the creation of
small vortices that are generated by the blowing and suction of the AFC and whose intensity
increases downstream. These vortices develop a shear layer that destroys the dissipative wake
structure and makes the wake less intensive.

VOLVO 3P and SKAB will in the near future manufacture a prototype configuration and
make a full-scale test of a truck with the optimal AFC configuration. The actuator that will be
used is a simple synthetic jet actuator [6]. The use of AFC requires effective actuators that are
capable of producing enough momentum and still have a low energy consumption. The net drag
reduction, or the efficiency of the AFC, is then defined by

P,

Narc =1— 23 1)
where P, is the power required to generate the actuation and P; is the power saved through drag
reduction due to AFC. The present efficiency, n4rc, is at least 80%. The net drag reduction will
thus be

ACD,net = nAFCACD,AFC )

More details about the project, the optimization procedure using response surface methodol-
ogy and the uncertainty analysis are found in [7].

1.2. Other efforts

Several studies have been carried out to minimize the drag on trucks, both purely passive investi-
gations and investigations that have combined active flow control strategies. The investigations
in [8] and [9] both used passive devices mounted at the rear end of the trailer. In [8] a drag
reduction of 15% was reached by using base flaps inclined at 15°. Attempts were made in [9]
with vortex generators, base flaps and boat tail. The vortex generators actually increased the
drag while the flaps and boat tail showed marginal drag reduction.

Several active flow control efforts have been made, both with and without flaps. Investi-
gations were made without flaps in [10] and [11], where the authors in [10] used a circular
cylinder that had a built-in actuator and reached a drag reduction of 20%. In [11] they used
closed-loop control on a blunt trailing edge and reached a 10% drag reduction. One successful
effort is reported in [12], where a drag reduction of about 30% was achieved using steady blow-
ing. These are promising results, but the use of steady blowing is energy consuming and the net
drag reduction is not that high.

Bearing these efforts in mind, we made a thorough parameter study using periodic blowing,
which is much more effective than steady blowing. The authors in [13] compared steady blow-
ing versus periodic blowing superimposed with small amount of steady blowing to delay the
separation on a wing surface in order to enhance the lift and decrease the drag. The periodic
blowing required much lower power compared to steady blowng and showed comparable end
results.

2. Numerical Method
2.1. Large-eddy simulation

The flow behind the truck is unsteady, and the pulsating (i.e. oscillating) jets are used as forcing.
Thus the modeling strategy must be transient. The modeled actuator is very narrow, and the
excitation velocity is about 80% of the free stream velocity. The actuation frequency is also
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much higher than the Strouhal frequency, and thus fine resolution is needed both in space and
time. Large-eddy simulation is thus used in order to make accurate prediction of the turbulent
flow as it provides both instantaneous field data and high accuracy. The Reynolds number is
200,000, which is in the range of manageable LES. A higher Reynolds number, such as in
full-scale flow, would have forced us to use a hybrid LES/RANS approach, such as DES. The
commercial FlowPhys ver. 2.0 software was used for the computations in this work. It has a
semi-implicit, fractional step finite element solver.
The filtered Navier-Stokes equations read

Ot o . 13p 0%u; _ Oy
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The Smagorinsky model (eq. 4) for the sub-grid scales is used with the Smagorinsky constant
Cs = 0.20. In the near-wall region (20 ¢m), the filter width is reduced using the Van Driest

damping function.

and gij 18

f=1—ev /A )

where AT = 25 and y* is calculated by searching for the closest distance between a node
in the domain and the wall node. The temporal discretization is the explicit four-step Runge-
Kutta scheme for the convection terms and the Crank-Nicholson method for the diffusion terms.
The spatial discretization scheme is the pure central difference (CD). The time step size was
controlled by an adaptive time stepper that kept the max Courant number equal to two. The
check was done every 10th time step. The number of time steps was typically between 100 000
and 200000, and the size of the time step varied between 10~* and 6 - 10~°. The forcing is
modeled as a transient velocity inlet, and the governing variables are the slot width, the velocity
(both magnitude and direction) and the frequency. The RMS momentum from the slot is defined
as

Jrms = /pufms dh = pu%msAh ®)
Ah is the effective slot width. Further, we define the momentum-coefficient as

Jrms u2, Ah
Cu rms — = 1 )

1.2 1,2
W3 PU, WU,

where w is the width of the truck. The velocity in the slot is given from eq. 9 by

2
Clrms W U2,

Urms = W (1 0)

We further assume that the forcing is purely sinusoidal, i.e.

u(t) = V2Upms sin (21 F't) (11)
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Finally, we define the non-dimensional forcing frequency as

_ F-Xgp

F+
Uso

(12)

where X7 is the distance from the slot to the trailing edge of the flap.

2.2. Computational domain

We use a simplified truck model in our simulations. The truck is simplified as a rectangular
bluff body with typical width (w = 2.6 m) and length (! = 13.0 m) relevant for a real truck and
assuming periodicity in the third direction (height), i.e. the domain is three-dimensional (figure
1(a)). The truck is mounted with angled flaps on the rear end in which the oscillating synthetic
jet actuators are placed (figure 1(b)). The actuators are modeled as a time varying boundary
condition (slot). The slot extends over the entire height (z) of the truck.

The truck geometry is shown in figure 1(a) and 1(b). The inlet flow is modeled as an inlet
boundary condition (BC) with a prescribed constant free stream velocity, Uy, = 25 m/s. The
Reynolds number is reduced to 200 000 by increasing the viscosity to x = 3.25 - 10~* and the
density was set to p = 1.0. The outlet BC is the standard outlet with a zero gradient. The side
walls are prescribed to be frictionless walls, i.e. slip BC.

The computational mesh is shown in figure 2. The number of nodes in the wake and the flap
region is very large compared to that in the free stream region. The mesh size is about 1.4 — 3.3
million nodes and consists of unstructured quad elements in the  — y plane and structured
quad elements in the span-wise direction. The quality of the mesh was very high close to the
wall and in the flap region. At the end of the side walls of the truck (prior to the flap), max
yt < 2, mean y* ~ 1, max Az < 30, mean Azt ~ 20, max AzT ~ 130, mean Az ~ 100
for low resolution, and max Az" ~ 60 and mean Azt ~ 50 for high resolution. A thorough
dependence study of spanwise mesh resolution and domain size is reported in [7].

(a) Computational domain (b) Line representation
Figure 1: (a) Simplified truck model: inlet at x = —12w; outlet at x = 30w; slip side walls at
y = —8.5w and y = 8.5w. (b) Line representation of the truck showing different parts used in

the C'p analysis.

3. Results

The following results are a comparison of the unforced and the forced cases. The unforced case
is denoted as “AFC OFF” and the forced as “AFC ON”. The specific forced case chosen is one
that has shown maximal drag reduction compared with the unforced one. The specifications of
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(b) Mesh around the flap

Figure 2: 2D slice of the proposed novel rear-end of trailer, geometry and mesh.

the chosen case are listed in table 1. The slot width is set to Ah = 6 ¢m, which means that
C,, = 1.0% corresponds to s ~ 20 m/s, see eq. 10 . The location of the slot is at the upper
edge of the flap. The spanwise domain size is 0.4 m with 16 cell layers, which corresponds to
max Azt = 130 and mean Azt = 100. Both the instantaneous and time averaged quantities
are plotted at three regions of interest: a general plot of the whole truck with upstream and
downstream regions, a plot of the wake region and finally a plot of the flap region. Only the
most interesting are presented here. FL, FA and SA denote flap length, flap angle and slot angle,
respectively. SA is defined relative to the flap surface.

3.1. Instantaneous flow

Table 1: Specifications of the forced case

AFC parameter | Value
FL 0.7 m
FA 30 deg
SA 15 deg
. 1.0 %
Ft 0.3

It is very important to investigate the instantaneous characteristics of the flow in active flow con-
trol. We chose to study the instantaneous pressure and velocity streamlines at a specific instant
with locally interesting flow features. We expect that the flow for the unforced case is separated
from the flap surface because the flap angle is high enough. Furthermore, the separation will
develop a strong vortex shedding behind the rear end of the truck. Instantaneously, each vortex
developed will manifest itself as a low pressure region moving downstream, as shown in figure
3(a). We also notice the strong high pressure at the front region of the truck and the separated
flow at the curvature at the intersection of the front and the sides of the truck, which is evident
in both figures 3(a) and 3(b).
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In figure 3(a) we can also see that the pressure on the upper flap is low because of the reversed
flow in the separation bubble. It is clear that the low pressure region downstream of the flap is
suppressed in the forced case. We also notice that a smaller low pressure region is created at the
slot location at which the actuation takes place. We can also see that small vortices are created
by the actuation, which can be seen at the lower flap in figure 3(b). These small vortices were
also noted by [5], who carried out an experiment on flow separation and reattached by AFC on
a flap deflected at angles larger than the natural separation angle. The Reynolds number in that
study was Re = 1.65 - 10°, which is of same order as in the present work. The separation from
the flap surface is also shown in figure 4, which plots the instantaneous velocity streamlines.
The instantaneous flow is reattached on the flap surface for the forced case (figure 4(b)). Small
vortices created by the actuation can be seen at the downstream edge of the upper flap in figure
4(b). Compared to figure 3(b) the location of these vortices has moved further downstream of
the flap surface. We conclude that these vortices that are created by the actuation are moving
downstream of the flap surface and create a shear layer in the wake region that makes the
vortex shedding weaker and prevents interaction between the naturally created shear layers
formed at the upper and lower edges. These vortices are furthermore moving downstream in
the wake region with a successively increasing size, destroying the low pressure dominant wake
structure and yielding pressure recovery. By its blowing and suction the actuation re-energizes
the boundary layer that would separate, and interacts with the ambient flow to introduce vortices
that roll down the flap surface. When the flow remains reattached to the flap surface, the wake
size becomes narrower.

3.2. Time-averaged flow and wake structure

The effect of the actuation was further studied by time-averaged flow quantities. Pressure,
velocity streamlines and vorticity were investigated. To study the level of activity in the wake,
i.e. the strength of the vortex shedding, the RMS of pressure was also plotted for different
regions.

Figure 5 plots the time-averaged pressure. With AFC off, we notice the expected large low
pressure region behind the truck caused by the strong vortex shedding. The low pressure region
behind the truck is almost completely suppressed by AFC in figure 5(b). Here we also notice
the low pressure region on the flap for the unforced case. However, in the forced case, this
region is advanced upstream. We conclude that a low pressure region is created by AFC at the
slot location that sucks the flow onto the flap surface.

Figure 6 plots the time-averaged streamlines. It is clear that the wake structure is affected
in the forced case. The smaller wake structure of the forced case can be seen in figure 6(b).
The wake is narrowed and has a shorter distribution in the free stream direction. It is clear
that the time-averaged flow is entirely reattached on the flap surface by active flow control.
Furthermore, in the unforced case, flow is coming from the back side of the truck, up to the flap
surface. In the forced case, this flow is prevented by the reattached streamlines. This is one of
the reasons why the interaction of the lower and upper shear layers is prevented.

The time-averaged vorticity is shown in figure 7. We can draw several conclusions: first
we recognize the separation region in the unforced case, showing both positive and negative
vorticity; we also notice the strong positive vorticity evolving from the end of the flap. The
forced case in figure 7(b) shows that the negative vorticity has moved closer to the flap surface
and the positive vorticity (i.e. recirculation) been suppressed almost entirely. The negative
vorticity in the forced case confirms our previous discussion about the vortices created by the
actuation and rolls down the flap surface.
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(a) AFC OFF

(b) AFC ON

Figure 3: Instantaneous pressure contours. Note the large low pressure region downstream of
the upper flap in (a) and how it is suppressed by AFC in (b).

(a) AFC OFF (b) AFC ON

Figure 4: Instantaneous streamlines, zoom around the flap region.

One of the most interesting plots is the RMS of pressure in figure 8. We notice the great
suppression of Pgjss in the wake region. This causes the wake structure to be less intensive
and decreases the level of vortex shedding. At closer look at the flap region, we also conclude



8 Turbulence, Heat and Mass Transfer 6

that the actuation is increasing the turbulence on the flap surface in order to reattach the flow.
The actuation location itself shows up as increased RMS pressure. The conclusion is that the
unforced case is characterized by a highly turbulent and intensive wake while the forced one
has a low level of turbulence in the wake, and the forcing makes the wake less intensive and
increases the turbulence at the flap surface in order to reattach the flow.

(a) AFC OFF (b) AFC ON

Figure 5: Time-averaged pressure contours, zoom of the wake.

(a) AFC OFF (b) AFC ON

Figure 6: Time-averaged velocity streamlines, zoom of the wake.

3.3. Surface pressure distribution

All letters that indicated location refer to those in figure 1(b). To further study the influence of
AFC on the truck body, the surface pressure distribution is plotted in figure 9. We are actually
only interested in the projection of the pressure load in the z-direction because this is what
contributes to the drag force. As shown in figure 9(b), the impinging location at the symmetry
line is almost Cp = 1 as expected. The reason for the small discrepancy is mainly that the
upstream domain is not large enough. Cp then becomes negative at the curvature, b, and Cp ,,
is exactly zero on the side surface, c. On the flap surface, d, the forced case shows lower Cp
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(a) AFC OFF (b) AFC ON

Figure 7: Time-averaged vorticity contours and velocity vectors, zoom around flap region.

(a) AFC OFF (b) AFC ON

Figure 8: RMS of pressure contours, zoom of the wake.

at the slot location. However Cp, increases along the flap surface and on the rear end of the
truck at f. We notice that the main difference in the forced and unforced cases is at surface f.
The conclusion is that the pressure is here recovered by the AFC, which minimizes the pressure
difference between the front and back and thus decreases the total drag of the truck.

3.4. Aerodynamic forces

Figure 10(a) plots the drag history for the forced and the unforced cases. It is clear that the
forced case shows lower drag at every instant when the flow has reach fully developed condi-
tions. We can also conclude that the drag reduction process occurs in two steps, shown in the
figure; when AFC is applied, the drag initially decreases a great deal (at t = 2 s) before the
forced flow reaches full developed conditions. What probably happens is that the flow reattaches
when momentum flux is added to and removed from the flow via the oscillating jet. Later the
forcing creates the vortices that roll down the flap and keep the flow reattached over the whole
flap surface, keeping the drag at a lower level than in the unforced case.

Figure 10(b) plots the power spectral density of the drag signal. We notice the vortex shed-
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(a) Pressure coefficient. (b) Projected pressure load in the z-direction.

Figure 9: Mean Cp and projected mean pressure load in the z-direction (Cp) of the upper half
truck surface (symmetry). — : AFC OFF; — : AFC ON

ding frequency in both the unforced and forced cases with one difference. The peak of the
forced case is reduced compared to the unforced case. This confirms our previous finding that
the intensity of the wake is reduced by AFC. The peaks are located at frequency 0.98 H z, which
corresponds to a Strouhal number of St = 0.1. This is in good agreement with measurements
made on rectangular cylinders [14]. In [14] the author measured the Strouhal number of rect-
angular cylinders of different B/H as a function of Reynolds number. The Strouhal number
was St = 0.12 for Re = 2-10* and B/H = 4. The present truck model has B/H = 5
at Re = 2 - 10°. We further notice the high peak at 10 Hz that corresponds to the actuation
frequency. The intensity of the peak is high and, for this reason, there is high RMS drag of the
forced case in figure 10(a).

4. Conclusions

A novel rear end of a truck trailer is proposed, that reduces the drag by 25% or more. Several
hundred large-eddy simulation cases were carried out with and without AFC. The drag reduction
is comfirmed by several physical analyses of the flow comparing the instantaneous and time-
averaged flow field of the unforced and the forced cases.

The instantaneous characteristics of the unforced case were found to be typical of bluff body
flows, with strong global vortex shedding and reversed flow on the flaps due to a higher flap
angle than the natural separation angle. The forced case has weaker vortex shedding, and small
vortices were observed on the flap surface that were created by the actuation. These vortices
move downstream the flap surface, creating a shear layer in the wake that prevents interaction
between the naturally created shear layers on the upper and lower edges.

The unforced case has a large time-averaged low pressure region in the wake and on the flap
surface, yielding a large wake structure with high intensity and a large mean drag. The flap
region of the unforced case has a separated flow region, whereas the actuation forced the time-
averaged flow to stay attached. There is a great suppression of the RMS of pressure in the wake
owing to AFC, which decreases the level of vortex shedding in the wake and makes the wake
less intensive. The RMS of pressure was increased on the flap surface with actuation, however,
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Figure 10: Drag history and its FFT, — : AFC OFF; — : AFC ON. CAFCOFF = (.76;

CHFC ON = (.57. One time unit, w/U,,, corresponds to 0.1 s.

which created a strong low pressure region at the leading edge of the flap, that makes the flow
stay attached.

The low drag of the forced case is due to the increased base pressure at the rear end of the
truck that was shown by the C), analysis. The vortex shedding frequency was in good agreement
with experimental results [14]. The actuation frequency was observed in the frequency analysis
of the drag history, which also showed that the intensity of the vortex shedding was decreased
due to AFC.

The spanwise domain and mesh resolution were also investigated in [7]. The RMS of the drag
was decreased with larger size of the spanwise domain and lower mesh resolution. The flow
becomes more two dimensional when the domain size is small, and the three dimensionality
and the effect of AFC are much more clear in large domains. The drag reduction achieved is
consistent with different spanwise domain sizes.

In [7] the actuation as periodic blowing was also investigated versus periodic blowing and
suction, where the RMS of the drag was strongly reduced, and the drag reduction by the blowing
and suction was not affected. The slot location was also investigated, and it was shown that the
location can be moved up to 10 ¢m from the upper edge of the flap without affecting the drag
reduction achieved.
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