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Flow visualization techniques for full-scale test objects in a wind tunnel
Evaluation of a novel flow visualization technique

CLEMENS STEINKE

Department of Mechanics and Maritime Sciences

Division of Vehicle Engineering and Autonomous Systems

Chalmers University of Technology

Abstract

Accurate flow visualization in wind tunnels is essential for aerodynamic optimization
and CFD validation. Traditional qualitative methods such as smoke and tufts offer
quick insights but lack quantitative precision. Conversely, techniques like Laser
Doppler Anemometry (LDA) and Particle Image Velocimetry (PIV) provide detailed
flow measurements but involve complex setups and pose safety concerns due to
high-powered lasers. This thesis identifies the ProCap system as a measurement
system that bridges this gap by providing qualitative and quantitative information
with relatively low complexity. ProCap measurements around a full-scale car in a
commercial wind tunnel are compared against an existing pressure-based traverse-
gear system and CFD simulations. The findings show that ProCap is not sufficiently
accurate or consistent for CFD method validation, but can be a valuable tool when
evaluating vehicle designs by identifying separated regions and overall flow topology.

Keywords: CFD, flow visualization, procap, wind tunnel, aerodynamics, qualitative
measurements, quantitative measurements.
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1

Introduction

1.1 Background

With the European Union (EU) trying to reduce its carbon footprint, stricter targets
are being introduced for new passenger cars. Between 2020 and 2024, the target was
95 gCO,/km for the NEDC driving cycle, which is reduced to 93.6 gCO,/km for
the years 2025-2029. It will further be lowered to 49.5 gCO,/km for 2030-2034,
and finally set to 0 gCO,/km from 2035 and onward [1]. Achieving these goals
will require further improvements in vehicle energy efficiency. While advancements
in powertrain technology and the usage of sustainable energy sources are essential,
reducing resistive forces such as aerodynamic drag and rolling resistance is equally
as critical. At speeds over 80 km/h, the aerodynamic force becomes the largest of
the resistive forces, see Figure 1.1, underlining the importance of keeping it to a
minimum [2].

800 SUV aerodynamic drag
600 Saloon aerodynamic drag
400
Rolling resistance

200 /

0
0 20 40 60 80 100 120 140

Vehicle speed [km/h]

Force [N]

Figure 1.1: Aerodynamic drag compared to rolling resistance for a representative
saloon and SUV type car [2].

Modern vehicle aerodynamic development combines wind tunnel testing with com-
putational fluid dynamics (CFD) simulations to address this aerodynamic challenge.
Although CFD is usually much cheaper, wind tunnels remain essential because the
complex fluid flow equations governing airflow around cars cannot be solved exactly
and must be approximated in simulations, introducing some error. Wind tunnel
testing provides more accurate global force measurements, such as drag and lift,
ensuring reliable validation. Conversely, CFD excels in flow visualization by offering
detailed data at every point in the domain, making it easier to identify areas for
aerodynamic improvement. Together, these methods complement each other, bal-
ancing accuracy and insight in vehicle design.
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There are also ways to visualize the airflow in the wind tunnel. The issue is that
traditional wind tunnel flow visualization techniques, such as tufts or smoke, only
give qualitative indications of the flow, which can be insufficient compared to simu-
lations. While there are established, extensive techniques that provide quantitative
data, for example, Laser Doppler Anemometry (LDA), Particle Image Velocimetry
(PIV), and hot wire anemometry, they all have their respective drawbacks, making
them non-ideal. Thus, a method that combines the accuracy of the quantitative
methods and the visualization capabilities of the qualitative methods is needed.

1.2 Objective

There are many well-established flow visualization techniques for wind tunnels, each
with its own strengths and limitations. Some are extremely accurate but expensive
and time-consuming to use, while others are inexpensive and easy to use but pro-
vide limited information about the flow. The aim of this thesis is to identify and
investigate a flow visualization method that combines ease of use with the ability to
deliver accurate quantitative data. The objectives are summarized as:

o Identifying a measurement system that can bridge the gap between qualitative
and quantitative flow visualization techniques.

o Evaluating the identified system to determine its strengths and weaknesses,
and positioning it relative to other established methods.

o Investigating if the system is suitable for CFD method validation.

Additionally, the aim of the thesis is to learn more about the operation of aerody-
namic development at an automotive company. In particular, how to conclude tests

in a large-scale commercial wind tunnel and gain proficiency in using commercial
CFD software.
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Theoretical background

This chapter provides an overview of key concepts in vehicle aerodynamics and in-
troduces parts of the car that are investigated in this thesis from an aerodynamic
perspective. Furthermore, the general concepts of a wind tunnel and flow visualiza-
tion techniques are introduced. Finally, Computational Fluid Dynamics (CFD) and
its challenges are discussed.

2.1 Vehicle Aerodynamics

Vehicle aerodynamics is about understanding and optimizing the interaction between
a vehicle and the surrounding airflow. This can be done with multiple objectives in
mind, such as improving vehicle stability or increasing driving range. With Battery
Electric Vehicles (BEV) gaining popularity, aerodynamic efficiency plays an increas-
ingly important role in extending range. Figure 2.1 illustrates how the share of total
energy loss to aerodynamic drag increases from around 8% for internal combustion
engine (ICE) vehicles to approximately 30% for BEVs. Correspondingly, aerody-
namic development is crucial to the energy efficiency gains in any modern BEV.
The following sections will introduce relevant vehicle aerodynamics concepts.

Propulsion losses.

— Propulsion & Braking
losses ICE

Energy use per distance

Propulsion & Braking
Fosses BEV

ICE BEV

Figure 2.1: Energy used per distance for the standardized WLTP driving cycle
from the different attributes for a generic BEV and ICE vehicle [3].
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2.1.1 Aerodynamic forces

Placing a bluff body, such as a car, in a flow will affect both the flow and the body
itself. The flow’s velocity and pressure will change, while the body will experience
forces and moments. The forces on the body are split into two types: skin fric-
tion and pressure force. The skin friction force is a consequence of the no-slip wall
condition, meaning that the flow particle right next to the body has no relative
velocity to the body’s surface. This creates a velocity gradient from the surface to
the free stream velocity, i.e., the boundary layer. The gradient causes shear forces
proportional to the velocity gradient and the fluid’s viscosity, acting tangentially at
the wall.

The pressure force is the result of integrating pressure over the object’s surface.
Normally, there is a stagnation area with high pressure in the front of the body and
a separation with low pressure at the back. This results in a force component along
the flow direction, resisting the object’s motion relative to the flow. Therefore, a
vehicle shape that results in a small stagnation area at the front and a small wake
footprint at the rear is preferable to minimize this force. Correspondingly, aero-
dynamic development is focused on pressure recovery to minimize the differential
between the front and rear ends.

The total aerodynamic force acting on a vehicle in the direction of motion is typi-
cally expressed in dimensionless form to enable comparison between different aero-
dynamic shapes. This force component is known as drag, and the corresponding
non-dimensional force is represented by the drag coefficient, cp, defined as:

Fp

- 2.1
€D %pAUQ (2.1)

where Fp is the drag force, p is the density of the fluid, A is the projected frontal
area presented in Figure 2.2, and U is the relative velocity between the fluid and
the object. Drag can also be expressed in counts, where 1 count = 0.001 ¢p [4].

Frontal Area, A

Figure 2.2: Frontal area definition for a road vehicle.
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2.1.2 Flow separation and related metrics

Flow separation and backflow can occur when a viscous boundary layer encounters
a pressure gradient acting against the flow direction. The reason for this is that the
gradient opposes the momentum of the flow, which is already weakened near the
surface due to viscosity, eventually overwhelming it and reversing the flow direction
[4]. As shown in Figure 2.3, the detachment point is located where

du
w=|— =0 2.2
(dy>wall 22)
Tw >0 Tw =20 w <0
u u u

aave S S

X

v
v
Q3|Q3
gl
B

Figure 2.3: The 2D boundary layer velocity profile from attached to detached.
The velocity close to the surface decreases until it reaches zero, after which the flow
direction gets reversed, resulting in separation [5].

A common way to capture separated areas of flow around bluff bodies is to create
an isosurface where the total pressure coefficient, ¢, ¢4, is zero. The coefficient is a
non-dimensional measure that quantifies how much of the total pressure has been
dissipated relative to free-stream conditions. It is defined as

Pror — Poo (2.3)

§IO Uoo
where p,,; is the total pressure, p., is the free-stream static pressure, and Uy, is the
free-stream velocity. A ¢, o close to zero indicates significant energy dissipation and
is typical in areas with separated flow. To instead portray highly rotational areas
of the flow, the Q-criterion can be used. It is based on the idea that a vortex exists
in regions where the rotation of the fluid dominates over the strain, or deformation.
It is defined as

1
Q = (12l = 1s1P) (2.4)
with € and S being the symmetric and anti-symmetric components, respectively,

of the velocity gradient, Vu [6]. A positive value of Q) indicates that local rotation
dominates over strain, suggesting the presence of a vortex.

As shown in Figure 2.4, flow separations and rotational, or vertical, structures are
created at several regions along the length of a car. The largest separation is at the
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base wake, located at the rear. A well-balanced and preferably small base wake is
crucial to achieve an aerodynamically stable and efficient car [7]. Upstream from
the base wake, there are separations coming from both the A and C-pillars. These
feed into the base wake and have a significant effect on it. In particular, the highly
rotational vortices created by the C-pillar, and to some extent the A-pillar, influence
the rotation of the base wake [8]. Another significant separation comes from the side-
view mirrors, which can interact with the A-pillar vortex. The wheels also create
large separations, with the rotation of the wheels adding additional complexity to
the structure and vorticity of the base wake.

(a) Isosurface of ¢, = 0, showing re- (b) Isosurface of Q-criterion = 10000 s™2,
gions of separated flow highlighting rotational flow structures

Figure 2.4: Visualization of flow behavior around a Volvo ECA40.

The topology and behavior of flow separations around the vehicle body are vital
for its aerodynamic performance, underlining the importance of obtaining accurate
data about the latter to achieve effective design improvements [5][9].

2.2 Relevant vehicle features

The following sections briefly review vehicle features within the context of this thesis
from an aerodynamic perspective. The features are illustrated in Figure 2.5.

Quter rear-view

Antenna -

Rear win/g/s.;i\i\!“ - ;

Figure 2.5: Features of the car relevant in this thesis.
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2.2.1 Rear wing

The rear wing’s main function is to create downforce, which increases the vehicle’s
grip and consequently stability. To achieve this, the shape of the wing accelerates
the flow on its underside, creating a lower pressure compared to the top, resulting in
a force component pushing the car into the ground. In addition to creating down-
force, the rear wing also exerts a force against the direction of travel, adding drag.
Despite this, the overall effect on the car’s drag coefficient can be positive as well
as negative. For example, [10] shows an increase and [11] shows a decrease in drag
when adding a rear wing. The reason for this is that the rear wing can positively
affect other areas of the flow, for instance, delaying separation on the rear window
and balancing the base wake, reducing the drag [12].

There are multiple other ways a rear wing can enhance a vehicle’s performance. In
motor racing, where grip is important to corner as fast as possible, it contributes to
creating downforce. For a passenger car, a rear wing can help with vehicle stability
by improving the lift balance between the front and rear axle, as well as having a
stabilizing effect on the base wake [7].

2.2.2 QOuter rear-view mirrors

The mirrors provide a greater spatial awareness for the driver without the need to
turn the head excessively, and are legally mandated to be included in a passenger
car. While adding value in terms of safety, side-view mirrors are usually not good
for the aerodynamic performance of a car. It is a bluff body exposed directly to the
oncoming airflow, creating drag and flow structures that can interfere with the rest
of the car.

From an aerodynamic standpoint, the outer rear-view mirrors need to be optimized
in a similar manner to any other bluff body. Just like the car as a whole, the mir-
rors have a pressure differential between the front and the back, causing the main
portion of their drag contribution. Moreover, small changes, such as reducing the
gap between the mirror housing and the side window, changing the mirror housing’s
angle, or reducing the trailing surface curvature, can significantly improve its aero-
dynamic performance. In total, the side-view mirrors account for around 2-7% of a
car’s total drag [13].

Developing a mirror purely with CFD can be challenging. While some changes
produce clear cp deltas, others give deltas that are too small for CFD to reliably
capture. In those cases, wind tunnel testing becomes especially important [13].
Usually, a combination of CFD and wind tunnel optimizations is performed while
developing an outer rear-view mirror.

2.2.3 Antenna

The typical design of a car antenna has changed in recent years from the tradi-
tional bee-sting to a shark fin shape, increasing the possibilities for aerodynamic
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optimization [14]. Despite this, optimizing the antenna can be difficult due to its
small size, making CFD simulations unreliable. For instance, solving the flow with
two different turbulence models can give conflicting c¢p trends. Similar to the mir-
ror, the difficulty of accurately evaluating the aerodynamic performance using CFD
highlights the importance of wind tunnel optimization of the same [15].

2.2.4 Base wake

The drag of a car is dominated by the pressure drag caused by the high pressure
in the front compared to the low pressure at the rear, accounting for as much as
80% of the total drag [16]. Therefore, reducing this pressure differential is vital for
optimizing the aerodynamic performance. The low pressure comes from the flow
not being able to follow the sharp corners at the rear of the car, causing a region
of separated flow which forms the base wake. The topology of this wake not only
has a large effect on the drag, but also on the rear lift. If the wake is pointing in
an upward direction, the car will experience negative lift, or downforce, and the
opposite is true if the wake points downward. In most cases, striving for a balanced
base wake is desirable both in terms of drag and lift [17].

Highly rotational vortex structures from the A/C pillars, mirrors, wheels, etc., often
merge into the base wake, adding additional complexities. In the case of a sedan
or fastback-type vehicle, as investigated in this work, a significant vortex pair orig-
inating from the C-pillar will affect the base wake. Thus, designing the car so that
the interaction between these vortices and the base wake works favorably is of great
importance for both the drag and stability [18].

2.3 Wind tunnel

Evaluating the aerodynamic performance of a car while driving on a normal road
can be difficult and inconvenient. While qualitative measurements with, for exam-
ple, tufts are possible on a moving car, quantifying the exact forces and moments
is hard. An alternative is having the car stand still and having the air and road
move past it instead. From the point of view of the car, these two alternatives are
equivalent. Due to the more practical nature of having the car standing still, most
aerodynamic testing for road vehicles, including that in this thesis, is done in a wind
tunnel.

The most fundamental task of a wind tunnel is to provide a controlled and con-
tinuous air flow through the test section, normally driven by a fan. There are two
main types of wind tunnels, open return and closed return. The open return type
continuously draws new air into the tunnel, with only small recirculation, if any.
In contrast, a closed return wind tunnel fully reuses the air by circulating it. Both
types have advantages and disadvantages compared to each other. Generally, the
closed return type has better flow quality and lower operating costs. This is because
the fan only needs to compensate for losses in the flow and not accelerate new air
continuously, which the open return type does. On the other hand, an open return
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tunnel is cheaper to construct and does not accumulate smoke or exhaust [19][20].

An inherent problem when having a closed test section is the blockage effect that the
walls and roof bring. It significantly affects the flow by compressing the streamlines,
resulting in higher velocities and an increased drag coefficient. There are multiple
ways of trying to mitigate the blockage effect, the most primitive being to remove
the walls and roof (open-jet). However, there will be a significant shear layer buildup
between the moving and ambient air, inducing turbulence into the flow that nega-
tively affects the flow quality. A compromise is to have a slotted wall test section,
giving a reduced blockage effect without as much turbulence from the shear layer
buildup [21][22].

An important feature of modern road vehicle wind tunnels is that they emulate
wheel rotation and ground movement relative to the car, usually with the same
speed as the wind. If this is to be neglected, the flow around the test object will
not replicate the flow at actual driving conditions. The reason for this is that a
boundary layer will grow between the fixed ground and the free stream velocity,
which will interfere with the rest of the flow. There are different ways, often used in
combination, to solve this problem. The most intuitive solution is to have a mov-
ing belt system. Even though it resembles a moving ground very well, there are
challenges associated with such a system. For instance, the test object needs to be
held in place to minimize movement and vibrations. There are multiple methods to
achieve this, for example, mounting the object with struts or having a large sting
holding it. While these devices have different strengths and weaknesses, they have
one problem in common: they disturb the flow [23].

Considering it is not feasible for the moving belt to span the entire tunnel, additional
methods are needed to minimize the boundary layer prior to the moving belt. One
method is to use a boundary layer scoop, which removes the boundary layer by
channeling away the flow close to the ground. Another method is having suction
through a porous ground floor to minimize the thickness of the boundary layer.
Finally, a high-velocity jet can be deployed close to the ground to energize the
boundary layer, referred to as tangential blowing. While these methods all have
their own strengths and weaknesses, they can be combined to mitigate these and
create a robust boundary layer control system [24] [25].

2.4 Flow measurement and visualization techniques

Wind tunnels not only offer accurate force measurements but can also provide highly
valuable information about the flow topology around the test object. This informa-
tion can be crucial for further optimizing designs. Since airflow is not visible to
the naked eye, measurement or visualization techniques are needed to reveal its
behavior. The subsequent sections present the most commonly used methods.
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2.4.1 Smoke

The fundamental principle of this technique is to visualize the flow by injecting
smoke into it. There are multiple ways of introducing the smoke into the flow, many
being highly flexible, reaching areas of the test body that can be hard to access with
more sophisticated methods. The smoke can, for example, be injected using a rod,
grid, or even through the surface of the test body. This flexibility comes with the
cost of disturbing the flow. For instance, when a person holds the injection rod, their
presence affects the flow, which can cause unwanted interactions with the flow field
around the test object. To minimize these effects, careful placement of the smoke
equipment and its operator is important. Figure 2.6 shows smoke visualization used
to showcase the airflow around a car.

B e

Figure 2.6: Smoke visualization in the Volvo Cars wind tunnel for a touring car
[26].

There are multiple ways of producing the smoke, for example, burning light oils or
using chemical reactions to create the smoke. Chemicals used for this purpose are
titanium tetrachloride and tin tetrachloride, among others [27]. An issue with the
smoke produced is that it can be corrosive and toxic. For example, using anhydrous
ammonia produces sulfuric acid, which has both of these unwanted properties [28].
Another issue is that the smoke ideally should have a neutral buoyancy and a low
mixing rate with the main flow. This is not the case for smoke, making it difficult
or impossible to use smoke in highly turbulent areas with high mixing rates, for
instance, close to rotating wheels. Despite these shortcomings, smoke can give a
rapid qualitative perception of the flow, especially for visualization of vortices and
flow separation. Furthermore, the technique is relatively cheap and easy to use,
making it a popular and well-used technique in the industry.

2.4.2 Surface oil films

Surface oil films are used to visualize the flow close to the surface of an object.
The technique involves applying an oil mixed with dissolved pigments to the surface
before exposing it to the airflow. The oil will partly get smeared out by the shear
forces from the flow, leaving a streaky pattern indicating the flow topology, as shown
in Figure 2.7. While this method is mainly qualitative, it is possible to estimate the
wall shear stress by measuring the variation in film thickness [29].
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Figure 2.7: Surface oil applied around a car antenna, indicating the flow topology.
S indicates a saddle point, N; a node point of attachment, and B; , By bifurcation
lines [5].

Despite this method being theoretically intrusive, its impact on the boundary layer
is generally minimal. While oil streaks accurately depict surface streamlines, they
tend to indicate flow separation prematurely and should therefore be interpreted
carefully. Another issue with surface oil is that it can contaminate the wind tunnel
if it detaches from the surface, which can require time-consuming cleaning jobs [30].
Detailed analysis of the streak patterns is also required, which further adds to the
time aspect. In general, surface oil can provide valuable insight into surface flow
behavior, but it is often time-intensive due to the necessary preparation, cleaning,
and data interpretation.

2.4.3 Tufts

A tuft is a short string attached to the test object that can give a perception of
the flow with its movement. In addition to showing the flow direction, it can also
indicate the flow type. For laminar flows, the tuft will stay almost perfectly still,
while for a more turbulent boundary layer, the tuft oscillates in a controlled manner.
If the flow is detached and recirculating, the tuft will exhibit erratic and unstable
movements. By placing multiple tufts on the vehicle surface, observers can visually
identify points of flow separation. This information is essential for understanding
the aerodynamic behavior of the vehicle and plays a critical role in optimizing its
design. Figure 2.8 shows tufts attached to a helicopter.
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Figure 2.8: Tufts used to visualize airflow around a helicopter [31].

Similarly to using smoke for visualization, tufts have the problem of being intru-
sive. Both the tufts themselves and their fasteners may create small separations
that can affect the flow. Considering that the method is traditionally purely qual-
itative, these small disturbances might not play a large role. However, there have
been recent attempts to obtain quantitative information on the flow by tracking the
tufts with computer vision. In that case, the disturbance created could become of
greater importance [32][33]. Due to the simplicity and affordability of the tuft, they
are widely used in the aerodynamic industry. With further research into the incor-
poration of a quantitative aspect, the technique could become even more valuable
in the future.

2.4.4 Hot wire anemometry

Hot-wire anemometry is a measurement technique that quantitatively determines
the velocity of a fluid at a single point. A typical 1D hot wire probe has two arms
that are connected via a thin metal wire. The wire is heated by a current, while the
fluid flowing past it cools it. Using the fact that the wire has a changing resistance
with temperature, there are two main ways to determine the flow velocity. The first
is to pass a constant current through the wire and measure the resistance with a
Wheatstone bridge. A relationship can then be formed to obtain the fluid velocity
from the resistance of the wire (Constant Current Anemometry). The second option
is to keep the temperature of the wire constant and measure the current, which can
also be calibrated to provide the fluid velocity (Constant Temperature Anemom-
etry). The latter is a more common operating mode than the former. Although
one wire can only measure one velocity component, using multiple wires can give
velocity components for more than one direction [34].

The main strength of hot-wire probes is that they have a very high-frequency re-
sponse, which makes them suitable for studying highly turbulent and unsteady flows.
They also have a high spatial resolution and can be made very small, which limits
their intrusiveness. On the other hand, hot-wire probes’ main weakness is that they
are very fragile and can not handle contamination well. They can also be inaccurate
when measuring very slow flows due to the wire’s natural convection [35].
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2.4.5 Particle Image Velocimetry

Particle Image Velocimetry (PIV) is a measurement technique for extracting quan-
titative velocity data from a flow field. Despite being a relatively modern technique,
visualizing a flow by scattering small particles into it is not new [36]. In fact, Ludwig
Prantl already used this technique in the early 1900s. Back then, only qualitative,
of course. With developments in camera and computer technology, today it is also
possible to retain quantitative data [37].

The principle of PIV is to use a pulsating laser to form a sheet to illuminate particles
that are seeded into the flow. The particles can be gaseous, liquid, or solid. It is
essential that the particles are small enough not to interfere with the flow, but still
large enough to be captured by a camera. Even more importantly, the particle
inertia should be low to be able to follow the flow accurately. With each laser pulse,
a high-speed camera records the particles. Since the time step between pulses is
known, the velocity can be easily calculated from the movement of each particle
[38]. Figure 2.9 illustrates the principal setup of a PIV system.

D Laser
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%

Figure 2.9: Schematic of a basic PIV setup. Adapted from [39].

Flow with
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The tracing of particles can be very accurate, normally around 0.1 pixel, which
can give accuracies of 0.5-5% depending on the measurement conditions [40][41][42].
Depending on the laser setup, the technique can also be non-intrusive. On the other
hand, the equipment is expensive, can have a long setup and post-processing time,
and can be dangerous for operators due to the strong laser [43][38].

2.4.6 Laser Doppler Anemometry

Similar to PIV, Laser Doppler Anemometry (LDA) is a measuring technique using
lasers and scattered particles to determine the velocity of the flow. The main dif-
ference between the methods is that LDA measures the velocity at a single point
in space, not a plane or volume, as done with PIV. LDA uses a laser beam, split
into two parts, passing through a lens that bends them into a focal point. A fringe
pattern is established at the focus point where the two beams intersect. When a
particle passes through the fringe pattern, it scatters the light, which a photodetec-
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tor records, as illustrated in Figure 2.10. The scattering of the light contains all the
information needed to determine the velocity of the particle.

. Lens
Mirror / | Photodetector
) -
Beam
splitter |
Laser D Measurement point

Figure 2.10: A principal LDA setup to measure velocity in a single point. Adapted
from [44].

The main strength of LDA lies in its non-ambiguous approach to determining the
velocity, resulting in very precise measurements. In fact, LDA is the most accurate
measurement technique presented in this thesis, with an accuracy usually well below
1% [45][46]. Another strength is its ability to determine velocity components in a
normal direction very close to surfaces, which can be difficult with other techniques,
such as hot wire anemometry. A disadvantage of the technique is that it measures
the velocity of the scattered particles and not the flow itself. If the particles follow
the flow well, that is not an issue. However, the measurements do not give accurate
results if the particles are too large and deviate from the flow velocity [47]. Further-
more, as for PIV, handling lasers can be dangerous, making the technique difficult
and time-consuming to use.

2.4.7 Pressure-based velocity measurements

While pressure readings can give interesting information about a flow by themselves,
they can also be used to calculate velocity. In 1732, Henri Pitot used this to invent
the Pitot-static tube, a tool giving velocity readings from pressure measurements.
Despite its early discovery, it is still widely used today, for example, in measuring
wind speed for airplanes and ducts [48]. Pitot-static tubes work by measuring the
difference between the total and static pressure. The total pressure is measured
at the stagnation point at the probe’s tip, where the velocity is zero. The static
pressure is measured through a hole tangential to the flow, generally at the side of
the tube. Based on the Bernoulli equation, the static pressure p,, and total pressure
Pior are related to the free stream velocity U, as follows:

2

Us
Ptot = Poo T P (2.5)

Rearranging and solving for the velocity gives

2(ptot - poo)
p

Up =K (2.6)
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where K is a correction factor for the deviation from the Bernoulli equation [49].
The accuracy of Pitot-static probes can be an issue, with an error of around +5%,
but more expensive probes with around £1% error exist. Although this method is
intrusive, depending on the size of the probe, the impact on the flow can be small.

For the probe to work correctly, it must be pointed in the direction of the flow,
which is not always easy to achieve. To avoid having to do so, probes with multiple
holes at the tip can be used, known as multi-hole probes. Not only are they more
versatile by not requiring the tip to be pointed precisely into the flow, but they
can also compute all three velocity components and simultaneously give the static
pressure. An illustration of a typical 5-hole probe is shown in Figure 2.11. It shows
the port numbering, P;, with ¢ = 1,2,3,4,5, as well as the definition of the yaw
angle, «, and pitch angle 5. The rotation around the probe axis is denoted by ¢
and the flow angle by 6.

Figure 2.11: A schematic of a typical 5-hole probe [50].

In contrast to Pitot-static probes, multihole probes do not employ the Bernoulli
equation directly. Instead, they either convert pressure readings to calibration co-
efficients and then apply the Bernoulli equation, or employ a calibration map to
extract the velocity straight away. The calibration coefficients, or map, come from
a calibration procedure where the pressures are recorded for a variety of known flow
angles and velocities [50].

While multihole probes are intrusive by nature, a significant amount of their intru-
siveness can be calibrated out. However, the intrusive effects of multihole probes
still need to be taken into consideration, especially if they are held in place by an
intrusive object [51]. Multihole probes are generally accurate to around 1% or 1
m/s, whichever is greater [52].
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2.5 Computational Fluid Dynamics

Instead of performing wind tunnel tests to evaluate a vehicle’s aerodynamic per-
formance, an option is to simulate the flow with Computational Fluid Dynamics
(CFD). This method overcomes the limitations of wind tunnels in terms of flow
visualization. Quantities can be interpolated to any point in the domain, making
the visualization opportunities nearly infinite.

2.5.1 Governing equations

The equations for simulating fluid flow are derived using the law of mass conservation
and Newton’s second law, resulting in the continuity and momentum equations.
Together, these equations are called the Navier-Stokes equations. For a compressible,
unsteady, and viscous flow, they are stated as follows:

p | d(pu;)

8t 8wj

=0 (2.7)

ot dx; Oz Ox;
where u; is the velocity and x; the position in the 7th component, with ¢+ = 1,2, 3.
The density is p, i is the viscosity, and P is the pressure. The viscous stress tensor,
0ij, is defined as

, s P -
d(pu;) n dpuzu;) 0 n Jo; (2.8)

2

In this form, the term —%/LSmméij represents the contribution of the volumetric
strain rate to the normal viscous stresses with ¢;; being the Kronecker delta and S;;
being the strain rate tensor. The repeated index m implies summation over that
index (Einstein summation convention). Therefore,

ou Ov Ow
Smm = S11 + S22 + S35 = — + — + —.
11 22 8= 50 oy 2
This sum is the divergence of the velocity field (V- v) and represents the volumetric
strain rate or the rate at which the volume of a fluid element is changing per unit
volume. A positive S, indicates expansion, while a negative S,,,, indicates com-
pression. For an incompressible flow, S,,,, = 0.

The strain rate tensor S;; that describes the rate at which a fluid element is deforming
is defined as:

1 8uz an
U 2.1

While the Navier-Stokes equations can be solved analytically for very simple cases,
it is not possible to do so for complex geometries such as cars. For such cases,
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the equations need to be discretized, and an iterative solver must handle their non-
linear and coupled nature. The issue with discretizing is that it introduces an error.
Therefore, it is important to remember that CFD simulations are approximations
of the flow and not exact [53].

2.5.2 Turbulence modeling

The behavior of a flow can be categorized as laminar or turbulent. Laminar flow
flows smoothly and does not have velocity fluctuation, while turbulent flow has
chaotic, 3-dimensional fluctuations. The flow around cars is normally assumed to
be in the turbulent regime, which necessitates the application of appropriate turbu-
lence models [8].

Turbulence manifests visually as eddies within the flow field and contributes to the
overall chaotic and unpredictable nature of turbulent motion. These eddies vary
in size from large scales down to the smallest eddies being around 0.1-10 mm [55].
The energy cascades from large to small eddies until the smallest scales dissipate
the energy as heat into the flow.

In theory, the Navier-Stokes equations can solve all turbulence scales, but a mesh
that can capture even the smallest length scales of the eddies is required. Using such
a mesh would be extremely expensive and infeasible from a computational point of
view for most applications [56]. Consequently, several modeling philosophies have
emerged to approximate the eddies’ influence on the mean flow. A common strategy
involves the Reynolds-averaged Navier-Stokes (RANS) equations, which model the
time-averaged flow behavior.

Specifically, the RANS equations differ from the original Navier-Stokes equations
by decomposing the pressure and each velocity component into a time-averaged and
a fluctuating component. This models the statistical effects of turbulence without
explicitly resolving the instantaneous eddy motions. Doing so gives an extra term to
the equation, the Reynolds stresses, creating a closure problem. It means that the
introduction of new unknown fluctuating terms outnumbers the governing equations,
preventing a direct analytical solution. To address the closure problem, a common
simplification used is the Boussinesq approximation, which proposes modeling the
Reynolds stresses as an analogous shear stress

—uju; = 1,25;; — gkaij (2.11)
where M are the Reynolds stresses, uj, u} are the time-averaged fluctuating parts
of the velocity, and u;, @; are the mean velocity parts. The turbulent kinetic energy
is denoted by k, and 1, is the eddy viscosity. After applying this approximation, it
is a question of modeling k£ and v; to solve the flow, which can be done in multiple
ways [53].

One common approach to turbulence modeling, aiming to provide closure for the
RANS equations, is the k-w SST model. This model operates by introducing two
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transport equations, one for the turbulent kinetic energy (k) and another for the
specific dissipation rate (w), which is related to the rate at which turbulent kinetic
energy is dissipated.

(2.12)

Vy =

L
w

Vk
frw

with Lrans being the length scale and 5* a model constant [57].

Lrans = (2.13)

Modeling the turbulence behavior for all scales using RANS is computationally very
cheap compared to DNS. For that reason, it has been used almost exclusively in
the industry for a long time. However, RANS models provide only a time-averaged
representation, thus lacking the resolution necessary to accurately depict important
flow structures. Therefore, other methods that resolve the larger turbulent scales
have become increasingly more popular. Large Eddy Simulations (LES) is one such
method that works by applying a spatial low-pass filter, where eddy scales larger
than the filter width are resolved and smaller eddy scales are modeled [58].

It can be tempting to only use LES, but this is also problematic because it would
require an extremely fine mesh at the boundary. Therefore, using both RANS and
LES can be a good idea. The Detached Eddy Simulation (DES) model does so by
applying RANS on near-wall attached flow and LES everywhere else. The following
length scales are then used:

Lransg = dy (2.14)
Ligs = CprsA (2.15)
Lpgs = min(Lrans, Lres) (2.16)

where d,, is the normal distance from the wall, Cpgs &~ 0.65 is an empirical constant,
and A is the grid length scale. An issue that arises with this method is that it can
switch to LES prematurely if the grid spacing is too fine, causing the flow to separate
early, known as Grid Induced Separation (GIS). To avoid this, Delayed Detached
Eddy Simulation (DDES) uses a shielding function, fy:

Lppes = Lrans — fa-max(0, Lgans — CpesA) (2.17)

This delays the transition to LES and thereby shields it from GIS [57].

In the transition regions between RANS and LES, often termed "grey areas', in-
consistencies can arise in their respective turbulence production mechanisms. This
can lead to an underpredicted amount of turbulence due to suppressed eddy viscos-
ity, which can delay separation. To counteract the damping of the eddy viscosity,
a restoration function, fresore, is applied to the DDES method, resulting in the
Improved Delayed Detached Eddy Simulation (IDDES) method:

LIDDES - fd(l + frestore)LRANS + (]- - fd)LLES (218)
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The restoration term boosts the RANS length scale in the grey area, helping to better
match the turbulence characteristics between RANS and LES [57]. A conceptual
illustration of the usage of RANS and LES in IDDES is shown in Figure 2.12.

LES

Grey Area
RANS

U:
Figure 2.12: A schematic representation of the areas of usage for RANS and LES,

including the grey area where the restoration function, f,csore, is active. The mean
velocity and wall distance are denoted by w and d,,, respectively.

In summary, addressing the complex turbulent flow around vehicles in CFD ne-
cessitates a spectrum of methods, from computationally intensive DNS to efficient
RANS. In between, LES offers higher accuracy by resolving larger eddies and model-
ing smaller ones, but remains costly for full vehicles. Importantly, hybrid RANS-LES
methods like DES, DDES, and IDDES balance cost and accuracy for complex auto-
motive flows with separation, blending RANS near walls with LES in wakes. Their
effectiveness is influenced by the underlying RANS model, time step size, and their
ability to handle challenges like RANS-LES interface issues [57]. Thus, hybrid meth-
ods are key for automotive CFD, with IDDES chosen in this thesis for its balance
of cost and accuracy.
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Methods

The following sections introduce the test object and wind tunnel used, which form
the basis for all measurements. Furthermore, the employed measurement systems
and the numerical simulation setup are described. Finally, the structure and method-
ologies for the measurements that were conducted are presented.

3.1 Test object

The test object used in this thesis is a Volvo EC40. It was chosen for its relevant
aerodynamic features, such as the rear wing and roof spoiler. The Volvo EC40,
together with the corresponding vehicle coordinate system used for visualization
techniques and force measurements, is shown in Figure 3.1.

Figure 3.1: Front and rear iso view of the Volvo EC40, including the coordinate
system used.

3.2 Volvo Cars Aerodynamic Wind Tunnel

The wind tunnel used in this thesis is the Volvo Cars aerodynamic wind tunnel
(PVT), located in Gothenburg, Sweden. It was built in the 1980s, with significant
upgrades finished in 2007. The wind tunnel is a closed return tunnel, Gottinger
building type, with a 6.6 m wide and 4.1 m tall test section (27.06 m?). The walls
in the test section are slotted with 30% open-area to reduce the blockage effects. A
5 MW fan drives the airflow and can give speeds up to 250 km/h in the test section.
The test object is placed on a full-width turn table, capable of rotating +30°, and
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held in place with four struts connected to the balance. The balance measuring the
forces has an uncertainty of cp = £0.003 if re-mounting the car, and a delta of
Acp < £0.001 between repeated measurements without re-mounting the car [5].

With the upgrades from 2007, the test section has an elaborate boundary layer
control system consisting of a boundary layer scoop, distributed suction, five moving
belts, and tangential blowing [25]. Except for the tangential blowing, all of the
mentioned boundary layer control systems were used for this thesis. The boundary
layer control system was used to reduce the boundary layer buildup, which can
significantly affect the flow structures around the vehicle. To mount the test vehicle,
it was connected to the balance via four struts and 360 mm wide wheel drive units
(WDU) for each wheel. The layout of the Volvo Cars aerodynamic wind tunnel is
illustrated in Figure 3.2.

Centre belt

Figure 3.2: Schematic of the Volvo Cars aerodynamic wind tunnel test section
with its slotted walls and moving ground system [59].

3.3 Measurement systems setup

The traditional visualization methods all have their advantages and disadvantages,
as presented in Chapter 2. The general trend is that the more quantitative and
precise the measurement is, the more expensive and time-consuming it gets. A
novel pressure-based measurement system, the ProCap measurement system, aims
to break this trend by giving accurate quantitative data, without the traditionally
expected high effort, see Figure 3.3. The primary objective of this thesis is to
evaluate the system for full-scale vehicle aerodynamic investigations.

22



3. Methods

>

Optical
LDA, PIV etc.

Accuracy, Content

ProCap

Qualitative
Smoke, Tufts, Surface oil

>

Complexity, Time, Cost
Figure 3.3: Traditional measurement techniques in comparison with the claims of
the ProCap system.

Correspondingly, a well-documented traverse-gear-mounted pressure probe (TG)
and CFD simulations are used to evaluate the ProCap system and compare its
performance to well-established flow measurement techniques. The following sec-
tions will describe the ProCap system and how it is used, as well as introduce the
traverse-gear system and CFD methodology employed.

3.3.1 ProCap measurement system

ProCap, short for Probe Capture, is a multi-hole pressure probe system designed to
provide a flexible and efficient way of obtaining qualitative and quantitative infor-
mation about a flow. Its core principle is to combine the flow quantities recorded
from the pressure probe with positional data recorded via a camera tracking system.
This results in a live visualization of the flow in the ProCap Professional software,
resembling visualization from flow simulations (CFD).

3.3.1.1 System architecture

Each ProCap measurement is performed by sweeping the probe either by hand or
with a traverse system through a user-defined domain, which is discretized into a
voxel mesh. A voxel is a 3D pixel that stores all measurements taken while the probe
tip is inside it, analogous to a finite volume cell in CFD. The values within each
voxel are averaged, and interpolation is applied between voxel centroids to produce
a smooth visual representation of the flow.

To ensure data quality, the ProCap system uses a convergence criterion based on
the 95% confidence interval, which is calculated as:

o(|ul)
VN

where o is the standard deviation, tgs is the two-tailed Student’s distribution, N the
number of measurement points, and v the velocity. By monitoring the confidence
interval, the operator can achieve the desired data quality.

Conflnt, = tg5

(3.1)
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The ProCap system supports a wide range of pressure probes, for example, a 5-hole,
a 14-hole, and an ultrasonic probe. In this work, both the 5 and 14-hole probes were
used. The 5-hole probe (5hp) is calibrated for velocities between 6-20 m/s, while the
14-hole probe’s (14hp) range is 20-64 m/s. Except for the different velocity ranges,
the main difference between the probes is that the 14-hole omniprobe has a flow ac-
ceptance angle of +160°, while the 5-hole probe is limited to flow angles below +60°.

To measure the pressure, each hole at the probe tip is connected to its own differen-
tial pressure sensor. The reference pressure used for these sensors is measured from
an additional hole at the bottom of the probe, next to the LEMO connection port.
All probes, including the 14-hole probe, have three reflective balls mounted in an
"L" shape that make it possible for the camera system to detect its position. The
complete geometry of the probes is shown in Figure 3.4.

Reflective
spheres

Reference
pressure port

Figure 3.4: The 14-hole omniprobe (left) and the 5-hole probe (right).

The tip of the 14hp is a 7.5 mm sphere, connected via a 5 mm rod to the probe
handle where the pressure block is placed. The tip of the 5hp has a diameter of
4 mm, with one hole in the middle and the remaining holes placed around it in a
square.

Both probes have a calibration map converting pressures to velocity. The map is
created during a calibration procedure, consisting of recording pressures for a range
of different flow angles and Mach numbers. These calibration points are used to
define the calibration coefficients C,,,, Cp,, Cp,, and Cp,,,. A curve fit is applied
to create a relationship between the calibration coefficients and the flow quantities.
To mitigate flow separation at the probe tip, which would affect measurements, the

tip is segmented into sectors, allowing data acquisition only from holes where flow
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is likely attached. As a result, the calibration coefficients vary between sectors but
are generally defined as

C,. = w (3.2)
C,, = w (3.3)
Cp, = w (3.4)
Cpror = @ (3.5)

1 N
D=ppg— —— i) — Dn 3.6
Dn9 N_1<z§:1(p) P9> (3.6)
Where nl...n9 are strategically chosen port indices, different for every sector, and
N is the total number of ports. After the calibration, the 14hp and the 5hp have
20 standard deviations of 0.41 m/s and 0.16 m/s, respectively.

The tracking system uses an OptiTrack V120 Trio camera, which consists of three
infrared cameras with a resolution of 640x480 pixels, a frame rate of up to 120 fps,
and a maximum tracking range of approximately 5.2 m. Two of the cameras are
equipped with IR LEDs that illuminate the probe’s reflective spheres using light at
a wavelength of 850 nm. A calibration target is included to calibrate the camera’s
coordinate system to ensure accurate probe position measurement. Figure 3.5 shows
the camera and calibration target.

— A

(a) The OptiTrack V120 trio cam-  (b) The calibration target
era

Figure 3.5: The two components of the optical tracking system.

3.3.1.2 Previous research with ProCap

Given ProCap’s recent introduction in 2018, the available published research con-
cerning its application is currently limited. Within the specific context of road
vehicle aerodynamics, the literature review revealed a lack of studies concerning
the validation of the ProCap system for full-scale production vehicles. Despite the
sparse literature, a few articles investigate the validity of the system for different
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scenarios.

Miiller [60] investigates the airflow behind an Ahmed body and a sailing yacht, using
the ProCap system and a traverse-mounted pressure probe. It was shown that while
giving comparable results in measurement quality with the traverse, the ProCap sys-
tem was up to a factor of 20 faster overall. Regarding the tracking accuracy, Miiller
concluded that for a working distance of around 2 m, the tracking was accurate
within 1.9 mm and 1.9°.

In a work by Bartl [61], a full wake is analyzed for a yawed model-scale wind tur-
bine. A comparison between results from ProCap and LDA showed good agreement
between the two techniques. Bartl showed that highly rotational flow structures gen-
erated from the turbine were accurately captured by the ProCap system. Regarding
the efficiency of the ProCap system, the study noted a potential for shortening the
total measurement time by a factor of 30.

A comparison between CFD simulations and ProCap is concluded by Rembold [62],
measuring the flow around a 1:4 scale model car with rotating wheels. Several differ-
ences between the two methods were discussed. For example, one area of difference
was the boundary layer, which was thicker from the ProCap measurements than
from CFD simulations. According to Rembold, this could be because the CFD
simulation uses turbulence models that under-predict the boundary layer thickness.
Additionally, the velocity near the surface did not drop to zero in the ProCap data.
The author argues that this is because of the physical dimensions of the probe,
where the velocities cannot be measured closer to the object than the thickness of
the probe tip. A final difference mentioned was that the ProCap measurements gave
lower velocities under the car, likely coming from the boundary layer build-up in
the physical wind tunnel.

In a separate study, Rembold [63] investigated the differences between ProCap and
CFD by analyzing the flow around a Formula Student race car. While the overall
flow patterns look similar, the main differences lie in the positioning of the vortex
cores and the size of the low-pressure zones. It is mentioned that these differences
can come from real-world effects that are not captured by the CFD simulations.

3.3.1.3 Measurement procedure

The following procedure was conducted for each ProCap measurement, aiming to
collect high-quality data efficiently. The flowchart in Figure 3.6 summarizes the
process.

26



3. Methods
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Figure 3.6: Flowchart outlining the software used during the different stages of
the ProCap measurement process.

First, the origin of the car’s CAD model was moved to an easily identifiable feature
on the car using the Ansa pre-processor. In a later step, this reference point was
used to align the camera’s coordinate system with the ProCap software’s coordinate
system. The features used on the car for this were an edge on the side view mirror,
an edge on the rear wing’s center support, and the rear wheel base center, see
Figure 3.7. The reference point closest to the measurement area was selected for
each measurement.

Wing origin &5 T >~

Mirror origin

Figure 3.7: Reference origins, marked in red, used to align the coordinate systems
of the CAD model and the camera.

The CAD file with the adjusted origin was then imported into the ProCap software.
Its primary purpose was to give the operator visual feedback on the positioning of
the probe in relation to the car. If set up properly, the operator could almost ex-
clusively rely on the feedback from the software, minimizing the need to look at the
probe itself. The probe, car, and collected data were all displayed simultaneously
through the software, significantly streamlining the scanning process.

Next, the measurement domain was defined. Measurement data is only collected
while the probe is inside the domain, so it should enclose the complete volume of
interest. After defining the domain, it was filled with a voxel mesh. Similar to a
CFD mesh, a voxel mesh discretizes the domain. Each voxel, shaped like a cube,
stores the measurement data for when the probe was inside it and averages it. The
voxel size is defined as the edge length and is set by the user. A voxel mesh for the
outer rear-view mirror with a voxel size of 20 mm is shown in Figure 3.8.
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Figure 3.8: Voxel mesh created around the outer rear-view mirror with the ProCap
software.

After creating the voxel mesh, planes were defined in the ProCap software. Different
methods were used depending on whether a measurement aimed to scan a volume or
if only predefined planes were of interest. If a volume was scanned, for example, the
mirror wake, planes were defined in a grid filling up the region of interest, as shown
in Figure 3.9. Since the probe tip cannot perfectly track a single plane during
scanning and tends to oscillate slightly around it, tightly stacked planes ensured
good data coverage throughout the volume. This method also offers flexibility in
post-processing, as planes can be selected afterward without needing to match those
used during the scan. If, on the other hand, only predefined planes were of interest,
measurements were limited to those specific planes. Measuring only a few planes
decreased the measurement time, but limited the post-processing flexibility to only
those planes.

Figure 3.9: Planes creating a grid in the wake of the outer rear-view mirror.

After finishing the setup in the ProCap software, the ProCap hardware was set up
in the wind tunnel. As part of this, the camera was securely mounted high up on
the tunnel’s slotted walls to minimize vibrations and positioned to look down at the
domain at an approximately 45° angle, see Figure 3.10. The reason for this was to
make it easier for the operator to angle the probe so that the reflective spheres were
visible to the camera.
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Figure 3.10: Positioning and mounting of the camera. The camera was fastened
to the slotted wall with tape and stripes to reduce vibrations caused by the wind.

Finally, the camera and CAD file’s coordinate systems were aligned by placing the
coordinate system tool at the location of the CAD model’s origin. Figure 3.11 shows
the tool in use to align the coordinate systems for measuring around the mirror.

Figure 3.11: Placement of the coordinate system alignment tool for measuring
around the outer rear-view mirror.

The measurements were conducted with the operator standing inside the test section
or in the plenum chamber behind the slotted walls using an extension pole. When
conducting measurements, the wind speed was set to 70 km/h, the operational limit
for safe operator access.

During measurements, each defined plane was scanned in three steps. First, a coarse
scan observing the velocity was completed to get a feeling for the general topology
of the flow. Next, a convergence scan based on the 95% confidence interval was con-
ducted to ensure data quality by minimizing and stabilizing the uncertainty. The
target confidence interval was < 2 m/s in stable regions and < 6 m/s in unsteady ar-
eas. The reason for choosing these thresholds was that those were the lowest values
that still allowed for reasonable measurement times. Choosing a lower confidence
interval would have diminished the perceived advantage of the ProCap system’s
rapid usability. Finally, another velocity scan was completed after completing the
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convergence scan, focusing on removing non-physical artifacts and further increas-
ing the data volume for the shear layers. The entire 3-step scanning procedure is
illustrated in Figure 3.12. The wake can be seen to be significantly smoother and
more refined after the final sweep compared to the first sweep. This is mostly due to
the convergence sweep providing more measurement points in fluctuating areas of
the flow. After a completed measurement, the data was exported from the ProCap
software for post-processing in ParaView.

——

m—
P Conf. Int. [m/s] 10

(a) Coarse velocity sweep  (b) Convergence sweep (c) Final velocity sweep

Figure 3.12: Sample of the results acquired after the different sweeps.

3.3.2 Traverse-gear mounted probes

The wind tunnel is equipped with a Traverse-Gear (TG) capable of carrying a setup
of two 12-hole omniprobes, shown in Figure 3.13. The main purpose of the TG is
to sweep the probes in space with very high positional accuracy. The two 12-hole
omniprobes are mounted on the TG with a vertical offset of 56 mm, aligned parallel
to the ground plane and angled 45° to the flow. They can measure flow within a
range of +£150° with an accuracy of 3% in velocity and 1.5° in flow angle [64].

Figure 3.13: Traverse-Gear (TG) with two 12-hole omniprobes mounted.

The TG was used to scan an xz-plane. The sweep pattern implemented was to
move the probes along the x-direction at constant z-levels, with a vertical step size
of Az =56 mm and a speed of 40 mm/s. The data was sampled at 20 Hz.

30



3. Methods

The reason for using the TG in this thesis is that it has similarities to the ProCap
system in terms of using pressure probes. However, compared to the ProCap it does
not have any significant tracking uncertainty and has a more stable setup compared
to the hand-held ProCap system. Moreover, the measurement points will be evenly
distributed in each voxel when measuring with the TG, while the hand-held nature
of the ProCap system can give a spatially skewed distribution of points, providing
a mean velocity that is not representative of the whole voxel.

On the other hand, the TG is operated with predefined measurement points or paths,
making it not possible to interactively check the results and adjust the measurement
focus area, which is possible with ProCap. Also, a natural concern using the TG is
its size, raising questions about its intrusiveness. However, a study by Josefsson [65]
concluded that the TG only has a small effect on the flow, especially at the probe’s
location. Further usage of the system can also be found in [64][66]. Overall, the TG
measurements are in this thesis used as a baseline due to the stable and structured
measurement, approach, together with the successful usage in previous works.

3.4 CFD simulation setup

The CFD simulations were run using the commercial software STAR-CCM+ ver-
sion 2021.2. The unsteady IDDES method was used, with the SST k-w URANS
formulation applied close to the car’s surface (turbulent near wall boundary layer
region) and LES everywhere else, as described in Section 2.5.2. This work uses the
same numerical setup and domain (PVT) as in Josefsson [65], which validated the
setup against experimental data with good correlation.

i

(a) Computational domain [65] (b) Computational mesh at the y = 0
plane

Figure 3.14: Simulation setup used in this thesis.

3.5 System Validation and Evaluation

The ProCap system is investigated in three steps to compare and position it relative
to other flow visualization techniques and simulations in terms of qualitative and
quantitative performance. First, different setups and settings, as well as the sys-
tem’s intrusiveness, are assessed. Next, the measurements are compared with CFD
simulations and the TG. Finally, the system’s ability to capture changes in flow
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topology from different test-object configurations is evaluated. The corresponding
use cases are described in detail below.

3.5.1 Base-setup evaluation

A base-setup evaluation was carried out to evaluate the robustness of the ProCap
system. The evaluation is split into two parts: investigating different test setup
configurations and assessing the intrusiveness of ProCap.

3.5.1.1 System and software configurations

To investigate various system settings, the outer rear-view mirror was chosen be-
cause its characteristic flow structures are representative of those observed across
other regions of the vehicle. Moreover, focusing on a smaller region permits a more
detailed evaluation of the voxel size sensitivity. Except for the voxel size study
presented below, the same domain and plane was used for all setup evaluation mea-
surements, shown in Figure 3.15.

The ProCap’s performance is evaluated under the following conditions:

o Operator standing inside the test section, 14hp at 70 kph, measured twice for
repeatability

o Operator standing inside the test section, 5hp at 70 kph

e Operator standing behind the slotted walls, 14hp at 70 kph

Figure 3.15: The XY-plane at z = 1167 mm from the ground plane, used for base-
setup evaluation. The local coordinate system’s origin is placed where the plane
intersects the outer edge of the mirror housing, marked in red.

A voxel size study was also conducted to determine the appropriate voxel size,
balancing accuracy and measurement time. The voxel sizes evaluated were 8, 13, 20,
and 30 mm, using the plane shown in Figure 3.16. The reason for this measurement
plane being smaller than in Figure 3.15 was to save measurement time, as it was
assumed that changes induced by varying the voxel size would be most prevalent
close behind the mirror.
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Figure 3.16: The XY-plane at z = 1133 mm from the ground plane, used for
the voxel size study. The local coordinate system’s origin is placed where the plane
intersects the outer edge of the mirror housing, marked in red.

3.5.1.2 Intrusiveness study

The intrusiveness of the ProCap test setup, including the operator, was also eval-
uated. To do so, a CFD simulation was conducted where a modeled operator was
introduced to evaluate potential changes to local flow structures in the vicinity of
the measurement region. The geometry of the operator is shown in Figure 3.17. To
isolate the influence of the operator, an additional simulation was performed with
the probe in the same position but without the operator geometry.

(a) The modeled operator  (b) The operators position relative to the test ob-
ject

Figure 3.17: The modeled operator used for simulation.
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3.5.2 Comparison between ProCap measurements, CFD sim-
ulations, and TG measurements

To assess the validity of the ProCap measurements, ProCap scans were compared to
results from CFD simulations and the traverse-gear system. The following regions
of the car were investigated:

o Base wake
e Quter rear-view mirror
« Antenna

The regions were selected because they exhibit diverse wake sizes: the base generates
the largest wake, the outer rear-view mirror an average one, and the antenna the
smallest. Figure 3.18 illustrates the measurement plane used for each area. For the
base wake, a comparably large voxel size of 33 mm was used to prevent excessively
long measurement times. Conversely, the antenna was measured with a small voxel
size of 4 mm to test the ProCap’s ability to provide high-resolution data where small
flow structures are present. Finally, the outer rear-view mirrors used a 13 mm voxel
size, as this was shown to be the best compromise for that area in Section 4.1.1.

(a) Antenna, XZ plane at  (b) Outer rear-view mir- (c) Base wake, XZ plane
y = 0 mm (centerline) ror, XY plane at z = at y =0 mm (centerline)
1167 mm from the ground

plane

Figure 3.18: Planes used for comparison with CFD simulations and the traverse-
gear probe.

All measurements with the ProCap system for this section were done with the 14hp,
standing inside the test section at 70 kph. The plane for the base wake was also
scanned with the TG. The outer rear-view mirror and antenna were not measured
using the TG due to safety concerns, as the setup would require the gear to operate
in close proximity to the vehicle surface.

3.5.3 Geometry modification investigation

This study is aimed at evaluating the ProCap system’s ability to capture changes
in flow structure resulting from local geometric modifications to the car. The first
modification was to remove the rear wing, and the second was to add a 20 mm
z-kick to the rear edge of the roof, illustrated in Figure 3.19. The measurement
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plane for the roof-kick is shown in Figure 3.20. The voxel size used for the kick
measurement was 13 mm because it has similarly sized flow structures as the outer
rear-view mirror, and this voxel size will later be shown to be the best compromise
for such areas. For the rear wing (base wake), the same voxel size and measurement
plane is used as in Section 3.5.2.

(a) Rear wing removed. (b) Roof-kick added.

Figure 3.19: The two modified cars for the configuration deltas.

Figure 3.20: Measurement plane used for investigating the addition of a roof-kick.
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Results

In this chapter, the results from the three evaluation steps - base-setup evaluation,
comparison between ProCap measurements, CFD simulations, and TG measure-
ments, and geometry modification investigation - are presented and discussed. The
results are analyzed from both a qualitative and quantitative point of view.

4.1 Base-setup evaluation

The ProCap system can be configured in multiple ways. Therefore, an investigation
was conducted to determine which setup is most suitable for this thesis, as well as
giving general recommendations on how to use the same in the Volvo Cars aerody-
namic wind tunnel. Additionally, the intrusiveness of the ProCap system, including
the operator, was investigated in terms of CFD simulations.

4.1.1 Voxel size study

The voxel size is considered the most important software setting, which is why a
sensitivity study was conducted around the outer rear-view mirror. The resulting
velocity fields are shown in Figure 4.1, showing that the larger the voxel size, the
smoother the velocity contour. This trend resembles finite volume discretization,
where the usage of coarser mesh sizes filters the smaller flow structures and related
fluctuations. The observed smoothing with increased voxel size can be attributed
to the averaging of measurement points within each voxel. A larger voxel typically
contains more points, making it less affected by fluctuations.
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Figure 4.1: Z-planes showing velocity magnitude from the voxel study.

Inherently, the ProCap system can identify the locations of large-scale vortical struc-
tures within the measurement region. The vortical structures in the mirror wake
can be seen to be captured similarly for the 8 and 13 mm voxel sizes. The 20 mm
scan also captures the vortex structure reasonably well, but the 30 mm mesh does
not indicate any such structures. This is a clear indication that large voxels filter
out flow structures with relatively small length scales.

For a quantitative comparison between the voxel sizes, the u, velocity component
was used since u,, and u, components were comparatively lower and added additional
noise to the measurement data. This is likely due to the low, unsteady velocities
measured for these components, which lie outside of the probe’s calibration region.

The velocities along the X-X line in Figure 4.2a show a converging trend where
the velocities get closer to the finest mesh size as the voxel size decreases. It can
also be noted that as the distance to the mirror grows, the difference between the
voxel sizes decreases. The reason for this is that the velocity gradients are smaller,
and the unsteadiness of the flow decreases the more the wake disperses, making the
averaging effect of the larger voxels not as evident. At first glance, u, for the Y-Y
line at around y = —180 mm, shown in Figure 4.2b, looks to contradict this, but
it follows the mentioned trend because the boundary layer from the side of the car
creates significant velocity gradients, preventing convergence.
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Figure 4.2: The u, velocity component on the lines from Figure 4.1.

Another trend shown in Figure 4.2b, between y = —50 to 0 mm, is that the velocity
gradient gets larger with smaller voxel sizes. This means that the shear layer gets
thinner with decreasing voxel size, explained by the larger voxels’ wider averaging
distances. However, the same trend is not present at y = —200 to —130 mm for
the 8, 13, and 20 mm voxel sizes, which can be attributed to the gradient not being
steep enough to emphasize the averaging effect of the larger voxel sizes.

The topology of the separation bubbles is shown in Figure 4.3. The coarsest mesh,
30 mm, captures the topology reasonably well on the far side from the car but misses
substantially on the side of the mirror closest to the car, compared to the finest mesh.
While it is not physically feasible for the wake to start outside of the mirror, it does
so for the largest voxel size because the same voxel can partly be located behind the
mirror and at the same time in the free-stream. Conversely, for the 20 mm voxel
size, the wake topology is closely captured for most parts. The only difference from
the finest mesh is that the 20 mm scan does not have a clearly defined tip at the
downstream-most part of the wake. Looking at the 13 mm mesh, it has a tip at the
end of the bubble, but it is not as sharp as for the 8 mm mesh. Overall, the wake
topology shows a converging trend towards the 8 mm (finest) voxel size.
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(a) 8 mm (b) 13 mm (green) compared to 8 mm
(blue)

(c) 20 mm (green) compared to 8 mm (d) 30 mm (green) compared to 8 mm

(blue) (blue)

Figure 4.3: Isosurfaces of ¢, = 0 for the different voxel sizes projected on the
same plane as Figure 4.1.

Reducing mesh size had little impact on measurement time for the 30, 20, and 13 mm
meshes; however, the 8 mm mesh more than doubled the measuring time compared
to the larger sizes. The measurement times are presented in Table 4.1.

Table 4.1: Measurement time for the respective voxel sizes.

Voxel size [mm]| | Meas. time [min]
8 41
13 19
20 18
30 16

From Table 4.1, it is evident that the 13 mm voxel size proved to be the best com-
promise between accuracy and measurement time. This was because the 13 mm
mesh gave a reasonable numerical convergence with the 8 mm mesh, a sufficient ac-
curacy in capturing the separation bubble, and its efficiency regarding measurement
duration. Further measurements around the mirror were therefore concluded with a
13 mm voxel size, and this size is recommended for similar measurement scenarios.
However, if a very high accuracy of flow structures is desired, and measurement
time is not a constraint, 8 mm or even smaller voxel sizes are recommended. If,
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instead, measurement time has the highest priority, a larger voxel size can be used,
but it should not exceed 20 mm, as this significantly compromises the measurement

quality.

4.1.2 Measurement repeatability

To evaluate the repeatability of measuring with the 14hp while having the opera-
tor standing in the test section, the same measurement was repeated twice. The

resulting velocity plot is shown in Figure 4.4.

[m/s]

o
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(a) The velocity contour from the first (baseline) measurement.
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-1t ---- First measurement (baseline)
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(b) The |u| delta between the first and second measurement on the X-X

line
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(c) The |u| delta between the repeated measurements on the Y-Y line

Figure 4.4: Velocity contour and delta plots for the repeat of the same measure-

ment.
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The delta plots in Figures 4.4b-c have a 20 standard deviation of 1.9 m/s (10.0%
of free-stream velocity) and 1.7 m/s (8.7%) for the X-X and Y-Y lines, respectively.
This is significantly higher than the 20 standard deviation from the probe calibra-
tion, which was 0.41 m/s (1.2% of calibration velocity). The following sources of
error, which also apply to subsequent measurements in this thesis, were identified
as contributing to the higher standard deviation:

e The calibration procedure is conducted in steady flow conditions. That is not
true for the flow around the mirror, where pressure fluctuations on the probe
tip may not be in sync over the whole tip.

e The flow’s unsteady nature makes it possible to measure different values at
the same position, requiring more measurement points added to each voxel to
average out the fluctuations.

» The flow velocity is outside of the probe’s calibration range (20-64 m/s).

» Inaccuracies in the position-tracking of the probe, placing measurement points
in the wrong voxels.

» Variation in the operator’s position and body orientation, varying the extent
of intrusive effects.

To reduce these error sources, the scanning method using the confidence interval was
used. Considering the 95% confidence interval (=~ 20 standard deviations) threshold
was set to 6 m/s for unsteady regions and 2 m/s for steady flow regions, the stan-
dard deviations obtained from the repeatability study are acceptable (lower) and
can therefore be considered repeatable. Of course, choosing lower thresholds would
decrease the error further, but would also extend measurement time, diminishing
the system’s advantage of being fast to use.

4.1.3 Pressure probe choice - 5hp vs. 14hp

Comparing the results from the 14hp and 5hp the main differences are found in the
separation bubble right behind the mirror. The 5hp measurement does not show any
recirculation, while the 14hp does, as can be seen in Figure 4.5. This is because the
5hp has a +60° angle of acceptance and was pointed in the upstream direction of the
tunnel, which resulted in the negative x-direction not being captured by the probe.
With the much larger angle of acceptance of the 14hp, capturing the recirculation
was not an issue. Despite this, the bhp still captures the wake topology similar to
the 14hp shown in Figure 4.4a. Also note that it was not possible to reach between
the mirror and the side window with the tip of the 5hp while the reflective spheres
were visible to the camera, creating a gap in the data.
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Figure 4.5: Velocity contours from the 5hp.

Figure 4.6 compares the u, components from the 14 and 5hp. It shows a high
delta behind the mirror where the u, directions are opposite between the probes
because the 5hp does not capture backflow. Despite the initially high deltas behind
the mirror, further away from the mirror, the difference between the probes is low,
mostly below 1 m/s. This shows that although the 14hp has a calibration range of
20-64 m/s, it still has good accuracy at lower velocities. The lowest velocity where
the probes match is at around x = 130 mm, where the velocity is 7 m/s.

---- 14hp (baseline)

6 —— 5hp — 14hp
A
E
3 2t 1
< /\/_\‘
0 __________________________________________________________
27600 400 200 0 ~200 ~400
X [mm]

Figure 4.6: The u, delta along the X-X line between the 14hp and 5hp.

With the ability to capture reverse flow, being able to collect data in the whole
domain, and at the same time showing good accuracy even at lower velocities, the
14hp was considered to be more suitable than the 5hp for scanning the outer rear-
view mirror and areas with similar flow topology. The 14hp is therefore used for the
remainder of the thesis.

4.1.4 Measuring from the test section vs. behind the slotted
wall

The total velocity delta between standing in the test section during a measurement
compared to standing behind the slotted walls is shown in Figure 4.7. It shows that
the difference between these two methods falls within the repeatability error for the
X-X line, with a 20 standard deviation of 1.5 m/s compared to 1.9 m/s from the
repeatability scans. For the Y-Y line, the same is not true, having a 20 standard
deviation that is 0.5 m/s larger than the repeatability. This indicates that intrusive
effects could be affecting the wake in the y-direction.
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Figure 4.7: Velocity deltas between measuring from the plenum and in the test
section.

To further investigate the intrusiveness of having an operator standing close to the
car, CFD was used to simulate such a scenario. The resulting separation bubble
topologies from the different scenarios are illustrated in Figure 4.8. It can be seen
that the operator shields the car, deflecting the mirror’s wake towards the car, and
slightly shortening it. Conversely, only having the probe, without the operator, gives
almost no difference in wake topology. It shows that the main intrusive feature is
the operator and not the probe itself.

(a) Operator and probe (b) Only probe

Figure 4.8: Isosurfaces ¢, ;¢ = 0 from CFD simulations showing the wake topology
when adding intrusive components (green) against only having the car (blue).

While conducting the ProCap measurements, it proved to be more difficult to op-
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erate and sweep the probe accurately from behind the slotted walls compared to
standing in the test section, extending the measurement time by a factor of 2.5.
The significant increase in measurement time was considered too large to justify the
reduced intrusiveness, so the decision was made to conduct the remaining measure-
ments standing in the test section.

Building on this conclusion, together with the findings in Section 4.1.3, measuring
from the test section with the 14hp was selected as the measurement configuration
for the remainder of the thesis.

4.2 Comparison between ProCap measurements,
CFD simulations, and TG measurements

ProCap measurements taken at different regions around the test vehicle are pre-
sented in this section, alongside a comparison with CFD simulations and TG mea-
surements.

4.2.1 Base wake

In addition to ProCap and CFD results, the base wake was measured using the
traverse-gear system (TG). The TG system is used as a baseline due to its stable
setup, structured measurement approach, and its successful use in other works, as
discussed in Section 3.3.2. Figure 4.9 shows the velocity contours from the three
methods.
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Figure 4.9: The velocity contours from measuring and simulating the base wake.

One difference between ProCap and the other two methods is that ProCap gives a
thicker shear layer than both CFD and TG. The reason for this is attributed to the
large voxel size and interpolation scheme, as well as the limited accessibility close to
the wing. This is further emphasized in Figure 4.10, where the differences in velocity
gradients above the separation bubble are seen at z = 0 to 180 mm. As discussed
in Section 4.1.1, a smaller voxel size, when combined with ProCap’s interpolation
scheme, would produce a steeper gradient. Interestingly, the ProCap system does not
have issues capturing the shear layer velocity gradient from the diffuser at z = —1100
to —800 mm. This showcases that the voxel size and interpolation scheme do not
play as large of a role for more shallow gradients.
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Figure 4.10: Velocity magnitude for ProCap, TG, and CFD at the base wake along
the Z-7Z line defined in Figure 4.9.

Another aspect noticed in the contour plots above, Figure 4.9, is the additional
unsteadiness in the ProCap measurements. The transition across the shear layers
in the wake is markedly wavy, indicating another deficiency of this technique. The
reduced waviness observed in the TG shear layers can be attributed to the more sta-
ble probe motion. Conversely, the ProCap system shows a tendency to be wavy due
to operator-induced factors (uneven measurement point distribution within voxels,
speed of probe motion, etc.). The reason for the lack of waves in the CFD simula-
tions is that it smooths out fluctuations smaller than the chosen finite volume mesh
size, leading to a more continuous shear layer transition.

Figure 4.11, showing the results along the X-X line, confirms the trend regarding
ProCap’s accuracy for shallow gradients. Here, the ProCap measurement has a
20 standard deviation of 1.9 m/s (9.8%) to the TG, compared to 2.6 m/s (13.4%)
between the CFD and T'G. This shows that the ProCap system is more accurate than
CFD for areas with shallow gradients, while CFD gives a more accurate prediction
for sharp gradients.

6 .
---- TG (baseline)
4 —— PproCap — TG
| — CFD -TG

Alu| [m/s]

%100 1700 1300 900 500 100
X [mm]

Figure 4.11: Velocity deltas compared to TG for ProCap and CFD at the base
wake along the X-X line defined in Figure 4.9.

Looking at the separation bubbles, shown in Figure 4.12, ProCap and CFD also
seem to have different strengths. Despite ProCap overestimating the thickness of
the shear layer close to the rear wing, it captures the separation bubble better than
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CFD does close to it. Conversely, the CFD simulation shows good agreement on
the downstream part of the bubble, where the ProCap’s wake is too narrow. The
reason for ProCap’s narrowing at the tip of the bubble, which looks like a dent,
could be due to measuring points in the present voxel being over-represented with
points close to the free-stream. This would give the voxel a higher velocity and a
higher total pressure coefficient, not including it in the figure. On a side note, all
three methods show reasonable agreement on the lower half of the isosurface.

(a) ProCap (green) and TG (blue) (b) CFD (red) and TG (blue)

Figure 4.12: Wake topology for ProCap and CFD compared to TG with isosurface
cptot = 0 projected on the y = 0 plane.

Overall, while not being identical, the overall size and shape of the separation bub-
bles observed with ProCap, CFD, and TG are reasonably consistent. This consis-
tency reflects both the capability of the ProCap system and the reliability of the
CFD method used.

4.2.2 QOuter rear-view mirror

Several differences can be observed when comparing velocity contours from ProCap
and CFD around the outer rear-view mirror, as shown in Figure 4.13. One notable
difference is that the CFD simulations predict lower velocities at the stagnation
point directly behind the mirror, which could be due to the voxel averaging effect.
Another notable difference is observed in the flow acceleration between the mirror
and the side window. While CFD captures this phenomenon, ProCap measurements
consistently underestimate the velocities within this region. This is because the
interpolation scheme employed by ProCap carries the lower velocity from behind
the mirror and shear layer to the high velocity area. This effect would likely be
mitigated with a smaller voxel size, preventing the lower velocity from being carried
all the way to the high velocity zone. Furthermore, the vortex behind the mirror on
the far side of the car is located closer to the edge of the mirror for CFD compared to
ProCap. The reason for this could be a combination of the presence of the operator
pushing the vortex inward, together with the shear layer’s increased thickness for
the ProCap measurement.
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Figure 4.13: Velocity contours for ProCap and CFD around the outer rear-view
mirror.

Despite these differences, several similarities exist when observing the plots from a
macro-perspective:

o The flow is accelerated around both sides of the mirror (but to varying de-
grees).

o The wake is angled towards the car.

o The far wake hits the side window approximately at half of the window’s width.

o Similar mirror wake topology with two distinct recirculation zones close to the
mirror.

According to Figure 4.14a, the quantitative difference between the two methods is
the largest in the separation bubble. The further downstream from the mirror, the
more similar the velocities are. A familiar trend from the base wake results is also
apparent in Figure 4.14b: the shear-layer is significantly thicker for the ProCap
measurements compared to CFD, characterized by the difference in velocity gradi-
ents. Additionally, ProCap is not able to capture the boundary layer close to the
car, which CFD does. Even with a very small voxel size, this would be challenging
due to the physical dimensions of the probe tip preventing it from reaching to the
surface, as well as creating disturbances for the measured flow. The ProCap system
is therefore not suited for measuring flow close to surfaces.
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Figure 4.14: Numerical comparison between CFD and ProCap around the side-
view mirror.

Despite differences in velocity contours between ProCap and CFD, their separation
bubble topologies exhibit strong similarities, as illustrated in Figure 4.15. A key
distinction is the presence of a far-field wake bifurcation in the CFD separation
bubble, which is also evident in its velocity contour but absent in the ProCap results.
Furthermore, the inwash from the surface of the mirror furthest away from the car is
more pronounced in the ProCap measurements, which could be due to the additional
blockage from the operator (as described in section 4.1.4). Overall, the separation
bubble topologies from CFD and ProCap can be considered similar, particularly
when the approximate wake topology is the primary focus.
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Figure 4.15: Isosurface ¢, = 0 for CFD (blue) and ProCap (green) projected on
the plane from Figure 4.13.

To compare the vortical flow structures captured by CFD and ProCap, an iso-
surface of the Q-criterion is shown in Figure 4.16. While there are larger differences
immediately behind the mirror, the interesting feature is the long vortex traveling
downstream. CFD and ProCap portray this structure very similarly, with the loca-
tion being almost identical, and ProCap indicating only a slightly longer structure
compared to CFD. That the ProCap system is able to capture rotational structures
accurately confirms the findings from Bartl et. al. [61]. Being able to visualize
vortices accurately is of great importance because they have a large effect on the
overall aerodynamic performance of a car, as discussed in Section 2.1.2.

(a) Top-view

(b) Side-view

Figure 4.16: Isosurface of Q-criterion = 10 000 s~ from CFD (blue) and ProCap
(green).

As for the base wake in the previous section, ProCap and CFD show differences when
taking a deeper look into velocity contours and their numerical values, but exhibit
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strong agreement regarding overall flow topology, including rotational structures.

4.2.3 Antenna

The antenna is the area investigated where the largest differences between ProCap
and CFD are spotted, as shown in Figure 4.17. One significant difference is that the
downwash from the edge of the antenna is more pronounced in CFD when compared
to ProCap. Furthermore, despite the short low-velocity zone behind the antenna and
rapid flow reattachment, a thick boundary layer still appears to travel downstream.
This type of boundary layer can not be seen in the CFD. It is reasonable for the
flow this far back on the car to have a significant boundary layer build up, but
there is a risk that ProCap overestimates it, just as for the shear layer per previous
sections. On the other hand, the voxel size study in Section 4.1.1 showed that the
overestimation of the boundary layer reduces with voxel size, and the 4 mm voxel
size used for the antenna can be considered very small. However, having such a
small voxel size, smaller than the size of the probe tip, could potentially also be
problematic by itself and present an error source.

[m/s]

o

(a) ProCap (b) CFD
Figure 4.17: Velocity contours for ProCap and CFD at the antenna.
As evidenced by the velocity contour, the separation bubble is significantly smaller

for ProCap compared to CFD, shown in Figure 4.18. This difference is large enough
to influence the local aerodynamic behavior of such features.

Figure 4.18: Isosurface c¢,1¢t = 0 for ProCap (green) and CFD (blue) at the
antenna projected on the plane from Figure 4.17.

The large differences between the ProCap measurement and the CFD simulation
make the antenna an interesting area for further investigation, as a representation of
measuring small flow features. What speaks for the ProCap is that it has shown good
alignment for the previous areas regarding flow topology. On the other hand, the
small voxel size and the physical size of the probe head likely act as a significant error
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source. Additionally, measuring such a small domain, the significance of inaccuracies
from the camera system increases. In conclusion, ProCap measurements around
small features can possibly generate unphysical results when the voxel size is smaller
than the probe diameter and should be interpreted cautiously.

4.3 Geometry modification investigation

Having established the ProCap system’s accuracy against CFD and the traverse-gear
system, its typical use case - visualizing changes in flow topology when applying geo-
metrical vehicle modifications - is investigated. To do so, two different configurations
are compared with the baseline. The first configuration has an added kick to the
roof spoiler, changing the flow over the rear window, and the second configuration
has a removed rear wing to change the topology of the base wake.

4.3.1 Adding a roof-kick

The ProCap measurements show that the velocity field changes significantly when
a 20 mm kick is added to the roof’s separation edge, as shown in Figure 4.19. The
kick can be seen to direct the flow further upward in comparison with the baseline.
Moreover, the separation area after adding the kick is therefore significantly larger,
and the flow velocity in the wake is lower at the rear wing.

[m/s]

o

(a) Baseline (b) Roof-kick

Figure 4.19: Velocity contours for the geometrical changes to the roof’s separation
edge.

Having a closer look at the separation bubbles, illustrated in Figure 4.20, it is
shown that adding the kick not only lifts the bubble higher up but also widens it.
Consequently, a desirable property of the baseline’s wake — its impingement on
only the outermost part of the wing — is diminished with the addition of the kick.
This likely results in reduced rear wing downforce due to the decreased momentum
of the impinging airflow.
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(a) Baseline (b) Roof-kick

Figure 4.20: Isosurfaces ¢, = 0 from the geometrical changes to the roof’s
separation edge.

Overall, the ProCap measurements clearly capture the differences in flow topology
that come from adding the roof-kick.

4.3.2 Removing the rear wing

Removing the rear wing can be seen as a more drastic change than adding the roof-
kick, and should therefore result in even larger changes in flow topology. Figure 4.21
shows that this is the case. The most noticeable difference is that the wake is much
smaller and more downwashed compared to the baseline. This would lead to the
configuration without the rear wing having more rear lift than the baseline.

[m/s]

o

(a) Baseline (b) Removed rear wing

Figure 4.21: The wake’s velocity contours for the geometric modification applied.

These two use cases demonstrate the capability of the ProCap system to quickly
probe the local flow field to provide real-time insights into the impact of various
aerodynamic features. The ProCap system can thereby be used as a complement
to simulations to obtain a complete understanding of the local and global flow phe-
nomenon around a test vehicle of interest.
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Conclusion

The ProCap measurement system was identified as a measurement system bridging
the gap between the traditional qualitative and quantitative flow visualization tech-
niques.

From a quantitative perspective, ProCap was found to lack the accuracy and consis-
tency needed for use in CFD method validation. However, qualitatively, the agree-
ments are reasonable. The main difference between ProCap measurements and the
traverse-gear-mounted probe or CFD simulations was the ProCap’s thickening of
the shear layers. This was due to the system relying on a voxel based spatial aver-
aging together with interpolation, which kept the system from being able to resolve
steep velocity gradients. Consequently, the delta observed in the ProCap system’s
repeated measurements, along with its comparison to the TG system, meant it could
not serve as a reliable ground truth for CFD validation.

Despite these limitations, ProCap measurements capture the overall flow topology
well, particularly in representing the size and approximate shape of flow separations
and large-scale flow structures. The topology of rotating structures was also similar
between ProCap and CFD simulations. These findings highlight the system’s opti-
mal operating domain: visualizing flow separation and reattachment, and providing
an approximate representation of the general flow topology. Especially when obtain-
ing unexpected behavior during aerodynamic testing or development, traditionally,
smoke or tufts are used because quantitative techniques such as PIV or LDA are
considered too time-consuming. In such a scenario, ProCap is a compelling alterna-
tive as it can provide significantly more information about the flow than the strictly
qualitative methods, but is less time-consuming than the traditional quantitative
counterparts.

In conclusion, in terms of accuracy and local flow resolution, the ProCap system
surpasses qualitative methods such as smoke and tufts but falls short of traversing-
gear-mounted pressure or hot-wire probes, PIV, and LDA. From a complexity and
time perspective, the ProCap system can also be considered to be in the middle
ground between the purely qualitative and quantitative methods mentioned. Pro-
Cap’s position within this range can be partially decided by an appropriate choice
of voxel size.

Thus, this thesis has demonstrated the typical usability of the ProCap system for
use within aerodynamic development.
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