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Thesis for the degree of Doctor of Philosophy in Thermo and Fluid Dynamics
GUGLIELMO MINELLI
Department of Mechanics and Maritime Sciences
Chalmers University of Technology

Abstract

There is no doubt that road vehicle transportation is needed to improve efficiency, to
reduce power consumption and to contribute to a sustainable mobility. Aerodynamics
plays a crucial role in this, and its optimization can have a significant impact on fuel
efficiency. The work reported in this thesis thus investigates the applicability of an active
flow control technique able to improve the aerodynamic performance of trucks.
CFD simulations and wind tunnel experiments are conducted to explore the potential
of such a device. The process starts with a preliminary LES study (Re = 1× 105) and
ends with a proof of concept full scale test of a real truck (Re = 3.5× 106). The PANS
method and scaled model wind tunnel experiments were essential to bridge the initial
preliminary findings to the final full scale test. PANS was first validated (using in-house
experimental data and data from test cases) and then used to simulate the efficacy of
AFC at higher Re (Re = 5 × 105), introducing realistic flow conditions (wind gusts).
In addition, wind tunnel experiments of a scaled, simplified truck cabin were used to
demonstrate the applicability of flow control.
The results focus on two main points. First, synthetic jets were shown to be an effective
and low energy consumption technique to control a pressure induced separated flow and
for reducing drag on trucks. Second, PANS was shown to be an interesting method
for industrial applications. Its capability to resolve unsteady flow cases preserving the
accuracy of the flow structures prediction is shown, even when meshes are relatively
coarse.

Keywords: Vehicle Aerodynamics, Active Flow Control, AFC, Large Eddy Simulations,
LES, Partially-Averaged Navier-Stokes, PANS, Experiments, Wind Tunnel, PIV, Proper
Orthogonal Decomposition, POD
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Part I

Extended Summary

1 Introduction

Mobility is the ability to move freely and easily (Oxford dictionary). This is a simple
definition that describes our future world vision. It feels good to be a part of our planet
and even better to have potential access to every part of our world. The evolution of
mobility has enlarged our vision, expanded our culture, answered our needs and, not least,
satisfied our dreams and desires. Transportation has evolved into the new frontier of
technological breakthroughs affecting and improving our daily private and work life. Cars
and trucks enter actively or passively into our routine, and they have raised our standard
of living. At this point, we do not want to settle for less, and this is why we need to
preserve our mobility, developing transportation in a larger context of a sustainable future.
The world has started to take serious actions to develop sustainable mobility in 2015.
The Paris agreement set ambitious standards for emission reduction (and zero emission
vision), achievable only by taking drastic decisions in the transport sector. In fact, at
present, transportation accounts for almost a quarter of the total greenhouse gas (GHG)
emissions (Fig. 1) and it is the main cause of air pollution in cities. The ambition is clear:
by mid-century, greenhouse gas emissions from transport will need to be at least 60% lower
than in 1990 and be firmly on the path towards zero. Emissions of air pollutants from
transport that harm our health need to be drastically reduced without delay [1].
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Figure 1: The GHG emissions share.

The ground transportation industry is also finally taking drastic decisions to converge
toward this common goal. Trucks in particular, need to improve their efficiency to extend
their mileage and decrease their power consumption. But, the final goal is still far away.
Thus, improving the aerodynamic features of heavy trucks and road vehicles is a necessary
contribution toward the target.
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1.1 Scope and objective

This thesis focuses on the aerodynamic study of an active flow control (AFC) technique,
applied to heavy ground vehicles. Computational fluid dynamics (CFD) and wind tunnel
(WT) experiments are the engineering tools used to investigate and analyze the AFC
effects on the aerodynamic performance. The overall goal was to verify and implement an
AFC in a real truck cabin. This work was divided into six phases that led to the final
proof of concept on a full scale model:

• In phases 1 and 2 the effectiveness of the AFC was proven numerically and experi-
mentally.

• In phases 3 and 4 an alternative CFD tool (partially averaged Navier-Stokes PANS)
was first validated (phase 3) and later used to simulate the robustness of the AFC
when more realistic flow conditions (higher Reynolds number and wind gusts) were
applied.

• In phase 5 the aerodynamic benefits of the AFC were measured on a full scale truck
model.

• The last, and ongoing, phase 6 aims to find alternative and more efficient AFC
devices for a large scale implementation.

The appended papers provide details on the methods used and outcomes. However,
the following chapters summarize the basic principles of heavy vehicle aerodynamics
and the engineering tools used in the thesis. In conclusion, chapter 6 aims to frame
the chronological process and chapter 7 provides a summary of the appended papers.
Conclusions and future developments are presented in chapter 8.
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2 Flow control for aerodynamic drag reduc-
tion

Higher efficiency is achieved by minimizing aerodynamic drag and drag is reduced by
controlling the flow surrounding a vehicle. This chapter helps the reader to become
familiar with external vehicle aerodynamics and the principles behind flow control.

2.1 Heavy vehicle aerodynamics, in short

To understand the need for higher aerodynamic performance of trucks, it is necessary to
break down transportation power consumption into air, maritime and road mobility, Fig.
2a. Road vehicles, in general, accounts for more than 70% of the total transport power
consumption, being by far the biggest producer of GHG emissions. Aerodynamic drag
is defined as the fluid drag force that acts on any moving solid body in the direction of
the fluid free-stream flow [2] and more than 60% of the total power generated by a road
vehicle is needed to overcome drag, Fig. 2b. For example, with a medium size car moving
at 100 km/h or a semi-truck moving at cruise speed (80 km/h), drag accounts for 80-60%
of the total resistance of motion.

a)
15%

15%

70%
b)

70%
60%

Figure 2: a) The share of power consumption in transportation. b) The impact of drag on
power consumption.

In fact, the aerodynamic drag D increases with the square of the vehicle speed Uinf . For
this reason, D remains the focal point of vehicle aerodynamics, whether the objective is
the efficiency or the performance. The complete relation between D and Uinf is:

D = Cd A
ρ

2
U2
inf . (1)

Therefore, D is determined by the shape of the model, described by the aerodynamic
coefficient Cd, and its frontal area A (Fig. 3), while the density ρ is a characteristic of
the external flow.
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A

Figure 3: The projected area A.

At this point, it is important to distinguish between streamlined and bluff bodies. A
streamlined body produces a thin wake which confers a low value of drag, Fig. 4a. On
the other hand, when the body’s wake is comparable to its characteristic dimension, it is
generally called a bluff body, Fig. 4b. All road vehicles and heavy trucks are classified as
bluff bodies. They produce a large wake, and they experience separated flow on large
areas of their external surface.

a)
L

Wake

b)

L

Wake

Figure 4: a) A streamlined body. b) A bluff body.

In particular, every time the flow detaches from the surface of the vehicle (blue lines in
Fig. 5), the Cd increases. More specifically, the main sources of drag for a heavy truck,
principally arise from four different regions [3]: the wake region, wheel housings and
underbody [4, 5], the gap between the tractor and the trailer and the front of the tractor,
Fig 5.

Uinf

Gap

Front

Wheels and underbody

Wake

Figure 5: Main sources of aerodynamic drag.
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The role of aerodynamic research is to investigate solutions to improve the aerodynamic
performance of these regions. The main objective is therefore to reduce drag, manipulating
or better put, controlling the flow to a more desired state, ideally suppressing any separated
flow area. This type of practice is called flow control, and comprehends several different
techniques that have different advantages and drawbacks.

2.2 Flow control

Following the words of Gad-El-Hak [6], flow control is “the attempt to favourably alter
the character or disposition of a flow field that is of concern.” One of the first human
empirical attempts for a favourable flow control can be found in the fin-stabilizer of
arrows. Empirical attempts bring practice slowly to science, and the science of flow
control started in 1904, when the boundary layer theory and the scientific method of
flow control was introduced by Prandtl [7]. The economic crisis and wars during the
20th century pushed forward every scientific field, faster than in any other century before.
The science of flow control was not an exception. The newborn aeronautic field was
the natural expression of this science and during the years, new methodologies were
discovered to overcome challenges and open new possibilities. The challenge of today
is to extensively bring flow control to civil transport, extending aeronautic solutions to
all forms of commercial transport, e.g. passenger cars, trains and trucks. When comes
to trucks, the challenge is amplified by the restrictions made by design regulations. A
truck is indeed designed for cargo and stocking operations, distancing its shape from
being aerodynamically efficient. Therefore, the main challenge consists in keeping the
cargo-optimized shape, minimizing the aerodynamic drag. The first part of the 20th

century has observed a massive development of the road transportation industry that
did not take into account the potential of an optimized aero design. Starting in the late
1970s with the advent of the oil crisis, extensive aerodynamic research was performed
and still continues on heavy vehicles [8, 9]. This period has seen the evolution of several
devices, add-ons and design alterations applied to trucks. For example, in the early
1980s the front corners of the tractor were smoothed to rounded and flaps bridging the
gap between the tractor and the trailer are extensively used today. Flaps applied at
the trailing edge [10, 11], flow treatment devices for the underbody [12] or the trailer
base [13], cavities and side skirts [14–16], boat tails [17] and other add-ons [18] have
recently been investigated in order to delay flow separation, thus reducing the wake
effect. Such techniques have tried to reduce drag with various success, but they all have
a common drawback: they are passive flow control techniques, thus designed to work
at a nominal condition, which rarely matches the real operating flow state. Here rises
the importance of designing a flow control which is adaptable to the flow condition, an
AFC (reviews are provided in [6, 19,20]). AFC opens the possibility for feedback control
(closed-loop) once the open-loop flow mechanisms are well understood. The main idea
behind AFC is to directly interact with the turbulent boundary layer in order to delay
the separation of the flow from a solid surface. In other words, a fluid flow in presence
of an adverse pressure gradient (from point A to point B in Fig. 6) loses kinetic energy
and tends to depart from the solid surface creating a recirculation bubble of separated

5



flow [21,22], Fig. 6. Bearing this in mind, introducing an AFC between points A and B
in Fig. 6, it is possible to delay and even suppress the separated region.

A B

Attached flow Separated region

Figure 6: Turbulent boundary layer separation. The solid blue line represents the incoming
flow, while the dashed blue line represents the region of the mean reverse flow due to
separation.

In general, AFC can be classified into three main categories. The first one is flow control
by means of moving surfaces (for example moving cylinders [23–26]). This is achieved
by the motion of parts of the body surface in order to energize the turbulent boundary
layer shown in Fig. 6. The main disadvantage of this technique lies in its applicability;
it requires mechanical transmission and electric engines, which are not easy to embed
for example in a vehicle geometry. AFC can also be introduced by means of steady or
pulsating jets [27–30] where a jet flow is introduced before the flow separation. In this
case a stream of one fluid mixes with the surrounding medium (external air), but it
requires for example an air pump and a tank to store the pressurized first fluid. The third
methodology can be categorized under the name of synthetic jets. The latter technique
has now gained much interest in different fields (from thermal management to flow control
of aerofoils) thanks to its versatility. It is a type of jet flow defined by zero net mass flux
(ZNMF) and this jet is "synthesized" from the surrounding fluid [31]. A synthetic jet flow
can be created by plasma actuation or by means of the time periodic motion of a flexible
diaphragm in a sealed cavity, Fig. 7. Plasma actuator research for flow control started
20 years ago [32] and produced promising results (reviews are provided in [33–36]), yet
are far from being extensively applicable in the near future. Using very high voltages,
plasma actuators are able to produce an electric wind (a synthetic jet) synthesized from
the surrounding flow. Nevertheless, more research is needed to understand, for example,
the degradation of the actuation over time and to optimize their power consumption [37].
Thus, a synthetic jet produced by a flexible diaphragm turned out to be one of the most
effective ways to manipulate the flow field. This technique allows much lower power
consumption and an easier implementation, as compared to plasma actuators. Promising
results of this technique were found in several studies, for both aerofoils [38–41], bluff
bodies [42, 43] and generic vehicles [44]. Fig. 7 shows a sketch of the working principle of
such a device. Despite the former research, the implementation of flow control on real
vehicles is still far off. Therefore, one of the objectives of this Ph.D. thesis is to bridge
this gap, implementing such a concept in a real truck.

6



Jet

U inf

Membrane

Time

Jet

0

Figure 7: A jet flow synthesized by the time periodic motion of a flexible diaphragm in a
sealed cavity. The dashed blue lines represent attached flow subjected to flow control.

2.3 Active flow control at the A-pillar of a truck

When a truck moves with a certain speed Uinf , the flow impinges the front section
of the tractor and migrates toward the A-pillars. At this point, the flow separates
creating a recirculation flow region which increases drag, Fig. 8. With rounded A-
pillars, the aerodynamic of the truck cabin improves, to some extent, by mitigating the
adverse pressure gradient. Cooper [8] describes the use of rounded corners, showing the
effectiveness of this acknowledged expedient. Thus, the question that now emerges is:
why do we still need to control the flow in this region? The answer is twofold. Normally
the flow impinging the front is not oriented along the direction of the truck (even when
the vehicle is moving at cruise speed), due to side wind, gusts, atmospheric turbulence or
steering. In this situation the truck experiences an angle with respect to the direction of
the flow [45–47]. This angle is generally called the yaw angle β. At cruise speed, β varies
between 5◦ < β < 10◦, which is sufficient to induce the separation visualized in Fig. 8
and worsen the aerodynamic performance. The second aspect is that by using an AFC,
the radius of the A-pillar can be decreased, gaining space inside the truck’s cabin yet still
having the required aerodynamic performance.

A− pillars

Uinf

Recirculation

Figure 8: The flow recirculation bubble at the A-pillar.

The A-pillar separation can be reconnected, to some extent, to the flow behaviour
visualized in leading-edge separation studies [48, 49] and stalled aerofoils [38, 50–52], Fig.
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9. The main features that characterize the topology of this flow are the separated shear
layer, the near/side wake shedding and their interaction. Figure 9b depicts a top view of
a generic truck cabin and a flow topology similar to the one described by stalled aerofoils,
Fig. 9a. The natural frequency of the shear layer is usually higher compared to the near
wake shedding, but the coupling of them results in a collective interaction during the
formation of the vortices [53].

a)

Uinf

Shear layer

Near wake

b)

Uinf

Shear layer

Side wake

Figure 9: a) A stalled aerofoil flow topology. b) Top view of the separated flow topology at
the A-pillar of a truck.

The structures present in the shear layer are smaller containing a smaller amount of
energy, yet are dynamically important for the near/side wake formation. At this point,
the AFC frequency of the flexible diaphragm becomes crucial to interact with the natural
frequencies of the flow. The result of this interaction is an alteration of the surrounding
flow field and a drastic change of the aerodynamic performance. The sketch presented in
Fig. 10 shows the full potential of this AFC, ideally able to favourably affect the incipient
A-pillar flow separation of a truck cabin. The study of such a turbulent flow requires
particular numerical methods that are presented in the following section.

Uinf

Actuation
Actuated flow

Unactuated

Figure 10: The potential of the actuation.
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3 Computational fluid dynamics for turbulent
flows

It is very common to observe turbulent flows in our everyday surroundings. From waterfalls
to the smoke rising from a chimney, from the motion of sea waves to the flow around
moving vehicles, and other engineering applications. There is no exact definition of
turbulence but a turbulent flow has common and well defined characteristics:

• A turbulent flow is three dimensional.

• A turbulent flow is unsteady and contains high spatial and temporal fluctuations.
The fluid velocity field varies significantly and irregularly in both position and time.

• A turbulent flow has the ability to mix and transport fluid more than a comparable
laminar flow [54].

• A turbulent flow is dissipative, meaning that it loses part of its energy (kinetic
energy) to internal energy (heat), through the cascade process, Fig. 11.

• As a consequence of the above, turbulence needs always to be sustained by additional
kinetic energy.

• A turbulent flow is chaotic and unpredictable.

The difference between laminar and turbulent flows has been observed for centuries but
only in 1894 did Reynolds define the characteristics of the transition between the two flow
states, [55]. He also realized and experimented with the non dimensional parameter Re
(Reynolds number) which defines the transition based on the flow (using a velocity scale
U), the fluid (using the kinematic viscosity ν) and the geometry (using a length scale L),

Re =
UL
ν

(1)

Re also represents the ratio between inertial and viscous forces. Thus, high-Re turbulent
flows are mainly characterized by inertial forces while the viscous forces prevail in the
low-Re flows. As mentioned above, turbulence defines most of the engineering flows with
no exception for flows around vehicles and trucks. Thus, in vehicle aerodynamics, the
Re is of the greatest importance for defining a flow field. In this case, the free-stream
velocity and the characteristic dimension of the vehicle (width or height) are taken as U
and L respectively.
Sections 3.1 and 3.2 present a summary of the main CFD approaches to simulating
turbulent flows.

3.1 From DNS to RANS. Accuracy and efficiency

CFD uses different approaches to resolve a turbulent flow field. In general, the choice of
the method is a compromise between the level of flow resolution and the computational
resources available.

9



It is widely accepted that the equations system, known as Navier-Stokes Equations (NSE),
mathematically determines the motion of fluids, although no mathematical proof exists
for their universal validity. For an incompressible, single-phase flow with constant density
ρ and viscosity µ, the system reads:

∂ui
∂xi

= 0 (2)

∂ui
∂t

+ uj
∂ui
∂xj

= −1

ρ

∂p

∂xi
+ ν

∂2ui
∂xj∂xj

+ fi. (3)

Equation 2 is the continuity equation and expresses the mass conservation. Equation 3
are the momentum equations and express the momentum conservation. ui=x,y,z are the
three components of the velocity vector in a Cartesian coordinate system and p denotes
the hydrodynamic pressure. ν = µ/ρ is the kinematic viscosity of the fluid and fi are
possible body forces (e.g. gravitational force). The NSE mathematically represent the
large variety of flow structures (flow scales κ) observed in a turbulent flow. Figure 11
shows the so called energy cascade process and how the flow scales are defined by their
energy level E(κ). Three main regions describe the aforementioned process. The energy
is introduced in the flow by the largest eddies at the energy containing region (I) and
consequentially transferred from larger to smaller eddies (typically anisotropic) through
the entire inertial sub-range, (II). The energy is eventually dissipated into heat by the so
called Kolmogorov scales (typically isotropic) in the dissipation range, (III).

E(κ)

κ

I II III

Figure 11: The energy spectrum of a turbulent flow. Energy containing region (I), inertial
subrange (II) and dissipative range (III)

When the NSE are written in a discrete form and integrated numerically without modelling
or hypothesis the direct numerical simulation (DNS) approach is used, [56]. DNS is the
most accurate approach, but, it requires a prohibitive amount of computational resources
to resolve all the scales present in a turbulent flow, from the largest to the Kolmogorov
scales. As an example, a truck moving at cruise speed (Re = 3 × 106) produces a
turbulent flow containing large structures of the dimension of 100m and small structures
of the dimension of 10−9m. Such a variety of scales make DNS infeasible for complex or
high-Re flows. Therefore, DNS is only used to study fundamental cases such as isotropic
turbulence [57], turbulent boundary layer [58, 59] and pipe flow [60] to mention few.
Nevertheless, different simplifications exist to enable solving Eqs. 2 and 3 in an affordable
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manner. One of this is the so called Reynolds decomposition which splits up the flow in a
mean and a fluctuating part as:

ui = ūi + u′. (4)

Inserting 4 into the NSE the Reynolds Averaged Navier-Stokes (RANS) equations are
obtained

∂ūi
∂xi

= 0 (5)

∂ūi
∂t

+ ūj
∂ūi
∂xj

= −1

ρ

∂p̄

∂xi
+

∂

∂xj

(
ν∂ūi
∂xj

+
1

ρ
τij

)
. (6)

Here, an additional term, the so called Reynolds stress tensor, is obtained:

τij = −ρ
(
u′iu
′
j

)
. (7)

The six new unknowns introduced by the tensor τij make the system impossible to solve in
this form. Hence, the Reynolds stresses need to be modelled to close the problem. For this
purpose the Boussinesq’s assumption [61] is often used, to model the turbulent diffusion
with a newly introduced eddy viscosity. This approach is widely used for applications of
industrial importance. It resolves only the mean value of the flow, the large scales (region
I in Fig. 11), modelling the entire cascade process and the dissipation. In this manner,
the efficiency of the calculation increases to the detriment of the accuracy. Moreover,
RANS provides a solution for the mean flow, and turbulence is treated in a stochastic
sense only. Even though this is acceptable in many industrial applications, RANS cannot
be used for a wide range of fields. Examples of such fields are active flow control [62],
aeroacoustics [63], and fluid structures interaction studies [64].
If DNS and RANS are the antipodes of the simulation techniques, large eddy simulations
(LES) and partially-averaged Navier-Stokes (PANS) represent good compromises between
computer resources and accuracy. The central assumption of these methods is the scales’
distinction in large and small scales. As mentioned above, the large scale motions carry
most of the energy and the anisotropy of the flow, while the small scales represent the
isotropic part of the turbulence and are responsible for the dissipation process. Hence,
modelling the small scales and resolving the large ones benefits the overall result, reducing
the simulation time as compared to DNS and improving the accuracy as compared to
RANS.

3.2 Large eddy simulation and bridging methods

To achieve small/large scale separation, LES requires a filtering operation. As for the
Reynolds decomposition, the LES filtering reformulates the expression of the instantaneous
flow field,

ui = ūi + u′′ (8)

where the velocity field is decomposed in a resolved part ūi and an unresolved or modelled
part u′′, also called sub grid scale (SGS). In LES, the mesh resolution defines the filtering,
therefore, is of major importance to accurately design a fine enough grid that captures the
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anisotropic features of the flow. (The LES model used throughout this thesis work is given
in section 3.2.1). As follows, the grid point requirement for a good resolved LES scales
with Re13/7, as proposed by Choi and Moin [65], while Piomelli and Balaras [66] found
the grid point estimation for a DNS scaling with Re9/4. The LES estimation slightly
relaxes the computational efforts as compared to DNS, yet it does not drastically decrease
the cost. In fact, Spalart et al. [67] estimate that LES will be infeasible for an entire
aircraft wing until the year 2045, and, they continue saying that "terminating efforts in
RANS turbulence modelling would be a very misguided step". For this reason, research in
modelling must continue and the new frontier observed in recent years is hybrid models
that thoughtfully blend DNS/LES and RANS approaches.
Bridging the gap between academic research and industrial R&D is of the greatest
importance. The main challenge is to provide and develop a suitable and "intelligent" tool
for industrial flow simulation, which independently switches its approach from DNS/LES to
RANS, or better put, unsteady RANS (U-RANS), based on the available mesh resolution.
The two main currents of bridging methods are the detached eddy simulation (DES)
and the PANS approach, developed and modified in all their flavours during years. The
first attempt to develop DES was introduced by Spalart et al. [67]. The basic idea is for
the model to act as a U-RANS in boundary layers and LES-like otherwise. In principle,
the LES or RANS choice is based on a comparison between the wall distance and the
grid spacing. The main drawback of the behaviour as such is that DES grids need to
be carefully designed, knowing a priori where the flow separates (LES should resolve
the large separated vortices) and in which areas it remains attached (RANS boundary
layer resolution). Many variations of this approach have been given during the years, and
a review of variations and flavours is provided in [68]. Although zonal-like approaches
have been shown great interest among many authors and developers with remarkable
results [69–71], they are still limited concerning the adaptivity to the mesh. In other words,
the mesh should always be designed carefully. The PANS approach was initially developed
to overcome these difficulties and to make the solver acting like "independent" of the grid.
The foundation of this method relies on the U-RANS approach. The goal of U-RANS is to
resolve the fluctuations of the averaged flow, which are normally smoothed out by a steady
RANS simulation. While the idea behind the method is promising, U-RANS gained an
inaccurate prediction of severely separated flows. The main reason for this is that U-RANS
lies on the evolution of the eddy viscosity, which evolves in large values, much larger than
the actual mesh resolution could have supported. In this way, most of the temporal and
spatial fluctuations are suppressed, altering the final solution. As an effort to resolve
most of the fluctuating scales, the RANS coefficients must be modified according to the
resolution of the grid, in a physically correct manner [72]. Modifying the parameters
of the parent RANS model, PANS introduces a dynamic approach that prevents an
uncontrolled growth (RANS-like result) or drop (resulting in spurious fluctuations) of the
eddy viscosity, based on the spatial resolution of a given grid and the physics of the flow.
The bright idea to develop a hybrid method as such started with the first PANS model
based on the k − ε RANS equations [73]. The k − ε PANS method has been successfully
tested on different standard bluff body flows, such as flow around a square cylinder [74] and
a circular cylinder [75]. Theoretical proof and a physical explanation of his improvement
in comparison with RANS is given in [72]. However, the quality of PANS depends also on
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its RANS parent model. As a consequence, several flavours of the PANS method have
been developed:

• Lakshmipathy and Girimaji [76] introduced the k − ω PANS method. The results
of this were compared with U-RANS showing that k − ω PANS is able to resolve
more vortical structures, enhancing the agreement with experimental data.

• Ma et al. [77] employed a low Reynolds number k− ε model to correct the standard
k − ε PANS wall behaviour.

• Durbin [78] proposed a k − ε − v̄2 − f PANS, that was later reformulated by
Hanjalic [79], to enhance the wall behaviour and take into account the Reynolds
number effect in the viscous and buffer sub-layer.

• Basara et al. [80] proposed the k − ε − ζ − f PANS developed on the namesake
RANS model. The model has been validated for simple cases (channel flow), more
complicated cases (flow around a finite cylinder and bluff bodies) [81–85] and even
for real vehicle cases [86,87].

The latter flavour is also employed throughout this thesis work. Thus, a more detailed
description is given in section 3.2.2.

3.2.1 The LES equations
The governing LES equations are the spatially implicitly filtered Navier-Stokes equations,
where the spatial filter is determined by the characteristic width ∆ = (∆1∆2∆3)

1
3 , and

∆i is the computational cell size in the three coordinate directions.

∂ūi
∂xi

= 0 (9)

and

∂ūi
∂t

+
∂

∂xj
(ūiūj) = −1

ρ

∂p̄

∂xi
+ ν

∂2ūi
∂xj∂xj

− ∂τij
∂xj

. (10)

Here, ūi and p̄i are the resolved velocity and pressure, respectively, and the bars over the
variables denote the operation of filtering. The influence of the small scales in equation 10
appears in the SGS stress tensor, τij = uiuj − ūiūj . The algebraic eddy viscosity model,
described in [88], was employed in this work. The Smagorinsky model represents the
anisotropic part of the SGS stress tensor, τij as

τij −
1

3
δijτkk = −2νsgsS̄ij (11)

where the SGS viscosity,
νsgs = (Csfvd∆)2|S̄| (12)

and,

S̄ =
√

(2S̄ijS̄ij) (13)
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where

S̄ij =
1

2

(
∂ūi
∂xj

+
∂ūj
∂xi

)
. (14)

The Smagorinsky constant, Cs = 0.1, previously used in bluff body LES [89], is used in
the present work. fvd, in equation 12, is the Van Driest damping function,

fvd = 1− exp
(−n+

25

)
(15)

where n+ is the wall normal distance in viscous units.

3.2.2 PANS k − ε− ζ − f
Before expressing the equations that define the model, it is necessary to recall Germano’s
averaging invariance property [90]. He stated that the SubFiltered Scale (SFS) term
must be invariant to the type of filtering. Thus, if the filtering applied to the NSE
is commutative with the spatio-temporal differential operator, and decomposing the
turbulent velocity field Vi, by an arbitrary filter, in a resolved Ui and unresolved field ui,

Vi = Ui + ui. (16)

The NSE evolves according to [90] into the so called PANS equation [91]:

∂Ui
∂t

+ Uj
∂Ui
∂xj

= −1

ρ

∂p

∂xi
+

∂

∂xj

(
ν
∂Ui
∂xj

+ τ(Vi, Vj)

)
, (17)

where τ(Vi, Vj) is the generalized second moment [90] and represents the effect of the
unresolved scales on the resolved field. As for LES (see Eq. 11), the Bousinnesq assumption
is now invoked to model the second moment:

τ(Vi, Vj) = −2νuSij +
2

3
kuδij . (18)

Here, ku is the unresolved kinetic energy, Sij is the resolved stress tensor,

Sij =
1

2

(
∂Ui
∂xj

+
∂Uj
∂xi

)
, (19)

and νu = Cµζu
k2u
εu

is the viscosity of the unresolved scales where ζu = v2
u/ku is the velocity

scale ratio of the unresolved velocity scale v2
u and ku. v2

u refers to the normal fluctuating
component of the velocity field to any no-slip boundary. At this stage, three transport
equations for ku − εu − ζu and a Poisson equation, for the elliptic relaxation function
of the unresolved velocity scales, are necessary to close the model. The complete PANS
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k − ε− ζ − f model is thus given by the following set of equations:

νu = Cµζu
k2
u

εu
∂ku
∂t

+ Uj
∂ku
∂xj

= Pu − εu +
∂

∂xj

(
νu
σku

∂ku
∂xj

)

∂εu
∂t

+ Uj
∂εu
∂xj

= Cε1Pu
εu
ku
− C∗ε2

ε2
u

ku
+

∂

∂xj

(
νu
σεu

∂εu
∂xj

)

C∗ε2 = Cε1 + fk(Cε2 − Cε1); Cε1 = 1.4

(
1 +

0.045√
ζu

)

∂ζu
∂t

+ Uj
∂ζu
∂xj

= fu − Pu
ζu
ku

+
ζu
ku
εu(1− fk) +

∂

∂xj

(
νu
σζu

∂ζu
∂xj

)

L2
u∇2fu − fu =

1

Tu

(
c1 + c2

Pu
εu

)(
ζu −

2

3

)
.

(20)

Pu = −τ(Vi, Vj)
∂Ui

∂xj
is the production of the unresolved turbulent kinetic energy that is

closed by the Bousinnesq assumption, Eq. 18. The constants appearing in Eqs. 20 are:

Cµ = 0.22; Cε2 = 1.9; c1 = 0.4; c2 = 0.65; σk = 1; σε = 1.3; σζu = 1.2.

Lu and Tu are the length and time scales defined by using the unresolved kinetic energy:

Tu = max

[
ku
ε
, Cτ

(ν
ε

)1/2
]

; Lu = CL max

[
k

3/2
u

ε
, Cη

(
ν3

ε

)1/4
]
,

where
Cτ = 6; CL = 0.36; Cη = 85.

A deeper explanation of the construction of the equations is given in [80, 81]. The
parameters fk,ε are the key factors that make the model act dynamically. fk,ε are the
ratios between resolved to total kinetic energy and dissipation, respectively, and they
can assume values between 1 and 0 according to the selected cut-off. These parameters
can be chosen a priori, knowing the resolution of the given grid. However, it might be
more efficient to have a solver that adapts its accuracy to the flow case and the given
grid, having as its worse output a RANS simulation. Here is indicated the importance of
having a dynamic parameter that feels the characteristics of both the flow and the grid,
adapting to the resolvable level of structures. For a further but justified simplification, fε
is assumed to be constant and equal to 1. We recall the spatial resolution to resolve the
dissipative scales, and the inertial sub-range is a near wall DNS resolution. These scales
are unlikely to be resolved in most cases. Thus, all the unresolved dissipation is chosen to
be RANS dissipation and is therefore modelled. Thus, the crucial step to developing an
efficient model is the design of the last parameter fk. Ideally, at every time-step for every
computational cell, the simulation should measure the smallest value of fk which the grid
can support. Soon enough, the dynamic parameter was proposed as the ratio between
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the geometric averaged grid cell dimension, ∆ = (∆x∆y∆z)
1/3, and the Taylor scale of

turbulence, Λ = (ku+kres)3/2

ε [92]:

fk(x, t) =
1√
Cµ

(
∆

Λ

)2/3

. (21)

3.2.3 Numerical schemes
All types of numerical simulations require discretization of the spatial and temporal
domain, and the choice of a suitable numerical scheme for every calculation is thus of
main importance. In this work, the CFD simulations are carried out using the commercial
finite volume software AVL-Fire. The NSE are discretized by the solver using a collocated
grid arrangement. In the case of LES the convective term present in Eq. 10 is discretized
using the central difference scheme (CDS) with a blending factor of 0.96, meaning that
a 4% of a first order upwinding scheme is used to dampen the numerical oscillations
and overcome the local insufficient grid resolution. In the case of PANS a second order
upwinding scheme [93] is used for both the convective terms of the momentum equation
and the turbulence closure system equations. The time discretization is done for all
simulations using the implicit second order accurate three-time level scheme:

(
dφ

dt

)

n

=
3φn − 4φn−1 + φn−2

2∆tn
; ∆tn = t− tn−1 = tn−1 − tn−2. (22)
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4 Experiments and wind tunnels

Besides the numerical work, three experimental campaigns were conducted in three
different wind tunnel (WT) facilities. Experiments were performed on a concept scaled
model at the Chalmers University WT. The facility is a close-loop WT with a test section
of 1.2× 1.8× 3 m3 and a stable speed range of 0-60 m/s with an incoming flow turbulence
level within 0.15%. Experiments were carried out at Re = 5× 105. The Canada research
council WT is a full scale facility that allows measurement of the aerodynamic performance
of a full scale truck (tractor and trailer) configuration. The test section measures 9×9×24
m3 and the inlet velocity varies within a range of 0-60 m/s. The experiments were carried
out at real Reynolds number Re = 3.6 × 106. The third, and ongoing, campaign is at
the close-loop semi-industrial Valenciennes University WT, which is characterized by a
2× 2× 10 m3 test section and allows wind speeds in a range of 0-60 m/s. Similarly to the
first campaign, the tests were carried out at Re = 5× 105.

Section 4.1 gives a summary of the measurement techniques used in this study.

4.1 Measurement techniques

Particle image velocimetry (PIV) images were recorded by a monochrome double-frame
SCMOS camera SpeedSense M340 by Dantec with a 2560 pixel × 1600 pixel resolution, 12
bit pixel depth, and a 10µm pixel size. The camera was equipped with a 105mm f/2.8 lens
from Sigma. The camera registered image pairs at a 400Hz frame rate at full resolution in
double frame mode (with a time between pulses of 60µs). The flow seeding was achieved
with a fog generator and glycol based fluid. The Dual Power Nd:YLF LDY300-PIV
laser from Litron provided up to 2 × 30 mJ at 1000Hz and a 527nm wavelength. The
laser was equipped with a laser guiding arm and laser sheet optics. The flow field area
illuminated was 200× 400 mm2. Dantec Dynamic Studio 2015 software was used for data
acquisition and post-processing. Each data set included 800 images, which corresponded
to a measurement period of two seconds with a spatial resolution of 0.125 × 0.156 mm2

per pixel. The vector calculation was performed in multi-pass procedure with a decreasing
window size. The initial interrogation window size was 64 pixels × 64 pixels with a 50%
overlap and square 1:1 weighing factor for the first two passes. Finally, three passes were
performed with a 32 pixels × 32 pixels window size, 50% overlap and round 1:1 Gaussian
weighting factor. The velocity uncertainty was estimated as 0.1m/s for the time averaged
velocity.

17



Uinf

Uinf

D

A
C

y/W

x/W

x

B
A

B
R

L

0.5

1

1 1.6

domain

y

z

domain

Laser

Camera

Side

Rear

Figure 12: A sketch of the domains observed in experiments.

The experimental model was also equipped with horizontal and vertical arrays of pressure
taps for the evaluation of the coefficient of pressure Cp. The pressure data were obtained
using two 48-channel Scanivalve systems and the pressure system (NetScannerTM model
9116). The pressure system had an accuracy of ±0.2Pa for the pressure range studied
(±300Pa). The pressure signals were time averaged over a period of 2s. Only the
time averaged pressure values were used for the comparison with the CFD results.
The aerodynamic force measurements of the full scale model were obtained with a six
components external balance.
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5 Modal decomposition

There are two main approaches to post-processing turbulence and turbulent flow data.
One is the stochastic approach, which ignores the fluctuating part of the flow, Eq. 7,
extracting only statistically relevant informations. The other is the phenomenological
approach, which analyzes and interprets the interaction of coherent and incoherent flow
structures highlighting possible universal or case specific turbulent patterns. In the
framework of this project, the second approach is essential for two main reasons. The first
motivation is that a statistical approach is insufficient for studying the effect of a time
varying actuation (AFC) on a turbulent flow. The second reason is that, understanding
the structure’s interaction sets the guidelines for a thoughtful optimization process. The
phenomenological approach gives hints and directions as to which are the main important
structures acting in the flow, from both an energetic and a dynamic prospective. Modal
and frequency decompositions are helpful tools for interpreting the flow mechanisms, that,
for example, characterizes a pressure gradient induced separation. One of the patterns
pursued in this work is therefore to employ proper orthogonal decomposition (POD) and
fast Fourier transform (FFT) analysis to post-process CFD and experimental data.

The POD was developed independently for different disciplines (random variables, image
processing, signal analysis chemical engineering and oceanography) by different authors.
Among the first was Kosambi [94], but Lumley was the first to introduce POD in the
context of turbulence [95]. An inspiring review of theory and applications of this method
is presented in [96]. The POD used in this work, and increasingly commonplace in fluid
dynamic research, is the POD snapshot methodology [97]. In the latter, an ensemble of
snapshots from the selected flow field region was gathered and consequentially processed.
The snapshot method was not only suitable for CFD data but was also largely employed
in experiments, where the snapshots were collected by means of a high speed camera
during a PIV [98,99]. Concerning CFD, several examples of successful POD applications
can be found in the literature; modal decomposition has been applied to DNS data [100],
LES [101,102] and hybrid methods (DES) [103].

The result of POD is not always straight-forward, and it is often complicated to recognize
the dominant frequencies of every mode. Thus, in this work, POD is also coupled with
FFT analysis on the same set of snapshots. FFT is a robust method, which once applied
to snapshots, is able to spatially identify the main frequencies characterizing a flow. The
result of this analysis confirms and completes the information extracted by POD. Thus,
the POD and the FFT analysis are used to produce a spatial, energy and dynamic map
of the main flow structures.

The present POD consists of equidistantly sampled 2D snapshots (pressure p or span-wise
velocity component v) pm = p(x, tm) at time tm = m∆t, m = 1, ...,M , with the time ∆t,
and a Cartesian coordinate system x = (x, y) with unit vectors ex, ey respectively. As
was originally proposed by Lumley [104], this method is based on an energy ranking of
orthogonal structures computed from a correlation matrix of the snapshots. A singular
value decomposition (SVD) approach is used to conduct the POD analysis on the given
set of snapshots. In the present POD work, the variable (pressure p or span-wise velocity
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component v) is decomposed in the mean field, 〈p〉, and the fluctuating part, p′, as

p(x, t) = 〈p〉(x) + p′(x, t). (1)

The fluctuating part is then approximated, by the SVD approach, with space dependent
modes, pi, and a time dependent mode coefficient, bi, as

p′(x, t) =

∞∑

i=1

bi(t)pi(x) ≈
M−1∑

i=1

bi(t)pi(x) + pres(x, t). (2)

The definition can now be written in a more compact form if we consider that b0 = 1 and
p0 = 〈p〉 following [105],

p(x, t) =

M−1∑

i=0

bi(t)pi(x). (3)

The first and second moments of the POD modes coefficients are:

〈bi〉 = 0; 〈bibj〉 = µiδij . (4)

The energy content of the single mode, Ki, is approximated from the mode coefficients as

Ki(t) =
1

2
b2i (t), (5)

and the total energy, KΣ(t), is evaluated as

KΣ(t) =

M−1∑

i=1

Ki(t). (6)
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6 The work flow

Table 1: The project timeline

2014 • Phase 1: preliminary LES on
flow control

- Separation mechanism

- Controlled flow concept

•
AFC OFF AFC ON

2015 • Phase 2: experiments on flow
control

- Design

- WT measurements

•

2016 • Phase 3: PANS validation

- Test cases

- Truck cabin case

•

• Phase 4: PANS for an
oscillating cabin

- Dynamic vs quasi-static

- Actuated vs unactuated

•
AFC OFF AFC ON

2017 • Phase 5: full scale test

- AFC for a real truck

- WT measurements

•
AFC slot

• Phase 6: micro-blower for AFC

- Design

- WT measurements

•

2cm

30m/s

2017/12/08 • Ph.D. disputation •
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The work flow of the project can be divided into six intermediate goals achieved over
the years. Table 1 shows the process timeline, and the next sections briefly explain the
models and the achievements of each phase of the work.

6.1 Phase 1: preliminary LES on flow control

A preliminary LES study was conducted to investigate the truck A-pillar separation
mechanism and its control. The computational domain consisted of a longitudinal section
of a simplified truck model, Fig. 13

a)
U

b) AFC

W

Uinf

z

y

Figure 13: a) The longitudinal section of a simplified truck. b) The computational model.
The blue rectangular area indicates the observed domain.

AFC is applied before the natural separation point of the flow. Results show the presence
of an optimal actuation frequency that minimizes the separated region. For further details,
see Paper A.

6.2 Phase 2: experiments on flow control

The experimental counterpart of phase 1 is necessary to study the applicability of this
flow control. A simplified truck cabin is designed to contain four loud speakers that work
as a flexible diaphragm in a sealed cavity. Figure 14 shows the assembly process of the
model, while Fig. 15 shows the working principle of the actuation.
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a) b) c)

d) e)

Figure 14: a) The side and the rear faces of the cabin are assembled. b) The pressure taps
piping and the loud speaker’s support. c) The loud speaker in place. d) The aluminium
cylinder representing the A-pillar of the truck cabin. The cylinder has a 1mm slit to allow
the actuation. e) The model is placed in the WT.

Uinf

Blowing

Suction

Speaker

Figure 15: The working principle of the loud speaker flexible diaphragms.

As in phase 1, results show the presence of an optimal actuation frequency that minimizes
the separated region. For further details, see Paper B.
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6.3 Phase 3: PANS validation

PANS is validated in two test cases: a Willy’s body case, Fig. 16a, and a surface mounted
cube, Fig. 16b.

a)

Lz

x b)

HbulkU

x

y

Figure 16: a) A side view of the Willy’s body. b) A side view of the surface mounted cube
model.

At a later stage, an extensive validation is carried out against in-house experiments (phase
2) and LES of the model presented in phase 2. Results show a good agreement of PANS
with the experimental data and open the possibility to employ such a method for a more
complicated flow case. For further details, see Papers C and D.

6.4 Phase 4: PANS for an oscillating cabin

PANS is used to study the effect of AFC on a dynamic oscillating configuration. The
model is the same as used in phase 2. The oscillation of the model (Fig. 17) aims to
reproduce a more realistic flow condition, where gusts created by overtaking, atmospheric
turbulence and cross wind, significantly influence the incoming flow. A comparison
between a quasi-static and the dynamic configuration is also proposed.

U
x10

y

inf

Figure 17: The rotation of the model during the simulation.

Overall, results show that the effect of the actuation is beneficial. The AFC decreases
drag, stabilizes the flow and reduces the size of the side recirculation bubbles. For further
details, see Paper E.
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6.5 Phase 5: full scale test (unpublished results)

In this phase, AFC is applied to a real Volvo truck cabin, Fig. 18a. The interior of
the cabin is equipped with a series of loudspeakers sealed in a cavity. Consequentially,
a slot is open at the A-pillar, yellow dashed line in Fig. 18a. In this way, the same
condition of the model used in phase 2 are recreated here. The complete full scale truck
configuration (tractor plus trailer) is tested at the Canada research council WT, Fig. 18b.
The aerodynamic performance and the flow are measured and analysed by means of force
measurements and tufts visualizations, respectively. Starting from the aerodynamic forces,
a drag decrease was observed along the whole yaw angle sweep, Fig. 19a. The truck was
in fact tested at different yaw angles β and a maximum drag reduction of about 2% was
observed at β = 0◦ when the flow was actuated, Fig. 19b.

a)

AFC slot

b)

Truck

Test section
Diffuser

Figure 18: a) A particular of the truck cabin. The AFC slot is highlighted by a dashed
yellow line. b) A particular of the the Canada research council WT. The truck is ready to
be moved inside the test section.
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Figure 19: a) Cd comparison between actuated (solid line) and unactuated configuration
(dashed line) at different yaw angles. b) Cd reduction (in %) at different yaw angles.

Flow visualizations on the side window of the truck was also performed at β = 0. Tufts
were positioned on a black surface to improve the quality of the picture and facilitate the
post processing of the data. Figure 20 shows a consecutive zoom of the area of interest
that was investigated. Each tuft is attached with a red sticker, which is 15mm in diameter
and approximately 0.3mm in thickness. The length of the tufts is about 35mm. The

25



tuft diameter used is approximately 1mm. Figure 21 shows post processed images of the
observed area of two different cases: the pictures in the left column show the unactuated
flow, while the pictures in the right column show the actuated flow case. A script was
developed to post process the instantaneous pictures that captured tufts oscillations.
Every set of pictures (500 snapshots) was first averaged for a traditional tufts analysis,
Fig. 21(a-b). Higher perturbation regions show larger fluctuation of the interested tufts,
resulting in a larger effective average tuft cone visualization. The averaged images are
further post processed for a clearer flow visualization. The vector field represented by the
direction of each tuft is superimposed in Fig. 21(c-d) and flow streak-lines are presented
in Fig. 21(e-f). The analysis shows the benefit of the installed AFC. When the AFC is
actuated, the flow is redirected along the stream-wise direction, and no reverse flow is
visualised on the side of the truck. On the other hand, when the AFC is off, the flow is
characterized by a strong vertical component and reverse flow.

Figure 20: A zoom of the observed domain. The tufts position is averaged and analysed
over time.
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a) b)

c) d)

e) f)
Figure 21: Average tufts tracking (a-b). Vector field visualization (c-d) and streak-lines
(e-f); reconstruction from the average tuft tracking. AFC off (a, c and e). AFC on (b, d
and f).

Figure 22: Interpretation of the flow topology under the effect of AFC. Left, AFC off.
Right AFC on. Blue lines, external flow. Black solid lines, streamlines on the surface of
the truck. The dashed black lines indicate the recirculation bubble region.
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These last visualizations remain qualitative, yet they clearly show the strong effect of
the AFC and they can be used to interpret the flow topology. Thus, an interpretation
of the latter is attempted in Fig. 22. To conclude, an estimate of the net power gain is
noteworthy. If P0 = 200kW is the usual power consumption of a truck at cruise speed and
the aerodynamic drag contributes for approximately 60% of the total power consumption,
a drag reduction of 2% would in total save about 2.5kW. Now, considering that every of
the six loudspeakers used 100W to function (Pact = 100× 6), the net power-gain Γ can
be estimated as follows:

Γ =
P0 × 0.6× 0.02

Pact
=

2400

600
= 4. (1)

This figure shows a power gain larger than 1, therefore a net energy saving. Bearing in
mind that the actuation was only applied along a short part of the cabin A-pillar (Fig.
18a), a future extension of this method, to other separated flow area of the truck surface,
might bring to a larger energy saving and to a significant improvement of the aerodynamic
performance of a heavy vehicle.

6.6 Phase 6: microblowers for AFC (unpublished re-
sults)

The latest, and ongoing, phase pursues the implementation of a smaller, silent and robust
actuation. Commercial micro-blowers are used, Fig. 23. A complete characterization is
provided in [106].

2cm

30m/s

Figure 23: The murata micro-blower device.

The experiments were carried out in the Valenciennes University WT, using a modified
version of the model used in phase 2. A new version of the aluminium cylinder used
during phase 2 (Fig. 14d) was designed to host a series of microblowers along the A-pillar,
Fig. 24 and 25. Figure 24 in particular, shows the CAD details of the new design while
Fig. 25 shows the installed new device connected and functioning.
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Figure 24: Top, a section of the model from front and back views. The cylinder hosts the
series of microblowers. Bottom, a zoom of the positioning of the microblowers.

a) b)

Figure 25: a) The cylinder representative of the cabin A-pillar equipped with a series of
microblowers. b) The cylinder placed in the cabin model.

The diaphragm of this typology of actuators oscillates at a nominal frequency of 20kHz
(this value lies out of the hearing human range). Hence, a second and lower frequency
is superimposed to the nominal excitation frequency. The second frequency is directly
applied to the supplied voltage of the actuators resulting in the signal represented in Fig.
26. Figure 26 gives only an indication of the output signal of the actuators, where T
represents a period of the voltage modulation, Ujet is the variable jet velocity and Umax
is the maximum output jet velocity.
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Figure 26: En example of the microblower output signal.

A preliminary experimental campaign involving PIV measurements is carried out at
Re = 1.25 × 105. The same side domain depicted in Fig. 12 was also observed in this
experimental campaign. The microblowers affect strongly the recirculation bubble, Fig.
27. The actuation always affects the flow, reducing to different extents the thickness of
the recirculation bubble. Moreover, the voltage modulation benefits the flow control. If no
modulation is applied (Fig. 27, F+ = 0) the recirculation bubble is thicker when compared
to all other modulated cases. Secondly, the highest reduction of the recirculation bubble
thickness is obtained when the modulation frequency is F+ = 4. This results describe
a preliminary visualization of the microblower effect. The effectiveness of this kind of
actuation at higher Re has to be tested and a deeper investigation of the flow physics
is necessary to understand the optimal actuator’s parameters. Nevertheless, the results
introduced here are promising and represent a good starting point for a more detailed
experimental campaign.

Unactuatedy/W

x/W0.25 0.5 0.75

0.75

F+
= 0 F+

= 0.8 F+
= 2 F+

= 4

U/Uinf

10.50−0.5 1.5

Figure 27: Averaged streamwise velocity. The effect of the microblowers using different
voltage modulations.
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7 Summary of Papers
The chapter gives summaries of the appended papers, outlining their aim and major
results. Some additional comments are given along with the division of work between the
authors.

7.1 Paper A

Numerical Investigation of Active Flow Control Around a Generic Truck A-
pillar

Aim: To investigate the applicability of AFC to a pressure induced separated flow with
a preliminary LES study

Results: A facing front-step geometry is used as a preliminary test case to verify the
effectiveness of a synthetic jet to control the separation of the flow at the leading edge
(Re = 1× 105). The geometry is representative of a truck A-pillar. The position of the
actuator was evaluated, as were different actuation frequencies. The AFC is most effective
when it is positioned just before the separation point. Four actuation frequencies are
tested and that show the importance of choosing the correct frequency. In particular,
when the actuation is tuned to the shear layer separation frequency of the leading edge,
the separation bubble is almost suppressed and the induced fluctuations by the actuation
are minimized.

Comments: Part of this work was presented at:

• The 5th International Conference on Jets, Wakes and Separated Flows, ICJWSF2015,
Stockholm, Sweden, 15-18 June 2015.

• The 8th International Symposium on Turbulence, Heat and Mass Transfer, Septem-
ber 15-18, 2015, Sarajevo, Bosnia and Herzegovina.

Division of Work: Guglielmo Minelli generated the computational mesh and set up,
and ran and post-processed all simulations, wrote the POD scripts and wrote the paper.
Co-authors provided priceless help with the writing of the paper and gave their support
on all technical issues and data analysis.

7.2 Paper B

Aerodynamic Flow Control for a Generic Truck Cabin Using Synthetic Jets

Aim: To design a WT concept model representative of a truck cabin, and to control the
A-pillar separation
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Results: The flow around a truck cabin is characterized by pressure induced separation
occurring at different areas. An experimental investigation conducted at Re = 5× 105

was made to study the effect of an embedded AFC on the natural separation of the
flow at the A-pillar of a simplified truck cabin model. Four actuation frequencies were
studied and compared. The highest reduction of the recirculation was achieved when the
actuation frequency was tuned to the shear layer separation frequency of the unforced
flow. Moreover, the first three actuation frequencies have been seen to lock the side
separation to the actuation frequency. Actuation frequencies out of the "receptive band"
of unforced frequencies of the flow do not show a lock-in behaviour, but a higher value of
the momentum coefficient is required to control the separation to the same extent.

Comments: Part of the work was presented at:

• The European Drag Reduction and Flow Control Meeting – EDRFCM 2017 April
3–6, 2017, Rome, Italy.

Division of Work: Guglielmo Minelli and Erwin Hartono designed, set up and ran the
WT experiments. Volvo trucks manufactured the model. Guglielmo Minelli post-processed
the WT data and wrote the paper. All co-authors provided priceless help with the writing
of the paper and gave their support in all technical issues and data analysis.

7.3 Paper C

Partially-averaged Navier–Stokes Simulations of Two Bluff Body Flows

Aim: To validate the PANS numerical method on test cases for further simulations

Results: Two test cases were used to study and validate the PANS predictions of heavily
separated flows. A surface mounted cube (SFC) and a Willy’s body were employed. There
is a sufficient amount of experimental data and previous numerical data (published by
different authors) that can be used for the validation of these two geometries. Thus, LES,
PANS, URANS and experimental data are compared in terms of predicted flow structures.
A grid refinement study conducted on both geometries shows the adaptability of the
PANS method to the grid employed. A larger portion of the turbulence is modelled with
a coarser mesh, while, refining the mesh, more and more turbulent structures are resolved.
Considering the SFC case, a comparison between LES, PANS and URANS in terms of
predicted turbulent flow structures and predicted flow scales is also reported. It is shown
how PANS can adapt to the grid refinement and how resolved viscosity, production and
Taylor scale change according to the method and the grid refinement.

Comments: Part of the work was presented at:

• ICNAAM 2014, The 12th International Conference of Numerical Analysis and
Applied Mathematics, Rhodes, Greece, Sep 22-28, 2014.
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Division of Work: Guglielmo Minelli generated the computational meshes, set up, ran
and post-processed all simulations. Siniša Krajnović wrote the paper. All co-authors
provided priceless help with their support in all technical issues and data analysis.

7.4 Paper D

Validation of PANS and Active Flow Control for a Generic Truck Cabin

Aim: To validate the PANS numerical method in a specific WT model representative of
a truck cabin

Results: PANS simulations, at Re = 5× 105, were conducted to analyze an active flow
control strategy for a generic truck cabin. The PANS approach was validated against
experiments and resolved LES, showing the potential of capturing the main flow features,
when a mesh, far from being resolved for LES, was employed. Overall, the validation
demonstrates a better prediction by PANS when a drastically coarsen grid is used, and a
good prediction of the main important structures and frequencies of the flow field was
obtained. After this process, the main frequencies and POD modes are individuated for the
unactuated case. Thus, the frequencies describing the first three most energetic pressure
POD modes were used to actuate the flow. When the actuation frequency described the
shear layer instability, the highest drag reduction, a suppression of the separation bubble,
and the lowest induced artificial fluctuations are observed. In addition, the structures
generated by different actuation frequencies are found to be substantially different. A low
actuation frequency forms structures that have a uniform elongated vortex core along the
A-pillar. In contrast, the disturbances of higher actuation frequencies form smaller and
less organized hairpin like vortical structures.

Comments: Part of the work was presented at:

• The 16th European Turbulence Conference, 21-24 August, 2016, Stockholm, Sweden.

Division of Work: Guglielmo Minelli and Erwin Hartono designed, set up and ran the
WT experiments. Volvo trucks manufactured the model. Guglielmo Minelli generated
the computational meshes, set up and ran the simulations, wrote the POD scripts, post-
processed the WT and numerical data and wrote the paper. All co-authors provided
priceless help with the writing of the paper and gave their support on all technical issues
and data analysis.

7.5 Paper E

A Flow Control Study of a Simplified, Oscillating Truck Cabin using PANS

Aim: To verify the effectiveness of AFC under severe flow conditions using PANS.
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Results: This work presents an application of the partially-averaged Navier-Stokes
(PANS) equations for an external vehicle flow. In particular, the flow around a generic
truck cabin is simulated. The PANS method is first validated against experiments and
resolved LES of two static cases. As a consequence, PANS is used to study the effect
of an active flow control (AFC) on a dynamic oscillating configuration. The oscillation
of the model represents a more realistic ground vehicle flow, where gusts (of different
natures) define the unsteadiness of the incoming flow. In the numerical study, the model
is forced to oscillate with a yaw angle −10◦ < β < 10◦ and a non-dimensional frequency
St = fW/Uinf = 0.1. The effect of the periodic motion of the model is compared with
the quasi-static flow condition. At a later stage, the dynamic configuration is actuated
by means of a synthetic jet boundary condition. Overall, the effect of the actuation is
beneficial. The actuation of the AFC decreases drag, stabilizes the flow and reduces the
size of the side recirculation bubbles.

Comments: Part of the work was presented at:

• Proceedings of the ASME 2017 Fluids Engineering Division Summer Meeting
FEDSM2017 July 30-August 3, 2017, Waikoloa, USA.

Division of Work: Guglielmo Minelli generated the computational meshes, set up
and ran the simulations, post-processed the numerical data and wrote the paper. All
co-authors provided priceless help with the writing of the paper and gave their support
on all technical issues and data analysis.

7.6 Paper F

Development of Active Flow Control for Trucks

Aim: To summarize and describe the work flow of the development of an active flow
control strategy for a real truck.

Results: The development of this technique and its effectiveness were tackled in a
multi-disciplinary way. The AFC achievements observed in numerical simulations were
corroborated by experimental data, and the conceptual flow structure mechanism found
its counterpart in the analysis of the aerodynamic performance of a real vehicle. First,
LES demonstrated the efficacy of the AFC in a very simplified case. Second, a consistent
study of PANS was conducted. PANS was validated and subsequentially used for dynamic
simulations. Third, the flow control was implemented and tested on a real Volvo truck
cabin. In conclusion, the stages covered in the paper show promising AFC results in
terms of drag reduction and also show the possibility for an extensive applicability of
AFC to road vehicles.

Comments: The work was presented at:
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• 3rd Thermal and Fluids Engineering Conference (TFEC), March 4–7, 2018, Fort
Lauderdale, FL, USA.

Division of Work: Guglielmo Minelli generated the computational meshes, set up and
ran the simulations, post-processed the numerical data and wrote the paper. Guglielmo
Minelli and Erwin Hartono designed, set up and ran the WT experiments. Volvo trucks
manufactured the model and performed the full scale experiments. All co-authors provided
priceless help with the writing of the paper and gave their support on all technical issues
and data analysis.

35



36



8 Conclusion and Future Directions
Here it has been described the importance and the potential of an AFC when applied
to road vehicles. The development of this technique and its effectiveness were tackled
in a multi-disciplinary way. The AFC achievements observed in numerical simulations
were corroborated by experimental data, and the conceptual flow structure mechanism
found its counterpart in the analysis of the aerodynamic performance of a real vehicle.
The project time line can be divided into three macro stages.
First, LES demonstrated the efficacy of the AFC in a very simplified case. Even though
the model used for the simulations was removed from geometrical complexities, the
study gave important directions for the design of the experimental demonstrator model
(representative of a truck cabin) equipped with AFC. The AFC ability to improve the
aerodynamic performance of the model was remarkable. Moreover, the interaction between
the actuation and the surrounding flow is crucial for a successful implementation. The
AFC actuation frequency and magnitude are in fact the main players in the game and
they need to be tuned toward an optimal flow control.
Second, a consistent study of PANS was conducted. PANS is a promising numerical tool
that blends the accuracy of an LES with the efficiency of RANS. As such, the method
was tested and validated on three different models: a surface mounted cube, a Willy’s
body and a truck cabin model used in the previous WT experiments. In all these cases,
the results show good agreement with experimental data. Therefore, PANS was used
to simulate a controlled flow under the effect of gusts. The AFC was demonstrated to
improve the aerodynamic performance under discussed flow conditions as well.
Third, the flow control was implemented and tested on a real Volvo truck cabin. At
this stage, the same AFC principle used for the demonstrator was applied here. Tufts
flow visualizations and aerodynamic force measurements of a full scale test confirm the
beneficial effect of the AFC, resulting in a net gain between the power spent for the
actuation and the power saved by drag reduction.
In conclusion, the stages covered so far show promising AFC results in terms of drag
reduction and also show the possibility for an extensive applicability of AFC for road
vehicles. Nevertheless, smaller and more efficient devices need to be investigated for a real
implementation. An investigation of micro-blowers is ongoing and, once their robustness
is tested, they would be a good candidate for a broader implementation.
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