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SUMMARY

The EU has committed itself to reduce the greenhouse gas emissions with 20% by 2020 with respect to the
1990 level. This means that all industry sectors including the transport sector have to become more energy
efficient. The long and short haul trucks are, with 4.95% of the total CO2 equivalent emissions, a major con-
tributor in the transport sector. In order to achieve a reduction in emissions, the European Commission is
proposing new regulations that allow for front elongation of trucks. This elongation might improve the aero-
dynamic efficiency and hence reduce the emissions and fuel costs.

Reducing aerodynamic drag for tractor-trailer combinations has been researched for a long period of
time. In 1965 Hoerner published the results of his experimental research on 3D bluff bodies and identified
that the drag coefficient at the front was related to the total drag coefficient. In 1985 Cooper determined that
an optimal front edge radius based on the Reynolds number and the frontal area of the vehicle exists. These
two studies concerning bluff bodies form the basis of numerous follow up studies and this thesis. This thesis
analyses how the geometry of an elongated bluff body can be optimized in order to reduce the aerodynamic
drag coefficient

Typically the flow around a bluff body is characterized instable and separated flow. At the front of the
truck the incoming flow velocity reduces to zero at the stagnation point. A high pressure region is formed
at this location. Further downstream the flow reaches the front edge corners of the truck, where the flow is
accelerated. Flow separation might occur at these front edge corners. At the rear a large low pressure region
is formed which contributes to the total drag coefficient.

In this thesis numerical simulations are performed in order to identify the relative importance of several
front-end design parameters. The numerical calculations are performed by means of the steady-state RANS
k −ω turbulence model. The domain is refined near the surface model and its wake using two density boxes
around the model with different cell dimensions and an inflation layer around the model. A wall model is
used to approximate the flow behavior in the boundary layer. The wall model and the local refinements
reduce the computational time while retaining a high level of accuracy of the numerical solution.

The numerical simulation is validated using the data from an already existing wind tunnel experiment.
This wind tunnel experiment has been performed on a 1:15 scale model in the Low Turbulence wind tunnel
at the TU Delft. First the influence of the mesh cell size is determined by varying the cell sizes of the two
density boxes surrounding the model. One density box is close to the model and has small cell dimensions,
while the second density box is encapsulating a larger volume. This resulted in chosen cell dimensions with a
ratio of 1:4. The discretization error is 4.1%, while the number of cells used is 4.47∗106. The second part is the
validation itself. The drag coefficient of the model is 0.297 for the wind tunnel experiment and 0.300 for the
simulation, while the base pressure is slightly lower for the numerical simulation. The pressure distribution at
the base is not correctly captured in the simulation results. The final part of the validation is the comparison
of the boundary layer development. The results of the simulation obtained in this thesis show great similarity
with the results found in the wind tunnel experiment.

To explore the real world effects the 1:15 scale results are compared to 1:1 scale models. The mesh of the
1:1 scale model is different from the 1:15 scale model in two ways. First the inflation layers are attached on
the rear, this is done to reduce the effect of low quality mesh elements near the base of the model. Second the
inflation layers themselves are different in size due to a different development of the boundary layer at larger
models. The numerical configuration for the 1:1 scale model uses a higher turbulence intensity and Reynolds
number in order to better match the real world conditions. When comparing the two scaled models, these
configuration differences lead to a small discrepancy in the drag coefficient. To further analyze the 1:1 scale
model, the front edge radius is varied. This variation shows that a critical radius of 540 mm exists in order to
keep the flow attached at yaw angles of 0, 3 and 6 yaw. Increasing the radius beyond 540 mm shows a minor
decrease in drag coefficient, while a large decrease of the stagnation area and suction forces are observed.

After the analysis of the non-elongated 1:1 models, the models are elongated with 500 mm. Elongating
the baseline model increases the drag slightly due to the increased wetted area. The stagnation pressure and
suction force do not change when the model is only elongated.

The final part of this research explores several front designs for elongated models. The first effect that is
studied is the change in circular radius. The observations are in line with the observations for non-elongated
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models: when the radius is larger than the critical radius of 540 mm, the flow stays attached and only a small
decrease in drag coefficient is observed. The model with the lowest drag coefficient has a circular radius of
1300 mm, the benefit over the baseline model is 6 drag counts for 3 degree yaw. Second, an elliptical front
edge radius is applied. Variations in front edge radius showed minor changes in drag coefficient. Lower drag
coefficients are observed when longer axes are chosen, while the minimum radius is kept constant. Finally,
various frontal shapes are applied to an elongated model. The changes in frontal shapes resulted in minimal
reductions of the drag coefficient.

When all models variations in this study are taken into account, an overall conclusion can be drawn:
the most important parameter for the drag coefficient is the front edge radius. When the radius is equal to
the critical radius, the flow stays attached for all models, which reduces the drag coefficient. Increasing the
radius beyond the critical radius result in only a very small aerodynamic drag reduction. Therefore the impact
of elongating bluff bodies to reduce green house gas emissions is very limited.
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1
INTRODUCTION

The European Union (EU) committed itself to reduce the greenhouse gas emissions with respect to the 1990
level. In order to achieve these goals all industry sectors should reduce their greenhouse gas emissions. To
help the transport sector achieve these goals the European Commission (EC) is preparing new laws that allow
for the relaxation of the dimensional constraints of heavy duty trucks. The EC hopes that these new regula-
tions result in more aerodynamic efficient vehicles, which require less power and produce less emissions.

Heavy duty trucks are considered bluff bodies and are subject to complex aerodynamics. New research
should be conducted in order to determine how these new dimensions can best be translated into an opti-
mized aerodynamic shape.

This chapter will describe the context of the problem, the basics of bluff body aerodynamics and the
research question of this thesis.

1.1 European climate goals

The EU has committed itself to reduce the greenhouse gas emissions with 20% by 2020 with respect to the
1990 level [8]. For 2050 the goals are even more challenging: a 60% reduction should be realized with respect
to the 1990 level [9]. In order to achieve these goals it is crucial for all industry sectors, including the transport
sector, to become more energy efficient. The transport sector is responsible for 19.7% of the total equivalent
CO2 emission; the emissions of long and short haul trucks account for 4.95% of the total CO2 emissions [1] as
depicted in figure 1.1.

Figure 1.1: CO2 equivalent emissions in the European Union arranged by sector type, data from 2014

Both in the transportation sector as well as in the road transportation sub sector the green house gas
emissions increased by roughly 20% between 1990 and 2014, this is shown in 1.2(a) an 1.2(b).

1
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(a) Green house gases emissions by sector in million tonnes CO2 equiva-
lent for 2014

(b) Green house gas emissions by transport sector in million
tonnes CO2 equivalent for 2014

Figure 1.2: Green house gas emission specified per sector [1]

NEW EUROPEAN DIRECTIVES

Currently, heavy duty trucks are not very streamlined due to dimensional legislative constraints. In the ab-
sence of appropriate legislation and collaboration between Original Equipment Manufacturer (OEM) no real
improvements were accomplished during the last decades [10]. Recent changes in regulations and the Su-
pertruck program in the United States (US) led to more efficient commercial vehicles [11]. These efficiency
gains include an automatic tire inflation system, drive train improvements and more aerodynamic shaped
trailers. The Heavy Duty Vehicle (HDV) markets in the US and the EU are similar. A similar effect could be
accomplished with the proposed EU directive EU/2015/719 [12], where the dimensions constraints of heavy-
duty trucks are relaxed. A front elongation of 0.5m is proposed. This allows for different designs, which might
be more aerodynamic, resulting in a lower CO2 emission.

1.2 Economic incentive

The fuel consumption of an HDV is among the largest contributors to the vehicles total cost of ownership.
The typical cost of operating an HDV consist of wages (40%), fuel (30%), maintenance (9%), depreciation and
interest [13]. The significant share of the fuel cost gives rise to an economic incentive for transport companies
to develop more aerodynamic trailers. With lower fuel cost, a significant economic benefit can be obtained.

1.3 Drag components

In order to reduce the fuel consumption the drive train and the drag components can be optimized. As such
this research will focus on analyzing and reducing the drag components, in particular the aerodynamic drag.

The forces acting on a vehicle in motion can be summarized in equation 1.1 [14].

Ftot = m
du

d t
+mg sinα+µmg cosα+ 1

2
ρA f CD u2 (1.1)

The total force, Ftot , is equal to the terms on the right hand side of the equation. The first term, represents
the force necessary to accelerate the vehicle, it includes the m of the vehicle and the a. The second term is
caused by α of the road. The rolling resistance is covered in the third term and consist of the µ. The last part
of the equation represents the aerodynamic force, which consists of the density ρ, the A f of the vehicle, the
CD and the u.
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In general long haul road transport operates at
the constant maximum allowed velocity; in the
EU this varies between 80 and 90km/h [1]. The
power consumption on a flat road is shown in fig-
ure 1.3 [15]. The two main components of power
consumption are rolling resistance and aerody-
namic drag resistance. At 80km/h the aerody-
namic drag contributes roughly the same as the
rolling resistance, depending on the configura-
tion of the truck, the road conditions and the op-
erating conditions. Therefore the aerodynamic
drag is an important contributor to the total drag.
If one wants to optimize the aerodynamic drag
the CD is the only component which can be al-
tered; as the ρ, A f and the operating u are re-
garded as constant.

Figure 1.3: A sketch of the drag forces that a 10-tonne rigid
vehicle must overcome. 50 mph equals 80.4 km/h)

According to Wong [14], the rolling resistance coefficient is dependent on the tire pressure, tire com-
pound, smoothness of the road and velocity. This coefficient is often the subject of research to lower fuel
consumption [16], [15],[17]. Furthermore the rolling force consists of the m, the gravitational constant grav-
ity constant and the inclination of the road α.

1.4 Bluff body aerodynamics

Aerodynamic drag is an important parameter of the total drag of an heavy vehicle, especially at highway ve-
locities. Aerodynamic drag can be split into two main components, pressure drag and friction drag. Pressure
drag is the pressure difference acting on all surfaces perpendicular to the driving direction.

Friction drag is the aerodynamic drag due to the shearing action of the air against the vehicle surface.
Previous studies [18] and [19] show that for bluff bodies pressure drag is dominant over friction drag.

For heavy duty vehicles, a high pressure region is located at the front and a low pressure region is located
at the rear. Due to the abrupt changes at the front and rear of the body the flow separates and becomes
unstable, as shown in figure 1.4(a). Increasing the front edge radius can eliminate flow separation at the
front. This topic is intensively studied topic by Götz [20], Cooper [4], Newnham [21], Hennemans [22]. At the
base the flow also separates. These unstable vortices are complex and are studied by Roskho [23], Hucho [24],
Duell and Geogre [25] and Pastoor [26]. The vortex formation is asymmetrical and causes a periodic variation
in pressure levels near the base of the vehicle.

(a) (b)

Figure 1.4: Typical airflow of a truck trailer combination. On the left, regions with extensive turbulence are present at the cabin, trailer
roof and rear. On the right, an optimized combination is shown with only a wake region at the rear [2].

Flow separation is detrimental for a low drag coefficient. Therefore optimizing the geometry of the vehicle
is of key importance. An optimized airflow reduces separation and wake areas, an example is shown in figure
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1.4(b). Hoerner [27], Saltzman [28] and Diebler [29] studied the influence of the fore body drag on the rear
and total drag. The exact nature of this relations is heavily debated, this is elaborated in section 2.2.1.

1.5 Drag reduction methods

The aerodynamic drag for HDV can be reduced by several measures. These measures include fore body design
[4], platooning [30], the under body design and rear end design. Often add-on devices are used for stream-
lining the flow, such as side wings [31], wheel covers [32], roof spoilers [33], and boat tails [34]. However, CD

depends on the shape of the total vehicle, therefore multiple studies emphasize a holistic approach in order
to optimize the drag coefficient [35] and [10]. Furthermore, Hoerner showed that the pressure distribution at
the front and rear are intertwined [27].

There are two types of drag reduction methods: active and passive. Active drag reduction devices require
power, are relatively complex, and have been studied extensively [36–38]. Passive drag reduction is a relatively
simple and robust method, since it does not require power or include moving parts. Therefore the focus will
be on passive drag reduction. This can be achieved by adjusting the geometry of the heavy-duty vehicle.
The tractor-trailer can be divided into three main areas of interest for aerodynamic purposes: the front, the
trailer and under body and the rear of the vehicle. In chapter 2 a detailed overview of the aerodynamic drag
reductions for these areas is given.

1.6 Aerodynamic development tools

Evaluation of the aerodynamic performance of heavy duty trucks can be performed in three distinct ways;
track testing, wind-tunnel testing and CFD analysis. The methods all have their own challenges.

Performing aerodynamic experiments on a dedicated test track provides realistic wind and ground condi-
tions. Despite this advantage the difficulty lies in controlling these conditions. Furthermore, these full scale
tests are very time consuming and expensive to perform.

The second option is to use a wind tunnel to measure the aerodynamics of heavy duty trucks. The results
obtained from these test are repeatable and can closely match the real on-road conditions (depending on the
fidelity of the boundary conditions). Disadvantage are that often simplified and scaled down models are used
and turbulence intensities are different compared to the full scale models.

The use of CFD can also provide repeatable simulations that are able to match the real world on-road
conditions while costing only a fraction of the track and wind tunnel tests. The precision of the simulation
results depends on the application of boundary conditions and model assumptions. Therefore the simulation
should always be validated with a wind tunnel or track test.

1.7 Research goal

The main question of this master thesis is: "How can the geometry of an elongated bluff body be optimized
in order to reduce the aerodynamic drag coefficient?"

To answer this high-level question, sub questions are defined and listed below.

• How does front elongation a bluff body influence the aerodynamic flow behavior, in terms of suction
and pressure forces, when the front of a full scale model is elongated with 500mm?

• What influence does a variation of the front edge radius have on the suction and pressure forces on an
elongated bluff body?

• What are the key design parameters (radius, ellipse fillets, slanted surfaces, etc) for the front design
which lead to a low drag coefficient?

Understanding the flow behavior of the GETS model will help to create a low drag design for current and
elongated heavy-duty trucks. This can reduce the fuel consumption and thereby reduce the CO2 emission of
heavy-duty trucks in the future. Ultimately, these low drag designs will contribute to the climate goals of the
EU.
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1.8 Report structure

The research questions will be answered by validating the simulation results, analyzing a full scale model and
investigating the effects of an elongation. The next chapter will elaborate on the numerical setup. Chapter 4
describes the validation of the numerical simulation using wind tunnel data performed by Van Raemdonck
[31]. After the validation the model is scaled to a 1 : 1 ratio, this allows for more realistic interpretation of
the simulation, as described in chapter 5. Chapter 6 explains the effect of elongation and shows the effect of
several front designs. The last chapter will cover the conclusions.



2
BACKGROUND

In this section an overview of the important literature will be given. First general aerodynamic flow around
bluff bodies will be explained. The second part deals with the several important studies for aerodynamic
development of HDV. The final part will discuss the aerodynamic of specific front designs.

2.1 General flow around bluff bodies

The flow around bluff bodies is characterized by a thick boundary layer and regions of separated flow. This
is shortly discussed in section 1.4. It is shown that the flow around bluff bodies is considered to be turbulent
due to a high Reynolds number, large pressure gradients, flow irregularities and surface irregularities. This
will eventually cause the flow to separate at some point at the truck’s surface. The critical locations at which
separation can occur are detailed structures and sharp edges. In general, flow at the front edge is prone to
separation and flow at the rear will always separate with the current CoE and trailer designs. Separation at
the base of the vehicle creates a large low pressure area. In this region, the flow is unstable and produces
asymmetrical vortices as is visualized in figure 2.1 [25]. The two larger vortices are trapped in a shear layer.

Figure 2.1: Schematic representation of the wake region of the bluff body. Two counter-rotating vortices formed at the base of the vehicle.

2.1.1. BOUNDARY LAYER DEVELOPMENT

The boundary layer is the small layer between the object and the undisturbed flow. Outside the boundary
layer the flow is considered uniform and stable, while inside the boundary layer the flow properties change
greatly. The boundary layer development is dependent on the flow properties, the shape and the material
properties of the object facing the viscous flow. The thickness of the boundary layer increases with surface
length and surface irregularities. At the surface of the object the velocity of the flow is zero while just outside
the boundary layer the flow velocity is equal to the free stream velocity. The velocity gradient perpendicular
to the surface can be represented as a velocity profile, as shown in figure 2.2 [39].

6
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Figure 2.2: Typical boundary layer development: the flow starts laminar and transitions to a fully turbulent boundary layer as it growths
thicker.

The boundary layer starts thin and laminar, after a certain length the boundary layer becomes turbulent.
Typically for a flat plate this occurs at a Reynolds number of 5∗105 [40]. The average velocity profile is shown
for the laminar and the turbulent region in figure 2.2. The velocity profile in the turbulent case is different due
involvement of fast moving particles, which are further away from the wall and move into the lower regions
of the boundary layer. The turbulent boundary layer can be subdivided in three regions. The layer closest to
the wall is the inner layer, in this part the viscous shear forces are dominant. This layer is followed by a buffer
layer and an outer layer. In the buffer layer both viscous effects and turbulent effects are important and in
the outer layer turbulent effects are dominant. A distinction between these layers can be used to simplify the
numerical simulation process, this is explained in section 3.6.

2.1.2. REYNOLDS NUMBER EFFECT
The Reynolds number is a parameter of the flow which represents the ratio of the inertial forces over the
inviscid forces [41]. It is given by equation 2.1:

Re A = i ner t i al f or ces

vi scous f or ces
= u

√
A f

µ
, (2.1)

where Re A is the Reynolds number based on the frontal area, u is the maximum relative velocity of the ve-
hicle with respect tot the fluid, A f the frontal area and µ the kinematic viscosity. At low Reynolds numbers
viscous forces are dominant and the flow is laminar. Turbulent flow occurs at high Reynolds numbers and is
dominated by inertial forces. The latter is characterized by instable, chaotic flow with vortices.

Studies by [42], [4], [43] and Wood [3] showed that the drag coefficient is dependent on the Reynolds num-
ber. As shown in figure 2.3, the CD is relatively high at lower Re. The CD drops steeply around the transitional
Re number. In the final stage, the transcritical stage, the drag coefficient stays more or less constant.

Figure 2.3: Reynolds number effect according to Wood [3]

When smaller scale models are compared to full scale models it is important that the wind tunnel exper-
iments and simulations are performed in the transcritical region. In this region the value of the CD is almost
constant with increasing Re. Thereby ensuring that the obtained results replicate the full scale configuration.
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2.2 Previous works

This section will elaborate on several important studies regarding aerodynamic effects of bluff body designs.
Many studies emphasize the holistic approach to optimizing the total vehicle CD , instead of just focusing
on the front or rear part [10, 15, 27]. First the relations of Hoerner will be explained, subsequently other
important studies will be explained in this section, like the studies performed by Götz, Nakaguchi, FAT and
the Supertruck program.

2.2.1. HOERNER’S RELATIONS

Hoerner experimentally determined the drag and lift coefficient of a large variety of objects. He suggested that
the base drag is dependent upon the vehicle’s fore body drag [27]. The boundary layer acts as an insulator for
the oscillating vortices at the trailing edge. The boundary layer can thus reduce the base and total drag. The
thickness of the boundary layer is dependent on the fore body drag. By testing the drag of 2D and 3D objects,
Hoerner derived two equations. The 2D relation is shown in equation 2.3 and the 3D relation in equation 2.2.
These relations are also shown in figure 2.6(a), where CPb represents the base pressure drag and CD f ,b the
fore body drag coefficient.

CPb =− 0.029(
CD f ,b

) 1
2

(2.2) cPb =− 0.135(
CD f ,b

) 1
2

(2.3)

For objects where the fore body drag contributes very little to the total vehicle drag, the total drag can
be decreased by increasing the fore body drag. When the fore body drag is plotted versus the total drag co-
efficient, there is an optimal fore body drag coefficient. This is called Hoerner’s drag bucket, shown in fig-
ure 2.6(b). Studies by National Aeronautics and Space Administration (NASA) refined Hoerners relationship,
which is covered in section 2.2.3.

Hoerner [27] suggests that a thin boundary layer at the side of a bluff body is responsible for more neg-
ative pressure in the wake than a thick boundary layer. This implies that a well formed fore body, creates
a thin boundary layer, which will result in lower pressure at the back of the trailer. A front which creates
thick boundary layers will result in higher back pressure coefficients. This phenomena is studied in detail by
Mariotti, which is outlined in the next section.

2.2.2. MARIOTTI

The relation between the boundary layer thick-
ness and the base pressure of Hoerner is repli-
cated for 3D flow by Mariotti et al. [44]. Mariotti
experimentally investigated the thickness of the
boundary layer on an axis symmetric body with an
elliptical nose and a sharp edge base. The bullet
shaped model was constructed with a diameter-
to-length ratio of 0.175. The free stream turbu-
lence level was set to 0.9% and the Reynolds num-
ber at 5.5∗105. The pressure measurements were
recorded using pressure taps and the velocity field
was outlined through hot wire anemometry.
Using emery cloth to modify the thickness of the
boundary layer, it was found that an increase in
boundary layer thickness increases the width and
length of the recirculation zone. Furthermore
the velocity and the fluctuation in velocity reduce
while the base pressure increases with increasing
boundary layer thickness. The author appoints
the lower velocities at the point of separation as
the cause of a lower base drag, this is shown in fig-
ure 2.4.

Figure 2.4: Boundary layer study on a bluff body by Mariotti. In
the top figure the variation in boundary layer thickness is shown
for the three different models. In the bottom figure the velocity
distribution along the edge of the boundary layer and of the near
wake is shown.
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2.2.3. NASA STUDIES
Before the oil crises in the early 1970s, road vehicle shapes were dominated by box shapes. On the onset of
the crises, NASA performed full scale experiments in order to optimize the shape of vans by means of coast-
down techniques [28]. Although the tests were performed for a box-shaped vehicle, the authors state that
the same results hold for heavy trucks and buses. In figure 2.5(a), the baseline model with sharp edges and
the optimized model are shown. The model with a truncated tail, rounded edges and a smooth under body
reported the lowest CD value, as shown in figure 2.5(b).

(a) NASA baseline vehicle (model A), CD =0.89 (b) Optimized NASA test vehicle (model H), CD =0.242

Figure 2.5: Two of the test vehicles used by NASA to investigate the aerodynamic effects of, among others, a rounded front and boat tail.

In addition to the coast-down test NASA also investigated Hoerner’s equations [27], see equation equation
2.3 for a 2D model and 2.2 for a 3D model. The experimental data revealed that Hoerner’s formulas underesti-
mate the dependence of base drag on fore body efficiency for road vehicles. The NASA researchers noticed an
increase in base pressure at the rear from 0.1 for the baseline vehicle to 0.3 for the aerodynamically optimized
van. The gains of streamlining the front is partially offset by the increased base pressure. In order to fully
realize the potential of a streamlined front design, the after body design should be more refined.

The authors proposed a new factor as nominator in Hoerner’s equation, indicated by the letter ’K ’. The
new nominator, the original 2D and 3D equations of Hoener are shown in figure 2.6.

(a) The relation between base pressure and drag coefficient ac-
cording to Hoerner’s (2D and 3D) equations and the measure-
ments of the NASA Dryden research.

(b) Total drag for 3D bodies, using Hoerner’s equation. The figure
is an edited version of Hoerners equation by Saltzman [45]

Figure 2.6: Hoerners 2D and 3D relations; the drag of the fore body is shown in relation to the drag of the base (left) and the total drag
(right). The measurements reveal that Hoerners equations indeed show a qualitative relation, though for a quantitative analysis, the
Hoerners equation can not be used.

GÖTZ

Götz showed the effect of rounding the front edge radius combined with slanting the roof. The results are
shown in figure 2.7(a). For all the configurations the rounded edges opposed to the squared edge give a large
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reduction in CD . By adding a large boat tail, even larger reductions can be realized. Note that with a poorly
designed front, the reduction achieved by adding a boattail is not very strong.

(a) Results of the study performed by Götz (b) Results of the study performed by Nakaguchi

Figure 2.7: Studies by Götz and Nakaguchi on 3D bluff bodies in the 1980s. The results show that rounding the front edge and boat tailing
reduces the CD significantly.

NAKAGUCHI

In figure 2.7(b) the results of Nakaguchi are shown. The effect of different front and rear designs of a simplified
CoE model is studied while the gap ratio is changed [46]. These 3D models are tested in the wind tunnel at a
Reynolds number of 1.7∗105 . The results reveal that a long rounded nose in combination with a long boattail
results in the lowest CD . Again the decrease in CD is amplified when a low drag front and a low drag rear are
combined.

DIEBLER

In 2000 Diebler at the NASA Dryden Research facility gained a renewed interest in the formulation of Ho-
erner’s equations on larger scale vehicles [29]. Therefore a Ground Research Vehicle (GRV) has been devel-
oped to study the base drag relationship on full scale vehicles. The GRV is a bus shaped model of 13 m long,
2.1 m wide and 2.7 m tall, the Reynolds number equals 3∗107. The vehicle has square corners and is tested in
two configurations, one with an exposed under body and one with an enclosed under body. For both config-
urations the total error in CD between the measurement and the 2D Hoerner equation is within 4%. However,
the base drag values are off by 70% compared to Hoerner’s 2D base drag model and 600% for the 3D model.
The author believe that the chaotic fore body flow of the GRV model causes the large errors in the base CD

and more research with a rounded edge GRV is recommended.

WOOD

Wood states that the ability of the flow to follow the boat tail surface depends on the boundary layer state,
the thickness of the boundary layer and the base area size compared to the boundary layer [3]. The non-
dimensional boundary layer thickness, δA , is the ratio of the boundary layer thickness (just upstream of the
boat tail) to the square root of the base area. Based on the published data of other studies Wood summa-
rized that the drag reduction capacity of a boat tail is reduced as the non-dimensional boundary layer size
increases. The effectiveness of a boat tail is thus dependent on the aerodynamic performance of the all the
parts upstream the boat tail.

2.3 Front design

This section discusses the aerodynamic effects of altering certain aspects of the front of the truck. First gen-
eral tractor designs are discussed, followed by a the front edge radius section. Next, several topics like the
effect of front nose elongation, roof fairing, a-pillar positioning, mirror and bumpers will be elaborated on.
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2.3.1. GENERAL TRACTOR DESIGN

The basic tractor design has been studied by many, among them are Gilhaus and Götz. Multiple configura-
tions, the influence of the Re number and edge rounding were investigated. Gilhaus studied the effect of the
cab shape on 1:5 scale trucks in a wind tunnel [42]. A simplified cab and trailer were used to establish the drag
coefficient of different cap designs. Götz studied the influence of rounding of the front, side and rear edged of
bluff bodies. Götz and Gilhaus concluded that the radius of the leading edge of the bluff body has significant
influence on the drag coefficient. Both studies found that with a rounded front edge the CD is almost the
same as with as ’Stormfront’ configuration, shown in figure 2.8(b).

(a) Results of the study performed by Gilhaus (b) Götz models, squared edge at the top,
rounded front edge in the middle and the
’stormfront’ below.

Figure 2.8: Basic front end designs studied by Gilhaus and Götz.

2.3.2. FRONT EDGE RADIUS

Rounding the front edge has a large influence on the CD of the vehicle. This is shown in multiple experiments
of [47], [4], [21] and [43]. Götz tested multiple simplified truck and bus shaped models in a windtunnel and
determined the drag coefficient of different radii. Cooper [4] also showed that the Reynolds number and thus
the velocity of the vehicle determined the optimal front edge radius. This is shown in figure 2.10. The non
dimensional radius equals the radius divided by the square of the frontal area. It is concluded that rounding
the front edge can reduce the CD upto a point, after which it virtually stays constant. At this optimal front
edge radius the flow at the leading edge is fully attached. Further increasing the radius will not result in a
significant CD reduction. This relation can also be described analytically with equation 2.4, which gives the
minimum radius for which the flow will be attached:

Rmi n = 1.3∗105 u

u∞
(2.4)

where Rmi n is the minimum radius, µ represents the viscosity and u∞ the velocity of the oncoming flow.
In figure 2.10 it is indicated that a larger non-dimensional radius requires a larger Re (velocity) in order utilize
to the full aerodynamic potential.
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Figure 2.9: The CD of multiple front edge radii were tested at different Re (velocities) [4]. For a given Re an minimal radius exist after
which the drag coefficient does not decrease anymore.

Figure 2.10: Comparison of front edge radius data with Cooper design boundaries.
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It is noted that the difference between subcritical (decreasing CD ) and transcritical (low constant CD )
is large and that after the critical radius no change in CD is observed. However, from figure 2.9 it can be
concluded that with increasing radii a very small decrease in CD has been measured. This phenomena is
confirmed by the data of Newnham [21].

2.3.3. WOOD

Wood analyzed the findings of Cooper and others, which is shown in figure 2.10. The dataset shows that with
an increasing non-dimensional radius η the Recr,A and the Re tr,A are reduced proportionally. The gray area
on the left indicates the critical Reynolds number of 1.3∗105 for modern trucks. The critical Re for a η of 0.06
is thus equal to a Re tr,A of 2∗106 as indicated in the figure.

2.3.4. HENNEMANS

Hennemans [22] studied the influence of the transition point from laminar to turbulent flow on an axis sym-
metric cylindrical bluff body. The front edge radius, η, is varied between 0.025 and 0.1. Furthermore the
turbulence level is varied between 0.08 and 5%. The experimental results are shown in figure 2.11. In this
study ’r’ is the front edge radius and ’D’ represents the diameter of the model. The Reynolds number effect
for the small radii is not found. At the largest radius (0.1) the Reynolds number effect is found, however, it
is more gradual than the result of Cooper. Furthermore, the author concluded that the turbulence intensity
largely influence the CD , especially for larger radii.

Figure 2.11: Results of the Reynolds number effect for different front edge radii, performed by Hennemans.

2.3.5. SAKUMA

Sakuma et al [48] investigated flow separation around the front of a 1:5 scale vehicle model, using a Reynolds
number of 1.9∗106 based on the width. The pressure distribution, flow behavior and aerodynamic drag of
various front edges shapes and size were measured. The baseline model shows great similarities with the
GETS model developed by van Raemdonck. The main findings are summarized in figure 2.12.
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Figure 2.12: Summarizing chart of the results obtained by Sakuma. The size of the front-end edge design is varied in a non-dimensional
parameter a/W and b/W. Where a indicates the longitudinal direction, b the lateral direction and W the width of the model.

The authors conclude that the CD value decreases when the number of rounded edges at the front is in-
creased. The length of the elliptical arc in longitudinal direction can be shorter compared to that of a circular
arc for the same CD values. The most effective shape of the front-edge is an elliptical shape; the size of the arc
should at least be greater than b/W=0.04 and a/W=0.07 to prevent flow separation.

2.3.6. FRONT NOSE ELONGATION
Front nose elongation might increase the aerodynamic efficiency of a heavy-duty truck. A few studies have
been performed on this subject, among them are the Scania ’SN’, a study by the German FAT organization
and a more recent study by Martini.

SCANIA

In 2004 Scania was one of the first to study the effects of a SN model using CFD and the German-Dutch Wind
Tunnels (DNW) [49]. By means of an elongation of 1000 mm an improvement of 1.2% in fuel economy was
claimed with respect to the reference truck. However, no peer-reviewed records of these SN models studies
are published and hence the claimed improvements can not be verified. The SN models are shown in figure
2.13. It is noted that the difference between the 500 mm elongated model and the 1000 mm elongated model
is only 4 drag counts, while an improvement of 18 drag counts was realized between the reference truck and
the 500 mm elongated model.

Figure 2.13: Scania SN variants: a reference truck is shown on the left, a 500 mm elongated SN in the center and a 1000 mm SN on the
right hand side [5].

FAT STUDIES

The German FAT organization conducted extensive testing regarding the front elongation of a generic Eu-
ropean truck [43]. The simplified model used in the study is a blend of three models from different tractor
manufacturers (Daimler AG, Iveco and MAN). The base model, SN and an elongated were tested in the wind
tunnel of Daimler AG. Furthermore, the flow around the models was simulated numerically. The models are
shown in figure 2.14.
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(a) Baseline model (b) SN model (c) Elongated model

Figure 2.14: Models of the FAT study.

Using smoke, it was concluded that the flow remained attached until a quarter of the trailer, after which it
separated. This was observed in the wind tunnel and in the numerical simulation. The simulated results show
a decrease in drag of 7 Drag Counts (DC) for the SN variant and 13 DC for the elongated variant. According to
the authors, the reduced drag is a result from the larger corners radii. In the baseline model the radii varied
between 20 mm (on the bottom of the truck and the side front edge) and 150 mm (at the top front edge). The
front edge radii of the elongated variant was kept between 85 mm and 800 mm. The SN model uses the same
radii as the elongated model on the elongated part, while at the upper part the radii of the baseline model is
applied.

The pressure profiles show a reduction in pressure at the front of the vehicle. The suction forces at the
front edge corner decreased in magnitude. However, this latter effect is less than the decrease in pressure at
the front of the vehicle. The authors further notice that the flow velocity on the sides increase less than at the
reference vehicle. Furthermore, in side wind conditions the aerodynamic drag was slightly lower compared
to the reference model.

Figure 2.15: Comparison of pressure profile in XY plane, Z = 0 m, p = m2/s2 between the baseline model and the front elongated model.
The magnitude of both the pressure and suction forces in the elongated model decreased.

In table 2.1 the DC differences in CD are shown with respect tot the reference model. The decrease in drag
coefficient at the truck for both the SN as the pure elongated model are counteracted by the increased drag
coefficient at the trailer and the motor. In the simulation the cooling is included in the motor compartment.

Model Truck Trailer Motor Total

Softnose -26 16 3 -7
Elongation -44 27 4 -13

Table 2.1: Results of the FAT study; drag count difference for 0 degree yaw at 22 m/s

The FAT also studied the effect of a SN and a front elongation truck in combination with a boat tail in the
wind tunnel and with CFD. A drag reduction was realized of 12.5% for the combination of the 400 mm and
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the elongated front design. While only a front elongation provided a reduction of 4.5% and only a boat tail a
reduction of 9.5%. The authors concluded that the boat tail of 400 mm performed roughly the same as a boat
tail of 800 mm or 1200 mm.

MARTINI

Martini investigated the influence of an SN elongated CoE detailed Volvo truck using CFD. The truck is sim-
ulated at full scale with a velocity of 22m/s. Elongating only the grill area is referred to as a SN. Where soft
implies that the structure should be deformable to minimize injuries in case of a crash. Two SN models were
investigated, a 200 mm and a 500 mm elongated model. Martini observed a reduction of 23 drag counts for
200 mm at 0 degree yaw and a reduction fo 38 drag counts delta for 5 degree yaw. For the SN of 500 mm the
results were more pronounced: a 33 drag counts reduction for 500 mm 0 degree yaw and a 55 drag counts
reduction at yaw angle of 5 degrees. Especially in side wind condition the benefits of a SN are significant. In
order to explain these results Martini visualized the flow velocity in the yawing condition, these are shown in
figure 2.16.

(a) Leeward side (b) Windward side

Figure 2.16: Planes of velocity magnitude at different locations along the vehicle for 5 degree yaw for both the baseline CoE and SN model

The planes of velocity magnitude reveal that in the windward side the nose redirects the flow significantly
in the mirror region. The separation areas increased in the SN variant. However lower velocities at the chassis
can be observed. The windward side of the vehicle also shows significant differences in flow structure. The
differences around the mirror area are not as pronounced as on the leeward side. The losses at the chassis
level were reduced with the SN The same trends were visible at 0 yaw, though less significant in size.

TRACTOR ROOF FAIRING

Gilhaus [42] investigated the use of wind deflectors on the roof of the cabin for CoE truck. Gilhaus concludes
that the wind deflector must ensure that the flow does not separate and that the front of the roof deflectors
is very close to the edge of the cab roof. Leuschen [32] investigated several drag reduction devices in the
wind tunnel of the National Research Council of Canada (NRC) on a US truck. The author concludes that the
roof fairing should be developed in conjunction with a sun visor. A fairing on top of the trailer provides little
additional benefit when a cab-roof deflector is present. When this is not present a leading edge fairing can
provide fuel savings. Martini also investigated the effect of tractor roof fairing for a CoE truck [50]. The effect
of only a roof fairing can be upto 35 drag counts and up 50 drag counts when the roof fairing is combined
with side fairings, at zero degree yaw.

A-PILLAR POSITIONING

In the US an extensive collaboration between the government and the industry led to the Supertuck project.
The project investigated a lot of aspects of the truck and trailer, one of them is the a pillar position. In figure
2.17 two concept trucks are shown. The left is an aerodynamically optimized concept, while the right also
incorporates the pillars of the baseline truck, which is a Cascadia truck. CFD simulation showed that the
increase in CD between the two pillar locations is roughly 1%. No further explanation was provided.
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(a) Supertruck concept with inward a-
pillars

(b) Supertruck concept with conven-
tional positioned a-pillars

Figure 2.17: Supertruck a-pillar study. The aerodynamic penalty of more outer positioned (right) a-pillars was roughly 1% compared to
the more aerodynamic concept on the left.

MIRRORS

The effect of mirrors is studied by the FAT. A baseline model, a SN model and a 500 mm front elongated model
are studied in the wind tunnel and with CFD. These models are shown in figure 2.18. In the baseline model
the mirror causes the flow to separate around the side of the truck-trailer combination. Without the mirror
the CD is reduced by 0.017.

(a) Numerical simulation (b) Windtunnel experiment

Figure 2.18: FAT mirror study. Flow separation at the baseline model. Left the numerical simulation, right the smoke investigation in the
wind tunnel experiment.

In the front elongated model the effect of the mirror is even larger. Without the mirror the CD reduces with
0.042. This is due to the fact that the mirrors are in clean air in the elongated truck and in a lower pressure
region in the reference truck. For the SN variant the CD without the mirrors reduces with 0.007. This is less
than in the elongated model. The authors reason that the mirror is not in clean airflow, therefore the influence
of the mirror is less pronounced. The authors conclude that mirrors can significantly influence the CD of the
vehicle. By switching mirrors for small cameras a reduction in CD of 10% can be achieved.

THERMAL MANAGEMENT

Thermal management and cooling airflow are important in the truck development. The cooling flow has a
direct effect on the aerodynamic performance of the vehicle. Thermal management is investigated by Devasa
(FAT study) [43], the Supertuck program [15] and Martini [50]. In the FAT study the cooling package is simu-
lated by means of a porous part. In the elongated model the CD increases with 0.004, in the SN model with
0.003. When the air intake is covered a reduction in CD is observed of 0.022 for the elongated model and with
0.019 for the SN model.

Martini [51] compared the effects of cooling between a CFD study and wind tunnel measurements. A wind
tunnel test is performed at the NRC, this is compared with several turbulence Reynolds-Averaged Navier-
Stokes (RANS) CFD models. The reported difference between a closed grill and an open grill is maximum at
zero degree yaw and equal to 4%. At higher yaw angles the effect is close to 2%. The effect on the CD of a
closed grill opposed to an open grill is mainly visible at the front of the cab. In the closed grill case, a steep
increase in drag is noticed as a consequence of air hitting the grill, instead of flowing through. However, when
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the under-hood region is reached the local drag reduces. This is caused by the eliminated flow through the
under-hood that would have otherwise led to a drag increase.

BUMPER

The bumper is one of the many optimization topics of the US Supertruck program. Typically the bumper
ramp angle is 15◦ to accommodate for parking lots etc. This occurs at the cost of an aerodynamic penalty. This
aerodynamic penalty is investigated for ramp angles of 15◦ and for normal bumpers at 15, 8 and 0 degrees.
The different bumpers are shown in figure 2.19. The 8 degree bumper decreased the drag by 0.04 the 0 degree
bumper increased the CD with 0.22% and the 15 degree slotted bumper increased the CD with 0.16%.

(a) 15◦ bumper (b) 15◦ slotted bumper (c) 8◦ bumper (d) 0◦ bumper

Figure 2.19: Supertruck bumper variants

The conclusion of the bumper study is that a 15 degree ramp with an air dam down to 8 degrees is the
best balance between aerodynamics and practice. It was shown that a bumper air dam in conjunction with
tire spats further helps in reducing drag on front tires.

US SUPERTRUCK BASIC TRACTOR SHAPE EVALUATION

The Supertruck team started with a theoretically optimal shape for a vehicle, a streamlined bullet-vehicle
without any gaps. In this program the aerodynamic effects of the tractor shapes, the tractor-trailer gap, the
cooling system, ground clearance, under body aerodynamics and more are studied. After a parametric study
one, the Cascadia front, the bullet front and three boat tails were studied. The results of these CFD simula-
tions are shown in figure 2.20.

The aerodynamic effect of three boat tails is investigated on different vehicles. A long, medium long and
a short tail were fitted on three models; a bullet shaped font with low ground clearance, a bullet shaped front
with normal ground clearance and an optimized Cascadia tractor. The results are shown in figure 2.20. The
drag is measured for four yaw angles. The CD between the three models is significant. Note that the length of
the tail on a Cascadia model does not change the CD significantly.

Figure 2.20: Aerodynamic performance of basic tractor and boat tail shapes, on the vertical axis no units area published.

The conceptual study with the bullet shape showed that a significant drag reduction was possible. The
next step in the study was to translate these findings to a more conventional shaped truck in order to satisfy



2.4. TRUCK TRAILER COMBINATIONS IN THE EU AND US 19

other requirements. CFD was used to analyze several basic tractor shapes, of which two are shown in figure
2.21.

Figure 2.21: CP distribution on three models of the Supertruck concepts in phase 1

Refinements and recommendations were made on the first two basic tractor shapes. The refinements
include a more detailed hood and window shapes, the new tractors are shown in figure 2.22.

Figure 2.22: CP distribution on three models of the Supertruck concepts in phase 2

Figure 2.22 shows the pressure drag, with in red color the positive pressure (drag) and in blue the negative
drag (suction). An important difference between the first two models and the third is the rounding of the
bumper, the hood and the sides (near the wheels). From figure 2.22, it is clear that the pressure (red) area is
much smaller than the baseline model, but also smaller than the first two concepts. In particular at the nose
of the truck, less pressure drag occurs. The CFD results show a larger drag reduction for concept 1 than for
concept 2. Concept 3 achieved the most drag reduction. The concepts were tested at 0◦ and 6◦ degrees yaw.

The final conclusion of the Supertruck program states that an drag reduction of 54% has been achieved
over the baseline model. 15% is due to the tractor contributions and 39% due to trailer contributions.

2.4 Truck trailer combinations in the EU and US

Legislation limits the maximum length of vehicle combinations in a different way for the EU and the US.
In the US the length of the trailer is fixed, whereas in the EU the tractor-trailer combination is fixed. The
European legislation, Directive 96/53/EC, led to the development of the CoE tractors. These cabs have a
flat front opposed to the conventional trucks with a hood used in the US. Furthermore the lower maximum
velocity means that aerodynamics has less of an impact in the EU. In figure 2.23 the two different models are
shown.

Figure 2.23: Sketch of typical USA and EU trucks

According to Hjelm the difference in terms of drag coefficient between a conventional and CoE truck is
around 0.05 [52]. This difference is a consequent of the limited design freedom for EU trucks. Although, the
benefit of the US trucks is counteracted by the usually larger gap between the truck and the trailer.
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Currently, in the EU a trial started in 2016 where longer truck trailer combinations are allowed. Fuel
consumption and the logistic system could benefit from these longer combinations.



3
NUMERICAL SETUP

This chapter describes the numerical setup of all the numerical simulations performed in this thesis. First
the computational domain, the boundary conditions, the model and the CFD settings will be explained.

3.1 Navier-Stokes equation

The Navier-Stokes equations will be used to simulate the flow around the vehicle. It consist out of the con-
tinuity and momentum equation, equation 3.1 and 3.2. The complete derivation is explained in detail by
Anderson [53]. The principle behind the continuity is the conservation of mass, the equation is given by
equation 3.1.

∂ρ

∂t
+∇· (ρV

)= 0 (3.1)

The principle of the momentum equation is Newton’s second law. This law states that the rate of change
in momentum of a fluid particle equals the sum of the forces on that particle. Its main contributors are the
body and surface forces. The momentum equation for fluid flow is also known as the Navier-Stokes equation
and is given in equation 3.2.
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3.2 Turbulence modeling

Solving the Navier-Stokes equations completely requires a lot of computational power. Therefore the turbu-
lence of the flow is simplified using a RANS turbulence model and a closure model.

3.2.1. RANS
RANS is a steady-state method, this means that the velocity and pressure components are split into a mean
flow and a fluctuation part. Therefore the solution has no time component, this significantly lowers the com-
putational effort. At the Delft University of Technology (DUT) the RANS method is often used in combination
with the ANSYS Fluent software [30], [54],[55] [31] [36]. Comparing experiments with the simulated RANS
data shows good qualitative agreement, however, the quantitative measurements, like mean velocity profiles

21
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in separated regions can deviate from the experimental data. The quantitative data may not be valid for mas-
sively separated flow [56]. A more detailed summary of the numerical approaches which can be used to solve
the turbulence models is given by Choi [56].

3.2.2. CLOSURE MODEL

In order to remove the fluctuation part in the RANS equations, a closure model is needed. A closure model
describes the fluctuating part as a function of the mean flow. Several different models are available in ANSYS
Fluent. According to [57] the Shear Stress Transport (SST) k-ω model provides an optimal balance between
accuracy and performance. The variables k andω represent the turbulent kinetic energy and the specific rate
of dissipation [7]. All two equation models like the RANS k-ω model relate the turbulence stress tensor to
the mean strain rate sensor, this assumptions is called the Boussinesq eddy viscosity assumption [6]. This
assumptions greatly reduces the computation cost and has a major weaknesss: the assumption is valid for
simple flow with straight boundary layers and wakes. However, for complex flow with strong curvature or
quick accelerating and decelerating flow it is not valid. For bluff bodies, the flow at separated regions are
therefore not captured correctly. The overall flow conditions are can be simulated correctly: Veluri and Roy
[58] obtained good qualitative and quantitative results with a similar bluff body (Ground Transportation Sys-
tem (GTS) model). Furthermore Nalanagula [59] showed that the SST k-ω has a better convergence than the
k-ε closure models for a CoE truck.

Veluri and Roy [60] studies the effect of several closure models on the GTS model using ANSYS Fluent
software. Which shows great comparison with the GETS model. The models studied are: the standard Wilcox
1998 k-ω model, the SST k-ω model, the standard k-ε model and the Spalart-Allmaras model. Drag coef-
ficients, pressure coefficients and flow structures where examined. The authors conclude both the k-ε and
k-ω SST predicted the drag coefficient close to the wind tunnel experiment. Furthermore, Nalangula [59]
concluded that k-ω SST was more robust than the k-ε closure model in terms of converging.

3.3 Computational domain

The recommended computational domain size for heavy commercial vehicles is captured in Society of Auto-
motive Engineers (SAE) Guideline J2966 [61] and is therefore used. The computational domain is separated
into three main regions: the domain, the outer density box and the inner density box. The different regions
are shown in figure 3.1. The relative dimensions are shown in table 3.1. By separating these regions, different
cell sizes can be defined. This will save processing time while maintaining accuracy of the solution.

The dimensions of the surrounding density box are chosen such that the most relevant flow phenomena
are captured in high detail, such as the wake of the vehicle. Directly on the model a group of layers with
structured cells is positioned. These inflation layers are chosen such that the boundary layer is fully captured.

Volume Relative length Relative width Relative Height

Domain 13 * L 12 * W 6 * H
Surrounding box 2,5 * L L 0,5 * L
Wake refinement 1,6 * L 1,3 * W 1,2 * H
GETS model L W H

Table 3.1: Relative dimensions of the domain and refinement volumes
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Figure 3.1: Layout of the computational domain, a cut-out in the domain exposes the distinctive volumes. The grey volume is the
domain. Inside this domain the surrounding density box (red) and the wake refinement (blue) density boxes are located. The green
volume represents the model.

3.3.1. BLOCKAGE RATIO
The blockage ratio is defined as the ratio between the surface area of the model and the cross sectional area
of the domain. This is shown in equation 3.3. Hyvarinen [62] concludes that the blockage effect is greatest
for separated flows. Blockage effects can be caused by the following: compressed airflow at the sides and
top of the model, pressure drop around the vehicle (stronger suction regions at front edges) and a lower base
pressure.

Bl ockag e Rati o = Amodel

Adomai n
= 1.2% (3.3)

According to Lanfrit [63] the blockage ratio should be sufficiently low to obtain correct results. In the
simulations of the GETS model in this thesis the blockage ratio is 1.2%, which is sufficiently low.

3.4 Boundary conditions

The boundary conditions of the domain and vehicle are also set to the industry standard J2966. The bound-
ary conditions for the domain and vehicle surfaces are listed in the table 3.2 and the boundary surfaces are
visualized in figure 3.2.

Front

Right

Bottom

Rear

Top

Left

GETS model

Figure 3.2: Boundary conditions of the domain

Surface Yaw = 0◦ Yaw > 0◦

Domain, front Velocity Inlet Velocity Inlet
Domain, rear Pressure Outlet Pressure Outlet
Domain, left Symmetry Velocity Inlet
Domain, right Symmetry Pressure Outlet
Domain, top Symmetry Symmetry
Domain, bottom Moving wall Moving wall
GETS model No-Slip Wall No-Slip Wall

Table 3.2: Boundary conditions per surface

At the velocity inlet, the flow enters the domain with a constant velocity. The velocity, the turbulence
intensity and turbulent length scale are defined. The turbulence intensity is dependent on the wind tunnel
conditions and is defined as the difference between the velocity fluctuations and the average flow velocity [7].
The turbulence intensity in the wind tunnel is 1% [31], therefore this parameter is also chosen in the 1:15 scale
model. For the full scale simulation the turbulence intensity is set to 5% which is recommended by Muncrief
[11].
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The flow leaves the computational domain at the outlet. At the outlet the pressure is constant and the
turbulence intensity and length scale are defined. The bottom of the domain is configured as a moving wall
in order to simulate a moving road. On the left, right and top surface a symmetrical boundary condition is
applied for 0 yaw as recommended by Lanfrit [63]. Symmetrical boundary conditions mean that the flux is
zero and thus no flow is passing through that surface and no boundary layer is formed on that surface. This
eliminates the need for small structured volumes like prism layers on these surfaces. On the surface of the
GETS model, the no-slip wall boundary condition is applied. This means that the velocity component normal
to the surface is equal to zero. A boundary layer will form on the no-slip wall, therefore small structured layers
are defined to capture the complete boundary layer [7].

3.5 Surface model

The GETS model is a simplistic interpretation of an CoE-truck and specifically designed in order to perform
research based on the European semi-trailer combination [64] and is shown in figure 3.3. HDV have a com-
plicated geometry, which can be different for every model. Small but influential components like styling
elements, mirrors, mud-flaps, rotating wheels, etc, increase the computational time significantly. Since this
study focuses on the general flow behavior around a bluff body there is no need to capture all the details of
a real truck. The GETS model is designed in analogy to the NASA GTS model [65]. The front edge radius is
optimized according to the experimental results of Cooper [4]. The GETS model is shown in figure 3.4 and the
dimensions are listed in table 3.3 for the full scale and wind tunnel scale.

3.5m

16.5m

13.6m

4.0m

2.9m

Figure 3.3: Sideview comparison between a sketch of a CoE (in
black) and the GETS model (in red).

Z

Y

X

Figure 3.4: GETS surface model, the green color in indicate the front,
the red color the rear. The transparent surfaces are the sides

The GETS model contains 10 surfaces as shown in figure 3.4. In green the front is illustrated, it consist out
of the following surfaces: front middle, front right, front left, front top and front bottom. The sides are named
right, left, top and bottom, these are transparent. In red the rear is visualized. The axis definition in this figure
is used in this study.

Parameter Symbol 1:1 [m] 1:15 [m]

Length [m] L 16.5 1.1
Height [m] H 3.5 0.234
Width [m] W 2.6 0.173
Front edge radius [m] R 0.54 0.036
Ride height [m] rm 0.5 0.033

Table 3.3: GETS dimensions

3.5.1. YAW ANGLE TRANSFORMATION
The output of ANSYS Fluent gives the forces and coefficients in the direction of the virtual wind tunnel as
visualized in figure 3.5. The x-direction indicates the driving direction, the y-direction the upward direction
and the z direction the lateral direction. The angle of attack is set to 0 degrees, the drag and lift therefore align
with the vehicle axis. The angle between the direction of the truck and the direction of the air due to the side
wind is defined as the yaw angle.
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Figure 3.5: Virtual wind tunnel axis to vehicle axis

The drag force and the side force are of primary interest for the aerodynamic performance of the model.
These are obtained by using a transformation from wind tunnel axis to vehicle axis, as shown in equations 3.4
[31]. To all the simulation results which involve yaw angles these transformations are applied.

CD = CZ ∗ si n(β)+CX ∗ cos(β)

cos2(φ)+ si n2(β)
(3.4)

3.6 Boundary layer and y+

The flow in the region near the wall of the model is subject to large pressure and velocity gradients. In order
to describe these gradients, the dimensionless wall coordinate y+ is used. In order to simulate the boundary
layer with the least amount of computational resources a wall model is used. In figure 3.6 the relation between
the boundary layer thickness and the y+ variable is explained. In the boundary layer three separate regions
can be distinguished. In the viscous sublayer (y+< 5) the Reynolds shear stress is negligible compared with
viscous stress. Between the viscous sublayer and the log-law region sits the buffer layer (5 <y+< 30). For
y+> 30 the log-law is valid and performs well for high Re flows where the turbulent boundary layer is fully
developed [6].

Figure 3.6: Sketch of the various wall regions and layers for a
turbulent channel flow at high Reynolds number [6]

Figure 3.7: Wall function approach according the Fluent manual
on the left [7]

This requires a certain height of the first cell layer to be between 30 and 300.

y+ = ∆yp
p
ρτ

µ
(3.5)
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∆ yp represent half of the height of the first cell, ρ the density of the fluid, τ the friction force and µ represents
the dynamic viscosity. The ρ and µ of the fluid are constant, the only variable in this equation is τ. Using
equation 3.6, it can be observed that the value of yp is therefore depended on the local flow velocity.

3.6.1. SKIN FRICTION DRAG
The skin friction drag is simulated using the equation 3.6 and equation 3.7 in which µ is the skin friction

coefficient
du

d y
the velocity gradient in perpendicular to the wall, ρ the air density and u the local air velocity.

τ=µ∗ (
du

d y
) (3.6)

c f =
τ

0.5∗ρ∗U 2 (3.7)

The gradient of the velocity
du

d y
is calculated using the wall functions, this component is the most impor-

tant factor in these equations because it will vary significantly more than the other parameters.

3.7 Solver settings

ANSYS Fluent is used as the solver and it is configured using the recommendations of Lanfrit [63], the SAE
[61] en the Fluent manual[7].

Two types of solver exist in ANSYS Fluent, a pressure-based solver and a density-based coupled solver. The
density based solver is in particular useful when a strong coupling between the energy, momentum and/or
species exist, for example in high speed compressible flow with shock waves. The pressure-based solver take
momentum and pressure as the primary variables and is applicable for low speed incompressible flow to
high-speed compressible flow, in particular it is applicable for single phase flows. The SAE J2966 guidelines
recommend a pressure-based coupled solver [61]. According to Fluent this results in superior performance
in terms of memory requirement and computing time [7].

For the pressure-based solver two algorithms are available in Fluent. A segregated solver, which solve
pressure correction and momentum sequentially and a coupled solver, which solves the pressure and mo-
mentum simultaneously. The latter yields superior performance and therefore is used in this study. The gra-
dient of the solution variables are required to determine the diffusive fluxes, velocity derivatives and higher-
order discretization schemes. These gradients at the cell center can be determined by three approaches of
which the Green-Gauss Node is chosen. According to the Fluent manual, this interpolation method is the
most accurate and minimizes false diffusion for tetrahedral meshes. Finally the interpolations methods are
chosen. For the first 150 iterations the simple solver is used and the first order interpolation method is used
for the momentum equation, turbulent kinetic energy, specific dissipation rate and the pressure discretiza-
tion. For the last 1850 iterations the coupled solver is used and 2nd order upwind scheme is used for the
spatial and pressure discretization. The benefit is a first order scheme is that the solution converges easier
and using less computational resources. After 150 iterations the residuals of the solutions are small enough
such that a more accurate solution can be obtained with the second order discretization scheme.

3.8 Limitations

Using a simplified model to represent CoE trucks, without wheels, a cooling interface and styling elements
greatly reduces computational time. All these components can influence the aerodynamic properties in sig-
nificantly. To find trend in aerodynamic behavior regardless of individual truck designs, a simplified design
like the GETS surface model can be useful. The use of a steady state RANS solver limits the analysis of flow
behavior to attached flows. It has been shown that the quantitative results of the separated flow can some-
times be used. For example the flow behavior at the rear is not simulated correctly, however the sum of the
pressure coefficient can be used. Turbulence models, like k-ω are often used without further limitations for
bluff body models [58].
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MODEL VALIDATION

The solution of the CFD simulation of a GETS model (scaled at 1:15) is validated using the wind tunnel data
of a 1:15 scale model. The experimental data is obtained by van Raemdonck [31]. The simulation results
are compared to the findings of Cooper [4] and Newnham [21]. First the y+ values are checked, followed by
a mesh sensitivity study. Subsequently the wind tunnel setup is explained and the pressure coefficient and
forces are compared. Finally the Reynolds number effect and the boundary layer development are discussed.

4.1 y+ validation

First, the y+ values are analyzed. According to the ANSYS Fluent manual, these should range between 30
and 300 in order to have correct wall functions [7]. The enhanced wall functionalities of ANSYS Fluent auto-
matically detect whether wall functions should be applied. In figure 4.1 the y+ values are shown on the 1:15
GETS model. The values range between the 30 and 300 as required. At the stagnation point the flow velocity
decreases to 0 and therefore the y+ values decrease to 0 as well. At the rear of the vehicle the y+ values are
lower than 30. The flow separates directly at the rear surface of the vehicle, therefore the boundary layer does
not have to be resolved and thus the y+ values are of no interest in this region.

Figure 4.1: y+ values on the 1:15 GETS model

4.2 Mesh sensitivity

A mesh sensitivity study reveals the dependency of the simulation result on the number of cells used. A trade
off must be made between the computational effort and the discretization error. The discrepancy between
the asymptote and the chosen cell dimensions is called the discretization error. In this mesh sensitivity study
the dimensions of the inner and outer density box are varied. The first layer of cells directly mounted to the
model are not altered, since this would change the y+ value. Furthermore, the cell dimensions outside the
outer density box are not changed.

27
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Figure 4.2: Mesh sensitivity overview. Every different color represents a different inner density box cell size. Within that group, the outer
density box cell size is varied, this is visualized using different symbols. In this way the influence of the inner and outer density boxes are
explored.

The results of the mesh sensitivity study are shown in figure 4.2. The CD values are plotted versus the
number of total cells for various inner and outer box cell size dimensions. Each color represents one inner
box cell dimension with variations in outer box cell dimensions. The outer box cell dimension is ratio of the
inner box cell dimension.

From the figure it can be concluded that the influence of the cell size in the outer density box on the
CD is minimal, however, the number of cells increases rapidly. For example, the green markers in the graph
represent an inner box cell of 7 mm and a variation in outer density box cell dimensions between 14 and 112.
In this case the CD only varies between 0.3 and 0.304, while the total number of cells decreases from 12∗106

to 4∗106.

The goal of this study is to investigate the trends and flow behavior of different models. Exactly predicting
the forces and coefficients is less relevant and requires a large number of cells. Therefore a trade-off has to be
made: the CD value has to be accurate enough to capture the flow phenomena correctly, while still being able
to test a wide variety of models. Therefore, an inner density box size of 7 mm and an outer box size of 14 mm
are chosen. The CD is relatively close to the final CD value of 0.292 (4 mm inner box cell size, no outer box).
The discretization error of this configuration is 1-0.304/0.292 = 4.1 %. An overview of the mesh is shown in
Appendix C.

4.3 Near wake structure

In figure 4.3 the near wake structure of the numerical simulation and PIV measurement conducted in the
wind tunnel are shown. The figures show a projection of the path lines (black lines) and the velocity magni-
tude of the flow (colored surfaces) in the xy-plane at z = 0 m. From the figures one can observe two counter
rotating vortices forming a ring vortex behind the model.
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(a) Numerical simulation (b) PIV measurement [31]

Figure 4.3: Near wake structures, numerical simulation on the left and wind tunnel on the right, performed using stereoscopic PIV
measurements

Comparing the near wake structure of the numerical simulation and the wind tunnel experiment reveals
that the numerical simulation underestimates the thickness of the boundary layer of the model, in particular
at the lower side and the ground plate. This may result in an overprediction of the lower vortex size and an
underprediction of the upper vortex size. The wind tunnel shows that flow path between the two vortices is
downward instead of horizontal. In addition the length of the near wake in the wind tunnel is much smaller
than in the numerical simulation.

4.4 Drag and pressure coefficient

The drag coefficient contributions for the wind tunnel and the numerical simulation are presented in table
4.1. The corrected drag coefficient in the wind tunnel is based on the Merckers method for solid and wake
blockage correction.

Scale velocity CD CP,base

Corrected wind tunnel result 1:15 60 m/s 0.297 -0.163
Numerical result 1:15 60 m/s 0.300 -0.183

Table 4.1: Drag coefficient for the numerical simulation and wind tunnel experiment.

At a yaw angle of 0 degrees, the drag coefficient of the numerical simulation closely matches the corrected
wind tunnel drag coefficient, with a discrepancy of 3 drag counts.

It is noted by the authors of the wind tunnel experiment that the struts to mount the model in the test
section cause an extra drag component, which is not modeled in the numerical simulation. This causes a
small offset in combination with the limitations of the turbulence model.

The pressure coefficient distribution is shown in figure 4.4, the data points are located along the centerline
of the vehicle.
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Figure 4.4: A close match is present between the pressure coefficient along the top centerline for the CFD simulation and the wind tunnel
data.

The data show a good match between the wind tunnel and the CFD simulation for the pressure peak, both
are equal to -1.8. At the sides the numerical simulation shows slightly higher values (more negative) and near
the base the values for the wind tunnel experiment are also slightly lower.

4.5 Hoener’s relationship

In section 2 Hoerner’s relationship is described: according to Hoerner a relationship between the drag coef-
ficient at the front and the rear exists (equation 2.3 and 2.2). This relation has been criticized by Saltzman
and Diebler due to the mismatch in their measurements compared to Hoerner’s relation. Saltzman suggests
that the larger scale of the NASA vans opposed to the small scale models used by Hoerner could cause the
observed difference. In figure 4.5 Hoerner’s relationship is shown, including the data of the wind tunnel ex-
periment by van Raemdonck and the numerical solutions obtained in this thesis.

(a) Relation between the front and total drag coefficient (b) Relation between the front and base drag coefficient

Figure 4.5: Hoerner’s relationship compared with various models.

In figure 4.5(a) the relationship between CD and CD f ,b is shown. The fore body drag for attached flow of
the GETS model varies between 0.010 and 0.027 as will be explained in section 5. For attached flow the 2D
Hoerner equation and the relation of Saltzman are close to the numerical values. Hoerner’s 3D equation does
not represent these values correctly. For the models with (heavily) separated flow none of the three equations
(2D, 3D and Saltzman) correctly predicts the relation between the fore body drag coefficient and the total
drag coefficient. Figure 4.5(b) shows the relation between the fore body drag coefficient and the base drag
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coefficient. The three equations do not predict the relationship very well, therefore these equations should
not be used for quantitative analysis for large bluff bodies.

4.6 Skin friction coefficient

For bluff bodies the skin friction coefficient is not considered as a performance indicator. The pressure fric-
tion is the dominant source of friction. The skin friction is discussed here though to complete the drag com-
parison between experimental and numerical results. Is it calculated in the wind tunnel with an array of 75
Preston tubes varying in diameter on the side surface of the model. The skin friction coefficient is calculated
with the Patel method and the Bechert method, resulting in a skin friction coefficient of 0.0031 and 0.0032
respectively. The skin friction coefficient distribution results are shown in figure 4.6.

(a) Skin friction coefficient CFD

(b) Skin friction coefficient wind tunnel [31]

Figure 4.6: Skin friction coefficient distribution for the left side of the GETS model, the flow streams from left to right.

The results are comparable to a certain extend; the distribution is roughly the same, although quantitative
differences are present. The average skin friction value on the side is equal to 0.00192, which is roughly 1 drag
count lower than the wind tunnel result. Near the front of the side the skin friction is the highest, this is due
to the high velocities passing the edge rounding. At the center of the side the lowest velocities and hence the
lowest skin friction is found.

4.7 Base pressure coefficient

A large contribution of the drag coefficient is produced at the base of the vehicle. The pressure coefficient of
the base is measured in the wind tunnel and is also simulated numerically. These result are summarized in
table 4.2 and the pressure distribution is shown in figure 4.7.

It has been known that the RANS solving capabilities are best for attached flows, while at the base of the
vehicle the flow is fully separated (as explained in section 3.2.2. Therefore, the pressure distribution should
be interpreted with care. In contrast to the base pressure distribution, the averaged base pressure coefficients
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should be correctly simulated using RANS simulations for bluff body flows. For example, in the studies Veluri
[60] and Salari [66] the RANS model correctly predicted the average base pressure coefficient on a similar
model.

(a) Base pressure coefficient CFD (b) Base pressure coefficient wind tunnel [31]

Figure 4.7: Base pressure coefficient distribution of the GETS model. The pressure distribution of the numerical simulation (left) is
greatly different from that of the wind tunnel experiment (right).

Scale velocity CP,base

Corrected wind tunnel result 1:15 60 m/s -0.163
Numerical result 1:15 60 m/s -0.183

Table 4.2: Drag coefficient distribution for the numerical simulation and wind tunnel experiment

The rear surface pressure distribution shows a large difference between the CFD results and the wind tun-
nel experiment, as shown in figure 4.7. The distribution from the numerical simulation shows a low pressure
region at the bottom in contrast to the wind tunnel experiment. The lowest pressure is reached at the top, for
both the wind tunnel and CFD simulation. In the numerical simulation a circular region of high pressure is
located just below the middle, this is absent in the wind tunnel experiment.

As shown in table 4.2, the pressure at the base shows a large discrepancy of 20 drag counts between the
wind tunnel experiment and the simulation. The average value of the base pressure is -0.163 for the wind
tunnel experiment versus 0.183 for the numerical simulation, while a similar value was expected based on
previous studies. Furthermore, the total drag coefficient of the vehicle is correctly predicted as shown in table
4.1 and the pressure coefficient along the topline is also matching the wind tunnel data, illustrated in figure
4.4.

The reason for the discrepancy in average base pressure coefficient is not exactly clear. Two possible
causes should be considered: incorrect measurement of the base pressure coefficient in the wind tunnel
experiment and an incorrect simulation of the flow conditions at the bottom of the vehicle. The interaction
between the flow above the moving road and the flow at the bottom of the model might not be captured
correctly in the numerical simulation. The flow structures in the wake of the numerical simulation and in
particular the lower vortex also differ from the wind tunnel experiment as illustrated in figure 4.3.

4.8 Boundary layer development

In general boundary layer properties are calculated using the displacement thickness, δ momentum loss
thickness θ and the shape factor H . These properties are divided by the width, w of the model in order to
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make it dimensionless.
In the wind tunnel the boundary layer properties were measured 15 mm ahead of the rear edge on the side

surface of the GETS model. The comparison between the numerical and the wind tunnel results are shown
in table 4.3.

δ/w δ∗/w θ/w H

Wind tunnel result 105 14 10.4 1.3
Numerical result 99 8.7 6.8 1.3
Flat Plate 110 13.6 10.7 1.3

Table 4.3: Boundary layer properties

From table 4.3 it can be concluded that the boundary layer characteristics of the numerical simulation
closely match the wind tunnel measurements and that of a flat plate. The thickness of the boundary layer
is slightly underestimated. The displacement thickness δ∗/w and the momentum loss thickness θ/w are
significantly lower than the flat plate result. The shape factor closely matches the plate theory as well as the
wind tunnel result.

4.9 Side wind effect

Side wind has a large influence on the aerodynamic flow behavior around the vehicles. In Europe the average
yaw angle is 3 degrees according to study [31] for trucks. In table 4.4 the drag coefficients and the side force
coefficients are compared with the wind tunnel data.

0 yaw 3 yaw 6 yaw

Wind tunnel result, CD 0.284 0.30 0.32
Numerical result, CD 0.300 0.305 0.317
Wind tunnel result, CPb -0.12 -0.13 -0.155
Numerical result, CPb -0.182 -0.183 -0.208
Wind tunnel result, CS 0.0 0.24 0.60
Numerical result, CS 0.001 0.296 0.648

Table 4.4: CD , CPb
and CS for 0, 3 and 6 degree yaw

For 0 degree yaw the drag coefficient shows good agreement, at 6 degree yaw the CFD simulation under-
estimate the effect of side wind.
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ANALYSIS OF BASELINE MODELS

After the validation of the CFD simulation of the 1:15 scale model, 1:1 simulations are performed. The 1:1
scaled models include the standard GETS model and GETS models with a different front edge radius. First
the difference between the 1:15 and 1:1 numerical setup and results are explained. Subsequently the baseline
model and the 1:1 GETS model and its results are explained. In the final section of this chapter variations of
the GETS model are discussed.

5.1 Comparison between baseline model and 1:15 setup

The 1:15 model is used as validation for the CFD simulations. In order to reveal the real world implication the
model and the domain is scaled to 1:1 size. The numerical settings are compared in table 5.1. Most notably
are the increase in Reynolds number (based on the frontal area) from 0.82∗106 to 4.88∗106 and the turbulence
intensity from 1% to 5%. The turbulence in the 1:15 scale model was set to 1% due to wind tunnel limitations,
the real world turbulence intensity varies greatly between the 1% and 12.5% [67]. For an environment without
obstacles on-road turbulence levels are close to 5% [68]. In addition, McAullife [34] performed extensive road
tests and advocates for a turbulence intensity of 5%.

Validation model Full scale model

Scale 1:15 1:1
Length 1.1 m 16.5 m
Front edge radius 36 mm 540 mm
Flow velocity 60 m/s 25 m/s
Reynolds number 0.82∗106 4.88∗106

Turbulence intensity 1% 5%

Table 5.1: Differences between the 1:1 and 1:15 numerical configuration.

BASELINE MODEL

The baseline model is the 1:1 scale GETS model, this model is the same as the 1:15 model, but 15 times larger.
The model is shown in figure 3.4 and the dimensions are listed in table 3.3. A top view and side view of the
GETS model is shown in figure 5.1 in red color. The black dotted lines represent the variations on the baseline
model, which are further explained in section 5.3.

34
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Figure 5.1: The GETS model and variations on the GETS model with different radii are shown. At the top a topview and in the middle a
side view. The standard GETS model is shown in red, the variations are shown with a dashed line.

The standard GETS model will be used as a reference for the comparison with other models. The short
name is GR540. ’G’ stands for the GETS model and the number following ’R’ represents the used front edge
radius.

y+ VALIDATION

The y+ values are iteratively set to a value between 30 and 100 for every model. The y+ values of the 1:1 GETS
model are shown in figure 5.2. According to the Fluent manual the [7] the values should range between the 30
and 300. Kim and Barbat [69] recommend to narrow the range of y+ even further and set the y+ value close
to 30.

Figure 5.2: y+ values on the 1:1 scale GETS model, the values are mostly between 30 and 80. On the left hand side the y+ values near the
stagnation point are lower, on the right hand side the base of the model is shown.

Similar to the 1:15 scale model, in the stagnation region the y+ falls below 30, at the edges of the rectan-
gular front surface the maximum value of 85 is reached. On the rest of the model the y+ values vary between
the 30 and 60.

MESH

Due to the larger dimensions of the 1:1 scale GETS model compared to the 1:15 GETS model and the differ-
ence in turbulence intensity the boundary layer height will be different. Using the first layer height obtained
from the y+ calculations, 18 inflation layers are used to fully capture the boundary layer. It is verified that the
boundary layer is completely developed within the inflation layers, as shown in figure 5.3.

The inflation layers are also applied to the rear surface of the model in order to ensure high quality mesh
cells. When no inflation layer at the base is applied, the inflation layer height is decreased in a stair step
way, at the sides of the model, just before the base. This will produce low quality mesh elements when using
ANSYS ICEM.

The inner density box, outer density box and the domain size cell dimensions are simply multiplied by
the scaling factor of 15. Other mesh parameters are kept the same as in the 1:15 scale model, for example the
aspect ratio requirements. An overview of the mesh is shown in Appendix C.
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(a) Sideview of the mesh, z = 0 m.

(b) Close-up of the region indicated in figure 5.3(a), at the rear surface at the top.

Figure 5.3: Sideview of the total pressure with a mesh lines overlay. The colors indicate the total pressure in m2/s2.

DRAG COEFFICIENT

The drag coefficient contribution of each part of the baseline model is shown in figure 5.4. The front consists
out of five parts: a rectangular area where the stagnation is located and four roundings.

Figure 5.4: CD contribution per surface at 0 degree yaw.

Surface ’Front middle’ is the location of the stagnation point, hence the drag coefficient contribution in
that area is relatively large. All other front surfaces have a negative component, id est, a suction force is
present at the front edge rounding. In figure 5.4 it is shown that the suction forces at the left and right are
the largest, followed by the top. At the bottom the suction forces are the lowest due to interference with the
moving ground. The sides force coefficients are small and almost equal for all four surfaces. The right and left
side have a slightly larger contribution due to the larger surface area. At the rear a large low pressure region
exists and is responsible for a large portion (more than two thirds) of the total drag force.
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PRESSURE COEFFICIENT

The pressure coefficient for the baseline model is shown in figure 5.5. Figure 5.5(a) shows the top view and
figure 5.5(b) shows the side view. The white area represents the model. High pressure coefficients indicate a
low flow velocity an low pressure coefficient regions indicate a high flow velocity.

(a) CP distribution of the GR540 model. Topview y=1.75m

(b) CP distribution of the GR540 model. Sideview, x=0m

Figure 5.5: Pressure coefficient for the baseline model. The flow in going from the left to the right.

In front of the model a large stagnation region can be identified, the pressure coefficient reaches a value
of 1. Towards the corners the pressure coefficient reaches a value of -2 due to the acceleration of the flow. At
the sides the pressure coefficient is close to 0. Near the base of the vehicle the flow is accelerated again and
hence a lower pressure coefficient is observed.

5.2 Reynolds number effect

The Reynolds number is a critical parameter for the aerodynamic study and design of bluff bodies [3]. It is
defined as the ratio of the inertial forces over the viscous forces, as described in equation 2.1. It is used to
characterize among others the boundary layer thickness, the flow separation and the flow reattachment.

SAE J1252 Recommended Practice recommends a minimum value of 0.7∗ 106, although the validity of
this number has been challenged by many authors including Hucho [70], Gilhaus [42], Storms [71]. These
authors recommends width-based Reynolds numbers of between the 1 and 2 million.

In figure 5.6 the Reynolds number effect is shown for various front-edge radii: at the vertical axis the CD

is shown, on the horizontal axis the Reynolds number. The Reynolds numbers in these two graphs are based
on the square root of the frontal area. Note that the dimensionless radii defined by η = R /

p
A (a radius of 540

mm corresponds to η = 0.18). The experiments of Cooper are performed up to a maximum Reynolds number
of 2.5∗106, while the CFD simulations are performed up to a Reynolds number of 6.6∗106. At this maximum
Reynolds number the velocity of the vehicle corresponds with 115km/h.
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Figure 5.6: Reynolds number effect of the numerical simulation together with the results of Cooper.

The Reynolds number effects in the simulation and the Reynolds number effects of Cooper show the same
trends despite the differences in model and test setup. The drag coefficient decreases when the Reynolds
number increases and it converges towards a transcritical value (except for R/W = 0.05).

An important difference is the range over which the Reynolds number effect is investigated. The onset
of the critical Reynolds number regime is found to be different for the obtained simulation results and the
results of Cooper. In the numerical simulation the CD drops at a higher Reynolds number into the stable
transcritical regime.

For the full-scale model the Reynolds number is equal to 5.5∗106. At this Reynolds number, the numerical
simulation and the results of Cooper are in the transcritical regime.

5.3 GETS 1:1 scale variations

Variations of the GETS model are produced to reveal the effect of the front edge radius. Work of Cooper [4] and
Newnham [21] suggest that a critical radius exists based on the Reynolds number. Increasing the radius more
than the critical radius is thought to have a negligible aerodynamic effect. This suggestion will be studied by
using models with various radii. First all models will be explained, followed by an examination of the drag,
side and pressure coefficient.

MODEL VARIATIONS

The baseline model is altered to understand the influence of the front edge radius. The circular radius is
varied between 0 mm (squared model) and 1300 mm (maximum radius). All the used models are visualized
in figure 5.1 with dashed lines. In red the baseline model is shown. Note that with a larger front edge radius
the length of the sides decreases slightly. Every model has a code name. Like the baseline model, the ’G’ is
used to indicate the GETS baseline model, the number after ’R’ represents the radius. All model names and
properties are specified in table A.1 of the Appendix.

DRAG COEFFICIENT

In figure 5.7 the CD at zero yaw is shown for all model variants and categorized per surface group. The drag
coefficients for the front, sides, rear and total are listed in table B.1 for yaw angles of 0, 3 and 6 degrees.
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Figure 5.7: Drag coefficient for the GR models categorized per surface group.

It can be observed that the radius has a large effect on the total CD . GR0 and GR135 shown the highest
CD , this is due to flow separation on the front edge of the model. All other models show very similar behavior,
although small changes in CD still exist. Starting with the front surfaces: increasing the radius decreases the
drag coefficient by a minimal amount. The sides show a very constant drag coefficient for all models and the
rear drag coefficient is slightly increasing with increasing the front edge radius. Summing all the components
results in a trend in which the total drag force coefficient decreases slightly when the radius increases. The
difference between the reference model GR540 and GR1300, the model with the maximum circular front edge
radius, is only 5 drag counts.

Drag can be divided in pressure and viscous drag, for the GETS model variants this is shown in figure 5.8.

Figure 5.8: The figure shows the pressure force and viscous force for various front edge radii. The pressure force and viscous force are
expressed in terms of their contribution to the drag coefficient.

One can observe that for the separated cases, GR0 and GR135, the pressure forces are dominant by a large
margin over the viscous forces. From GR270 till GR1300 the pressure and viscous forces change by a small
amount; the pressure forces slowly decreases while the viscous forces slowly increase.
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PRESSURE COEFFICIENT

The flow around the different models is compared by analyzing the pressure distributions and the pressure
coefficient at the centerline of the model. Figure 5.9 shows the pressure coefficient along the centerline of
three different models.

Figure 5.9: Simulated pressure coefficient along the top centerline for three different models.

As can be seen from the figure, larger radii show a lower pressure peak, while the pressure peak lasts
longer. The pressure peaks for larger radii last longer because it acts on a larger surface. The pressure coeffi-
cient along the centerline of GR135 is different as this model has separated flow.

For each of these models one can also analyze the distribution of the pressure coefficient. The pressure
coefficient distribution for the three models is shown in figure 6.4. The top figure shows the model without a
radius, the center figure is the baseline model and at the bottom the GR1300 model is presented.

The pressure coefficient distribution reveals that the stagnation area of GR0 is much larger than the stag-
nation area of the GR540 and GR1300 models. The low pressure area at the sides of the GR540 and GR1300
models is not present at the GR0 model due to separation of the flow at the sharp corners. At the rear of GR0
model the vortical structures, which are present in the other models, are also not observed.
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(a) CP distribution of model GR0

(b) CP distribution of model GR540

(c) CP distribution of model GR1300

Figure 5.10: Top view; CP distribution of models GR0, GR540 and GR1300.

PRESSURE DISTRIBUTION REAR

The pressure distribution at the rear is one of the largest contributors to the overall drag of the vehicle. In
figure 5.11 the pressure coefficient distribution of GR0 and GR540 are compared. As can be seen from this
figure the location of the pressure coefficient peak and its value are different. However, as explained in section
4.7, RANS is not able to predict the distribution correctly at the rear, therefore, the relevance of these pressure
distributions figures can be discussed.

(a) CP rear GR0 (b) CP rear GR540

Figure 5.11: Distribution of the pressure coefficient at the rear surface of the models GR0 and GR540.
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The contribution of the base pressure to the drag coefficient of the models is shown in table B.1 (in the
appendix). It can be observed that the yaw averaged drag coefficient at the rear surface increases with 4 drag
counts between GR540 and GR1300, for these models the flow is attached at all yaw angles. When separation
occurs, the drag coefficient contribution at the rear changes significantly (more than 50 drag counts).

EFFECT OF YAW ANGLE

The effects of yaw angle are important to take into consideration, since this represents the wind of various
directions. The drag force coefficient, side force coefficient and the pressure distribution are analyzed in this
section for 3 and 6 degree yaw.

Drag force coefficient In figure 5.12 the drag force coefficient distribution is shown for 0, 3 and 6 yaw for
the GETS models with different radii.

Figure 5.12: Drag coefficient of GETS models with different radii for 0, 3 and 6 degree yaw.

As explained in section 5.3, the drag coefficient varies largely due to separation at the front egde radii of
the model. For radii slightly smaller than the critical radius of 540 mm (η = 0.18), flow separation depends on
the yaw angle. For a yaw angle of zero degrees the flow stays attached, while the flow separates at larger yaw
angles.

For example, the GR270 model has a drag coefficient of 0.294 at 0 yaw, 0.385 at 3 yaw and 0.448 at 6 degree
yaw. In contrast, the baseline model shows only a minor increase in drag coefficient: 0.289 at 0 yaw to 0.308
at 6 yaw. The drag increase is caused by separation on the front edge of the model. This can also be observed
in table B.1 in the appendix, the front surface increases from 0.027 for 0 yaw to 0.114 for 3 yaw and 0.147 for
6 yaw, while the CD of the sides and rear remain almost constant. The GR405 model is also displaying signs
of separation at 6 yaw, while at 0 and 3 yaw the CD remains near that of the baseline model. Increasing the
radius beyond the critical radius does not lead to significant changes in CD . At 0 yaw the difference between
GR540 and GR1300 is 5 drag counts, and at 6 yaw the difference is 7 drag counts. This difference is caused by
the 1 drag count at the sides and 1 drag count at the rear.

In order to better show the effects of flow separation, figure 5.13 is added. This figure shows the flow
velocity in x direction for the GR270 model. The velocity distribution is shown at half the model height. In
addition, an iso-surface is visualized where the flow velocity in x-direction equals 0m/s. This indicates the
locations of flow separation. In figure 5.12, it is shown that the drag coefficient drastically increases for yaw
angles of 3 and 6 degrees. In the figure below, using the velocity distribution, it can be observed that the high
drag coefficient is produced by the flow separation at the front edge.
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(a) Top view of the velocity distribution for GR270 model at 0 degree yaw; no separation

(b) Top view of the velocity distribution for GR270 model at 3 degree yaw; the flow separates
at leeward front edge

(c) Top view of the velocity distribution for GR270 model at 6 degree yaw; the flow separates
at leeward front edge

Figure 5.13: Velocity distribution in x direction at y = 1.75 m for the GR270 models for 0, 3 and 6 degree
yaw. At the leeward front edge and at the rear an iso-surface is visualized where the flow velocity in x
direction equals 0 m/s, this iso-surface indicates that flow does not separates for 0 yaw, in contrast to
the 3 and 6 degree yawing angle.

Side force coefficient The side force coefficient is a measure for the susceptibility of the vehicle to side wind,
and is therefore important for the stability of the model. In figure 5.14 the side force coefficient distribution
is shown for 0, 3 and 6 yaw.

Figure 5.14: Side force coefficient of the GETS model

In figure 5.14 the trend for all models is almost the same. At 0 degree yaw the side force coefficient is
negligible, at 3 degree yaw the CS varies between -0.3 and -0.35 and at 6 yaw the CS varies between -0.7 and
-0.75.
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Pressure distribution In figure 5.12 the pressure coefficient distribution is shown for 3 and 6 yaw.

Figure 5.15: GETS pressure coefficient distribution, top view. 3 yaw angle at the left and 6 degree yaw angle at the right. The flow is
entering from the lower left corner.

At 0 degree yaw angle the pressure distribution at the front edges are similar, for 3 and 6 degree yaw angle
differences between the front left and front right edge can be observed. At the leeward side (front right edge)
the pressure coefficient is higher in the 3 yaw and 6 yaw case.

5.4 Conclusion

In this chapter the 1:15 scale model is scaled to the 1:1. The differences between these two models are mainly
present in the drag coefficient due to the change in Reynolds number and turbulence intensity. Decreasing
the front edge radius below the 540 mm of the baseline model shows separated flow for at least 1 yaw angle.
Increasing the front edge radius decreases the drag coefficient with a very small amount. The larger the radii
the lower the stagnation pressure, but also the lower the suction forces around the corners.



6
ANALYSIS OF ELONGATED MODELS

The designs in this chapter are based on a 500 mm elongated GETS model. The aerodynamic effects of several
designs are investigated. For each design a comparison will be made with the standard (not elongated) GETS
model, this model has a front edge radius of 540 mm. First the effect of different circular front edge radii will
be investigated, followed by the effect of elliptical front edge radii and asymmetrical front edge rounding. The
final part of this chapter will cover different front shapes and a summary of the obtained trends.

6.1 Effect of circular front edge radius

The first effect that is investigated is the variation in the front edge radius of the EGETS model. It is varied in
the same way as the GETS model is varied: the minimum radius is 0 mm and the maximum radius is 1300 mm.

MODEL EXPLANATION

The models in this section are almost identical to that of the section above, the difference is the 500 mm
elongation as is shown in figure 6.1. In red the baseline model is sketched, the EGR1100 and the EGR1300
models are just trimming the baseline model. All model names and model properties are given in table A.2 of
the appendix.

1.3m
17.0m

2.6m

3.5m

16.5m

r

Figure 6.1: EGETS model overview, above the top view, below the side view of the elongated models.

45
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DRAG CONTRIBUTIONS

The drag coefficient is a measure for the aerodynamic efficiency of the model, this will be the major focus
point of changing the radius. In figure 6.2 the drag coefficients of the EGETS models with various radii are
shown for 0, 3 and 6 yaw. The results are also listed in table B.2 of the appendix and.

Figure 6.2: Drag coefficient for all EGETS models for 0, 3 and 6 degree yaw

Drag coefficients range from 0.985 for the EGR0 model to 0.284 for the EGR1300 model. For EGR0 and
EGR135 the drag coefficient is significantly higher for all yaw angles compared to the other models due to sep-
aration at all yaw angles. For EGR270 and EGR405, the separation only occurs at higher yaw angles: EGR270
increases from 3 degree yaw onward and EGR405 increases at 6 degree yaw angle.

Drag contribution per surface The drag contributions per surface are depicted in figure 6.3 for three GETS
models, GR270 (red), GR540 (blue) and GR945 (green). The positive and negative drag contribution of the
individual mesh elements on each surface are summed in order to acquire the separate positive and negative
drag coefficient of each individual surface. The surface of the front edge radii have a positve and negative
component.

From figure 6.3 it can be observed that the sides have a very small role in the overall drag coefficient for
zero degree yaw. The contribution at the rear increases slightly with increasing front edge radius. The positive
pressure at the front middle surface of the vehicle is drastically reduced by applying a larger radius, while the
drag contribution of the front edges increases with increasing front edge radius. It is noted that the wetted
area of the ’front-middle’ part is reduced when a larger radius is applied and with the same logic the wetted
area of the curved surfaces like ’front-top’ is increased. When the front middle and front sides surfaces are
accumulated, the drag of this group is reduced with increasing radius, this is shown in table 6.1. At zero
degree yaw a decrease of 17 drag counts is observed between EGR270 and EGR1300 for the front group, while
the sides remain almost constant and the rear contribution is increased with 5 drag counts.
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Figure 6.3: Individual positive and negative contributions to the drag coefficient for each of the surfaces for EGR270(red), EGR540(blue)
and EGR945(green).

When comparing the drag coefficient contributions of the surfaces in table 6.1 for 0, 3 and 6 yaw, one can
observe the following: the drag coefficient for the small radius increases rapidly with increasing yaw angle
just as the normal GETS model. For larger radii the differences observed at 0 degree yaw are also present at
3 degree yaw and 6 degree yaw. The drag coefficient at the rear increases slightly with increasing radius, this
can be attributed to the thinner boundary layer as explained by Hoerner [27].

0 yaw 3 yaw 6 yaw
Modelname tot front sides rear tot front sides rear tot front sides rear
EGR270 0.297 0.028 0.051 0.218 0.404 0.133 0.050 0.221 0.449 0.146 0.054 0.248
EGR540 0.291 0.019 0.052 0.220 0.301 0.021 0.054 0.226 0.309 0.004 0.057 0.249
EGR945 0.288 0.013 0.052 0.222 0.297 0.015 0.053 0.228 0.305 -0.002 0.056 0.250
EGR1300 0.284 0.011 0.051 0.223 0.293 0.013 0.053 0.228 0.301 -0.004 0.055 0.250

Table 6.1: Drag coefficients for elongated models with a circular front edge radius

6.1.1. PRESSURE DISTRIBUTION

The pressure distribution of EGR135, EGR540 and EGR1300 are shown in figure 6.4(a), 6.4(b) and 6.4(c). As
expected from the findings for the non-elongated models, the trends are identical. The stagnation area is
reduced in size and the pressure peaks are reduced in magnitude as the radius increases. In the topfigure
6.4(a) the flow at the top of the model is fully separated, while at the bottom a suction peak is present due to
the interaction with the flow of the moving ground. This effect is not visible for the other two models.
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(a) CP distribution of model EGR135

(b) CP distribution of model EGR540

(c) CP distribution of model EGR1300

Figure 6.4: Side view; CP distribution of models EG135, EGR540 and EGR1300.

COMPARISON WITH STANDARD GETS MODEL

Comparing the elongated GETS models with the baseline models reveals that the maximum difference in CD

is only 5 drag counts. The lowest CD in the elongated models is achieved using a front edge radius of 1300
mm. A direct comparison of the drag coefficient of the surfaces per yaw angle is shown in table 6.2.

0 yaw 3 yaw 6 yaw
Modelname tot front sides rear tot front sides rear tot front sides rear
GR540 0.289 0.018 0.051 0.220 0.299 0.020 0.052 0.226 0.308 0.003 0.056 0.249
EGR540 0.291 0.019 0.052 0.220 0.301 0.021 0.054 0.226 0.309 0.004 0.057 0.249
EGR1300 0.284 0.011 0.051 0.223 0.293 0.013 0.053 0.228 0.301 -0.004 0.055 0.250

Table 6.2: A comparison between the drag coefficients of various surfaces of three model types for yaw angles of 0, 3, and 6 degrees.

When the baseline model is compared to the elongated variant with the same radius (EGR540) it can be
observed that a slightly higher drag coefficient is produced by the front and side surfaces when an elongation
is applied.

CONCLUSION

Elongating the model and applying a large front edge radius can have a beneficial influence on the CD . The
largest difference between the EGR models and the baseline models is 5 drag counts. It is noted that this is a
small difference.

6.2 Effect of elliptical front edge radius

Elliptical shapes are often used in low drag bodies, therefore it is investigated whether an elliptical front edge
rounding can be beneficial in terms of drag coefficient.
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MODEL EXPLANATION

An ellipse can be defined using a major and minor axis, as shown in figure 6.5. L1 is the major axis and L2 is
the minor axis; these are varied while the minimum radius of the ellipse at all points is 540 mm or higher. The
minimum radius is calculated using equation 6.1 [72]:

Rmi n = c2

b
, (6.1)

where b is the length of the major axis and c the length of the minor axis. The location of the minimum
radius is at the end of the major axis. Keeping the minimum radius larger than 540 mm, should prevent
separation in all side wind conditions. Six models are studied: three with L1 > L2 (the short ellipse models)
and three with L1 < L2 (the long ellipse models). In red the standard GETS model outline is indicated.

1.04m

0.54m

17.0m

2.6m

3.5m

L1

L2

L1

L2

16.5m
(a) Topview and sideview of models with a larger L1 than L2

1.04m

0.54m

17.0m

2.6m

3.5m

L1
L2

L1
L2

16.5m

(b) Topview and sideview of models with a smaller L1 than L2

Figure 6.5: Elliptical rounding models, the standard GETS model is shown as a reference.

The names of the models and its properties are listed in table A.3 of the appendix. The model names
consist of an ’E’ to indicate the elongated model, an ’L’ with a number for the length of the lateral axis ’L1’
and another ’L’ with a number indicating the length of longitudinal axis ’L2’.

DRAG COEFFICIENT

The drag coefficient for all models is shown in table B.3 for 0 yaw, 3 yaw and 6 yaw. The differences are the
most significant when the minor and major axes are largest, therefore these are shown in table 6.3.
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0 yaw 3 yaw 6 yaw
tot front sides rear tot front sides rear tot front sides rear

GR540 0.289 0.018 0.051 0.220 0.299 0.020 0.052 0.226 0.308 0.003 0.056 0.249
EL1299-L834 0.288 0.013 0.052 0.222 0.297 0.015 0.054 0.228 0.305 -0.002 0.057 0.250
EL834-L1299 0.286 0.011 0.051 0.223 0.295 0.013 0.053 0.229 0.302 -0.004 0.055 0.251

Table 6.3: Drag coefficient summary for elliptical models

Model EL1299-L834 is the model with the short axis in the longitudinal direction. The CD only performs
slightly better than the baseline results. One drag count for 0 yaw and three drag counts for 6 yaw. The other
model, EL834-L1299, performs marginally better. Noticeably, the front of both models produces a lower drag
coefficient (for all yaw angles), but this result is counteracted by the increase in drag coefficient at the rear.

PRESSURE COEFFICIENT DISTRIBUTION

The pressure coefficient distributions for the two models in table 6.3 (EL1299L834 and EL134L1299) are
shown in figure 6.6.

Figure 6.6: Pressure distribution of EL834L1299 on the left and EL1299L834 on the right.

In figure 6.6 the pressure distribution for these models is shown in the xy-plane at z=0 m. Both models
have a minimal radius of 540 mm, the location of this minimum radius is located upstream for the left model
(near the rectangular front) and downstream for the right model (near the side surface of the vehicle). Dif-
ferences in pressure coefficient between these models, reveal that the location for an elliptical rounding is
important for the flow development around the vehicle. A more upstream location of the minimum radius
produces a lower stagnation pressure at the front and hence lower suction forces at the front edges. For a
more downstream location, this effect is reversed.

CONCLUSION

Elliptical radii can decrease the CD , just like the circular models. The benefits of the reduced drag at the
front of the models are offset by the increase in drag at the rear surface. The location of the minimum radius,
upstream or downstream, has a minor influence on the aerodynamic drag reduction potential. A drag coef-
ficient reduction of 3 drag counts can be realized using an elliptical fillet with respect to the standard GETS
model.

6.3 Frontal end design variations

The final part of this research, variations in front end shapes, is split in three parts: the first starts with a new
baseline model on which various front end designs are systematically varied. The second is also based on the
baseline model, but uses different front edge radii. Lastly more radical designs, such as a slanted front and a
SN are explored.
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6.3.1. FRONTAL SHAPE VARIATIONS
The influence of the frontal shape is explored in this section. First a new baseline model for all these frontal
shapes is constructed, this model is shown in figure 6.7. By changing systematically one of properties the
influence of all the shapes is explored. The baseline model E_S consists of a rectangle front shape with a
width and height of one third of the total vehicle width and height. This frontal rectangle is altered in shape,
for example a triangle (figure 6.9(d)) and the location of the rectangle is varied as shown in figure 6.8

L

r1

r2

1/3W

1/3H H

W

1/3H

1/3W

Figure 6.7: Baseline model E_S frontview and sideview.

The total length of the baseline model is 17.0 m and the outer radii (r1) are set at 540 mm to prevent flow
separation. A small rectangular shape is used as a frontal area, with radii of 148 mm (r2), inspired by the
radii of the GTS model [65]. Variations are made by altering the vertical position of the rectangular area, as
shown in figures 6.8(a), 6.8(b), 6.8(c). In addition, the size of the rectangular shape is changed: smaller/wider
and taller/shorter (figure 6.8(e) and 6.8(d)). Next the shape is modified, from a rectangular to a point, line,
triangle, and a circle (figure 6.9).

(a) E_S_lowest (b) E_S_down (c) E_S_up (d) E_S_taller (e) E_S_shorter

Figure 6.8: Model variations on the baseline model, the rectangle is varied in size and position.

(a) E_S_point (b) E_S_hline (c) E_S_vline (d) E_S_triangle (e) E_S_ellipse

Figure 6.9: Model variations on the baseline model, the 500 mm front elongation is used to shape different front end designs.

In figure and 6.9, variations in front end designs are shown. The front edge radius is kept constant at 540
mm in order to prevent separation for all yaw angles. Only the 500 mm front elongation is used to design the
different front end shapes.

DRAG COEFFICIENT

All the results with respect to the drag coefficient can be found in table B.5 of the appendix. For two models
(E_S_lowest and E_S_wider) a significant difference can be observed. It is very likely that the frontal square
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of these models is too close to the rounding such that the surface on which the rounding acts is too small to
keep the flow attached. In table 6.4 a selection of the results is shown.

0 yaw 3 yaw 6 yaw
tot front sides rear tot front sides rear tot front sides rear

GR540 0.289 0.018 0.051 0.220 0.299 0.020 0.052 0.226 0.308 0.003 0.056 0.249
E_S 0.289 0.015 0.052 0.222 0.298 0.017 0.053 0.228 0.307 0.000 0.056 0.250
E_S_lowest 0.301 0.030 0.051 0.220 0.310 0.032 0.052 0.225 0.319 0.016 0.055 0.249
E_S_vline 0.288 0.014 0.052 0.222 0.297 0.016 0.053 0.227 0.305 -0.001 0.057 0.250
E_S_triangle 0.286 0.014 0.051 0.222 0.295 0.016 0.052 0.227 0.304 -0.001 0.055 0.250

Table 6.4: Drag coefficient summary for models with various front designs.

In comparison to the GETS baseline model the E_S_lowest has a high CD and is therefore not an aerody-
namic improvement. The other shape variations do not show significant changes in the total drag coefficient
with the baseline model. For example, E_S_triangle shaped front has a lower drag coefficient of 4 drag counts
at the front, but an increase of 2 drag counts at the rear. The triangle shape is most beneficial in terms of the
drag coefficient.

PRESSURE COEFFICIENT

The simulated pressure coefficients on the frontal surface for different models are analyzed. The models
analyzed are the baseline model (E_S), E_S_lowest and E_S_point.

(a) E_S (b) E_S_lowest (c) E_S_point

Figure 6.10: Simulated pressure distribution of different models

The pressure coefficient distribution is shown on the front part of the model. All three models show a large
stagnation are near the center of the front. E_S_lowest is a bit different since this model is only symmetrical
around the vertical axis. An important difference is the lower part of this model, due to the location of the
square, the front edge rounding at the bottom of this model is acting on a very small surface. This is the reason
that the flow is not able to stay attached at the bottom front surface, hence the drag coefficient is higher.

6.3.2. ASYMMETRICAL CIRCULAR ROUNDING

The second type of shape variations is asymmetrical rounding at the front edges. The influence of the round-
ing on the individual surfaces is explored. The models in this section use the E_S model as a basis (illustrated
in figure 6.7) and systematically two of the edges are rounded with a different radius. Two examples are shown
in the figure 6.11 below.
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1/3H

1/3H

1/3W

(a) E_top_135

1/3W

1/3H

1/3H

(b) E_Side_810

Figure 6.11: Left, the model with a top radius of 135 mm, all other edges have a radius of 540 mm. Right, the side have a 810 mm radius.

All simulated models are listed in table A.4 of the appendix. All sides are varied between a radius of 135
mm and 810 mm.

DRAG COEFFICIENT

In table 6.5 the results of three models and the baseline model is shown. All CD values of the models with
different rounding are listed in table B.4 of the Appendix. Note that no convergence is obtained for the
E_bot_R135 and therefore this model is not listed in the latter table. Observing the results, it is clear that
the he influence of the side panels of the front is the largest, the top and bottom behave almost identical.

0 yaw 3 yaw 6 yaw
tot front sides rear tot front sides rear tot front sides rear

GR540 0.289 0.018 0.051 0.220 0.299 0.020 0.052 0.226 0.308 0.003 0.056 0.249
E_top_R810 0.289 0.015 0.052 0.222 0.298 0.016 0.054 0.228 0.306 -0.001 0.056 0.250
E_side_R810 0.287 0.013 0.052 0.222 0.297 0.015 0.053 0.228 0.305 -0.002 0.056 0.250
E_bot_R810 0.288 0.015 0.051 0.222 0.296 0.017 0.053 0.227 0.305 0.000 0.056 0.250

Table 6.5: Drag coefficient summary for asymmetrical circular rounded models

The difference between the baseline and the E_Side_R810 is approximately 2 drag counts for all yaw an-
gles, for the E_top_R810 and E_bot_R810 the difference is 1 drag count. At 6 yaw the difference in CD at the
front is most pronounced. The differences between the baseline model and the models with variations in
rounding are small, with a maximum difference of 3 drag counts at 6 yaw.

VELOCITY DISTRIBUTION

The velocity distribution for three models is analyzed. The three models are E_top_R135, E_top_R270 and
E_top_R810. The trends observed in varying the top edge are also observed when the side and bottom front
edge are varied. The velocity distributions are shown in figure 6.12. The trends for the separate rounded
models are similar to those of the GETS and EGETS models. The radius of the rounding is crucial for the flow
to separate. The flow for model E_top_R135 separates at the front top edge, this is indicated by the negative
velocity in figure 6.12(a). After the flow separation bubble the flow reattaches and the boundary layers fol-
low the contours of the model. The flow around the model in figure 6.12(b) stays attached and a prominent
suction peak is observed. Model E_top_R810 in figure 6.12(c) shows that by applying a larger radius the suc-
tion peak is reduced. The influence on other parts of the model is negligible, the velocity distribution at the
bottom of the vehicle is very similar for the different models.
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(a) Velocity distribution for model
E_top_135

(b) Velocity distribution for model
E_top_R270

(c) Velocity distribution for model
E_top_R810

Figure 6.12: Velocity distribution in the xy-plane at z = 0 m, measured in m/s for three models with varying top edge radius. The
flow is going from left to right.

6.4 Summary

The GETS model is elongated with 500 mm in order to investigate the aerodynamic effects of different frontal
shapes. The front edge radius is varied between 0 mm and 1300 mm. A radius of 1300 mm shows the lowest
total drag coefficient. The second type of variation used an elliptical rounding. The model with the longest
major axis in longitudinal direction is the most beneficial in term of drag coefficient. The third type of front
design explores a number of different shapes and these are systematically tested. Only the triangle shaped
front showed a small decrease in drag coefficient. In addition, the effect of the rounding on one or two edges
is studied. The effect of altering the front side has the largest effect.

When the four types of changes are compared, the change is front edge radius showed the best improve-
ment in CD compared to the GETS baseline model. However the improvement is relatively small, only five
drag counts.



7
DISCUSSION

This chapter presents an analysis of the results of all full scale models. The obtained results will be put into
perspective and the broader trends will be discussed. This chapter concludes with a reflection on the aerody-
namic benefits and emission reduction of front elongated modern heavy duty trucks.

7.1 Analysis and trends

The simulated results of the non-elongated model and the elongated models will be analyzed using non-
dimensional parameters. This is a common method to discover trends between models. As part of this anal-
ysis the simulated results will be compared to results of other studies. This chapter starts with an analysis
of the GETS models, followed by the analysis of the elongated models. It concludes with an analysis of the
boundary layer development and the presentation of the wake length.

7.1.1. FULL SCALE GETS MODEL

The CFD simulations were validated on the 1:15 scale model and subsequently performed on a full scale
model. The difference in flow behavior between these models is very small. However, due to the higher
Reynolds number and turbulence intensity, small changes were observed in the drag coefficient; the drag
coefficient was lower in the full scale model. The causes of the small changes between the 1:15 and full scale
model are discussed below.

The higher Reynolds number is discussed first. Wood [3] extensively studied the phenomenon where a
higher Reynolds number leads to a lower drag coefficient. As expected, this phenomenon is observed for the
1:15 scale model and the full scale model. The simulated Reynolds number effect for a full scale GETS model
is shown in figure 5.6. In this figure the variation in Reynolds number between 0.5∗105 and 6∗106 leads to
a reduction in drag coefficient of 22 drag counts. These two Reynolds numbers roughly correspond to the
Reynolds numbers in the 1:15 and full scale models.

Secondly, the turbulence intensity is discussed. When a 1:15 scale model and a full scale model are com-
pared based on the data of Wood [3], an increase in turbulence level, from 1% to 5%, is expected to offset the
drag coefficient reduction by the higher Reynolds number. A total difference in drag coefficient between the
small and full scale model of 11 drag counts was observed when both effects are taken into account.
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(a) CD of all GETS models (b) CD GETS close up of the models with a larger radii of figure
7.1(a).

Figure 7.1: CD of the GETS models for 0, 3 and 6 degree yaw

The drag coefficients for the full scale GETS model for 0, 3 and 6 degree yaw angle are shown in figure 7.1.
Two main conclusions can be drawn from the results in this figure. Firstly, high drag coefficients are obtained
for models which have small front edge radii, especially at high yawing angles. At a yaw angle of 0 degrees,
the drag coefficient levels off at a non-dimensional radius of 0.11; at 6 degree yaw this radius is 0.22. In the
figure 5.13 it was observed that these large differences in drag coefficient are due to the separation of flow.
These results are also found by others like Cooper[4], Newnham [21] and Sakuma [48].

Secondly, only small drag coefficient reductions can be obtained for attached flow. The drag coefficient
for attached flow for the GETS models is shown in figure 7.1(b). One can observe a small decline in drag
coefficient with an increasing front edge radius. The largest difference for 0 degree yaw is 9 drag counts.
This small difference in drag coefficient is translated into a smaller stagnation area at the front of the model,
lower suction forces at the front edges of the model and a higher base pressure. This is shown in the pressure
distribution in figure 5.15.

7.1.2. FULL SCALE ELONGATED MODELS

The elongated models can be categorized into three categories: the first with a circular front edge rounding,
the second with an elliptical front edge rounding and the third category contains a variety of frontal shapes.
The models with a circular front edge radius have a radius between η = 0 and 0.5. A similar variation of front
edge radius is applied to the non-elongated models. When the elongated and non-elongated model with the
same circular radius are compared, the influence of elongation can be studied. As expected the difference
between these models is very small. It is only 1-2 drag counts for all yaw angles and originates mainly from
the sides of the model.

For the other two model categories, a minimum front edge radius of 540 mm is applied, such that the
effects of attached flow are analyzed for all measured yaw angles. In order to compare the aerodynamic
performance of the circular rounding with that of the elliptical rounding a non-dimensional parameter L2/W
is defined. L2 is the length of the rounding in the longitudinal direction and W represents the width of the
model. The drag coefficients at 0 degree yaw of the elongated models with an elliptical front edge, of the
non-elongated GETS models and of the elongated GETS model are shown in figure 7.2.
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Figure 7.2: The CD versus the non-dimensional front edge length L2/W for 0 degree yaw.

The differences in CD between the models are small; the best and the worst model in terms of the drag
coefficient differ only 9 drag counts. The round dots represent the models with an elliptical front edge where
L1 > L2. The difference found is only 3 drag counts. A larger spread is found for the other elliptical front edge
round models (L1 < L2), represented by the ’x’ marker. The EGETS models are shown with a star symbol, these
models show an almost linear decrease in drag coefficient when the non-dimensional radius is increased. The
GETS models show a converging trend. Both the EGETS and GETS model converge towards a CD of 0.284 with
a L2/W value of 0.5.

When the turbulence model of the simulation, the influence of the assumptions and the mesh differences
for different models are taken into account, the results of figure 7.2 have to be interpreted with care. The two
equation time-averaged turbulence model (k-ω) has difficulties with predicting the accurate flow properties
at the rear. The mesh differences for some models lead to a higher number of cells and a higher number of
cells can decrease the drag coefficient slightly as explained in the mesh sensitivity study, section 4.2. There-
fore, it is difficult to draw very specific conclusions based on these small differences. A general trend for all
models can be observed though: the drag coefficient is decreasing with an increasing radius.

The third category with different front-end designs, a variety of frontal shapes, only shows very small
differences between the models. Two models show separated flow, as the front edge radius is too small. The
flow for all other models stays attached and the difference between these models is within 3 drag counts.
When taking into account that the mesh of these models is slightly different due to the different front-end
designs and that the drag differences are so small, no definitive conclusions can be drawn from these different
designs.
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Figure 7.3: CD versus η comparison for different studies.

7.1.3. BOUNDARY LAYER AND WAKE DEVELOPMENT

At the front of the model the development of the boundary layer originates. The front end thus influences the
drag of the fore body but also the drag at the base of the model. This phenomenon is explained by Hoerner
and Mariotti. In figure 7.4 the boundary layer thickness is shown as a function of the non-dimensional radius
for the EGETS and long elliptical models. The elliptical model has a constant minimum radius of 540 mm and
acts between η 0.3 and 0.5. The boundary layer thickness is measured 1 m before the base for both models
and 2 m after the front of the model. The GETS and EGETS models peform almost identical, for clarity only
the EGETS is shown in the figure.

Figure 7.4: Boundary layer thickness versus non-dimensional radius r /W for 0 degree yaw for EGETS models.
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For the EGETS model the boundary layer height at the front and rear is decreasing with increasing radius.
The boundary layer thickness for the elliptical model is nearly constant. These trends were expected based on
the base drag: the base drag of the EGETS models increased with increasing radius, while that of the elliptical
models remained virtually constant.

Figure 7.5: Wake length for several models.

A thinner boundary layer is responsible for higher velocities at the separation point at the base and a
shorter recirculation region (wake length) as shown by Mariotti [44]. Figure 7.5 shows the wake length versus
the non-dimensional radius for various models. The GETS and EGETS model with separated flow have the
smallest wake length (η = 0.05). When the flow is attached the wake length is much larger and it decreases
slightly with increasing radius. This was expected by the results of Mariotti. The general trend shows an
almost linear decrease in wake length for all models.

7.2 Reflection on climate goals

The goal of the new European directives is to reduce the CO2 equivalent emissions by allowing front elongated
vehicles. A front elongation of 500 mm is analyzed in this study, while maintaining most of the original volume
of the model. The model with the lowest yaw averaged aerodynamic drag is the EGR1300. Compared to the
original GR540 model a benefit of 5 drag counts is realized, at a yaw averaged drag of 3 degrees yaw. This
equals a 1.7% reduction in drag coefficient and a roughly 0.85% reduction in CO2 emissions. The benefits
for more realistic and detailed trucks is likely smaller, since the small protuberances, mirrors, air intake and
rotating wheels will disturb the smooth flow of the thin boundary layer at the front.

Elongating the truck by 500 mm can roughly be translated into a weight increase of 250 kg, based on a
study performed by Eknander in 2013 [73] and based on the weight increase of a DAF XF 105 with an increased
wheelbase of 500 mm [74]. The maximum allowable weight limit for CoE trucks in most European states is 40
tonnes in total [73]. An elongation therefore increases the vehicle weight. Subsequently the drag due to rolling
resistance is increased by (maximum) 0.6%. It also means that the cargo transport capability is reduced by
roughly 1%. Since the drag due to rolling resistance and air drag resistance at high way speeds are roughly
equal (45%), the small benefit of elongating the front is negated by the weight penalty of the elongation.

In contrast to model GR540 there is room for improvement for current CoE models. The minimum front
edge radius at the sides of the truck are in the range of 100-200 mm [43], meaning flow separation occurs at
these regions. Such a modern CoE truck has a similar front edge radius as model E_side_R135. Comparing
the E_side_R135 model with an EGR1300 model a drag reduction of 16.3% at a yaw averaged drag of 3 degrees
is possible. When the increased rolling resistance is included, this corresponds to a drag force and emission
reduction of 6.7%.

Notice that the used models are schematic of nature and therefore the results of more detailed HDV might
be lower. A follow up study using more realistic trucks, including an intake, rotating wheels and mirrors is
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recommended to better estimate the benefits of a larger front edge radius.
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CONCLUSION AND RECOMMENDATIONS

8.1 Conclusion

The EU committed itself to reduce the greenhouse gas emissions with respect to the 1990 level. Therefore
the EC is proposing new laws which relax the dimensional constraints for truck-trailer combinations. In this
study it is investigated whether an elongation can be beneficial for reducing drag and hence reduce emissions.
Based on steady state numerical simulations the baseline model and elongated models with different frontal
designs are tested.

The numerical simulations are validated using the data from a wind tunnel test. The model in the wind
tunnel test is scaled down to 1:15. Numerical data of near wake structures, force coefficients, pressure distri-
butions and boundary layer development are in agreement with the wind tunnel data.

To explore the real-world effects the 1:15 scale results are compared to 1:1 scale models. Small differences
between these two models are a result of using different Reynolds numbers and turbulence intensities. Vary-
ing the front edge radius of the 1:1 model shows that a critical radius of 540 mm exist for the flow to stay
attached at yaw angles of 0, 3 and 6 yaw. Increasing the radius beyond 540 mm shows a minor decrease in
drag coefficient, while a large decrease of the stagnation area and suction forces can be observed.

After the analysis of the non-elongated 1:1 models, the models are elongated with 500 mm. Elongating
the baseline model increases the drag slightly due to the increased wetted area. The stagnation pressure and
suction force do not change when the model is only elongated.

The final part of this research explores several front designs for elongated models. The first effect that is
studied is the change in circular radius. The observations found are in line with the observations for non-
elongated models: when the radius is larger than the critical radius of 540 mm, the flow stays attached and
only a small decrease in drag coefficient is observed. The model with the lowest drag coefficient has a circular
radius of 1300 mm, the benefit over the baseline model is 6 drag counts for 3 degree yaw. Second, an elliptical
front edge radius is applied. Variations in front edge radius showed minor changes in drag coefficient. Lower
drag coefficients are observed when longer axes are chosen, while the minimum radius is kept constant.
Finally, various frontal shapes are applied to an elongated model. The benefits of changing the frontal shape
are minimal.

When all models variations in this study are taken into account, an overall conclusion can be drawn. The
most important parameter for the drag coefficient, which has been studied, is the front edge radius. When the
radius is larger than critical radius, the flow stays attached for all models, which reduces the drag coefficient.
With a radius larger than the critical radius, the effect of frontal shapes are relatively small.
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8.2 Recommendations

The research on bluff body vehicles is far from finished and the research topic of this study can be expanded
in various ways, these are stated below.

8.2.1. CFD CONFIGURATION
The model in this discourse had limitations to consider. The found effects of various front designs are small,
therefore the impact of the assumption of a steady state simulation with a two parameter turbulence model
could skew the simulations. One could overcome this by using a high resolution time-dependent model, like
a Detached Eddy Simulation (DES) or Large Eddy Simulation (LES) model.

8.2.2. DETAILED MODEL
The model used in this researched could also be extended in various way. A more detailed model would for
example give more information on the gains that can be obtained for realistic heavy duty trucks. This could
be achieved by modeling rotating wheels, mirrors and engine cooling systems.

8.2.3. HOLISTIC APPROACH TO DRAG REDUCTION DESIGN
One could also use an holistic approach to the drag reduction design. The effects of changing the front of
the truck allow for a change in flow behavior at the rear of the trailer. In the current discourse only changes
were made at the front of the truck. If a more holistic approach is used various designs for the front, sides
and rear can be tested simultaneously. This could lead to a more overall understanding of the drag reduction
possibilities.
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APPENDIX A - MODEL OVERVIEW

In this chapter an overview of all the models is given.

A.1 GETS models

Modelname Explanation Elongation [mm] fillettype radius [mm]
top bottom left right

GR0 GETS 0 circular 0 0 0 0
GR135 GETS 0 circular 135 135 135 135
GR270 GETS 0 circular 270 270 270 270
GR405 GETS 0 circular 405 405 405 405
GR540 Basline GETS 0 circular 540 540 540 540
GR675 GETS 0 circular 675 675 675 675
GR810 GETS 0 circular 810 810 810 810
GR945 GETS 0 circular 945 945 945 945
GR1100 GETS 0 circular 1100 1100 1100 1100
GR1300 GETS 0 circular 1300 1300 1300 1300

Table A.1: Model properties of non-elongated models with a circular front edge radius

A.2 EGETS circular models

Modelname Explanation Elongation [mm] fillettype radius [mm]
top bottom left right

ER0 EGETS 500 circular 0 0 0 0
ER135 EGETS 500 circular 135 135 135 135
ER270 EGETS 500 circular 270 270 270 270
ER405 EGETS 500 circular 405 405 405 405
ER540 EGETS 500 circular 540 540 540 540
ER675 EGETS 500 circular 675 675 675 675
ER810 EGETS 500 circular 810 810 810 810
ER945 EGETS 500 circular 945 945 945 945
ER1100 EGETS 500 circular 1100 1100 1100 1100
ER1300 EGETS 500 circular 1300 1300 1300 1300

Table A.2: Model properties of elongated models with a circular front edge radius
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A.3 EGETS elliptical models

Modelname Explanation Elongation [mm] fillettype radius [mm]
top bottom left right

ELR793-L655 Ellipse (short) 500 elliptical 793/655 793/655 793/655 793/655
EL1046-L752 Ellipse (short) 500 elliptical 1046/752 1046/752 1046/752 1046/752
EL1299-L834 Ellipse (short) 500 elliptical 1299/834 1299/834 1299/834 1299/834
EL655-L793 Ellipse (long) 500 elliptical 655/793 655/793 655/793 655/793
EL752-L1046 Ellipse (long) 500 elliptical 752/1046 752/1046 752/1046 752/1046
EL834-L1299 Ellipse (long) 500 elliptical 834/1299 834/1299 834/1299 834/1299

Table A.3: Model properties of elongated models with an elliptical front edge radius

A.4 EGETS asymmetrical models

Modelname Explanation Elongation [mm] fillettype radius [mm]
top bottom left right

E-R-T-135 Top edge 500 circular 540 540 540 540
E-R-T-270 Top edge 500 circular 540 540 540 540
E-R-T-405 Top edge 500 circular 540 540 540 540
E-R-T-810 Top edge 500 circular 540 540 540 540
E-R-S-135 Side Edge 500 circular 540 135 540 135
E-R-S-270 Side Edge 500 circular 540 270 540 270
E-R-S-405 Side Edge 500 circular 540 405 540 405
E-R-S-810 Side Edge 500 circular 540 810 540 810
E-R-B-135 Bottom Edge 500 circular 135 540 540 540
E-R-B-270 Bottom Edge 500 circular 270 540 540 540
E-R-B-405 Bottom Edge 500 circular 405 540 540 540
E-R-B-810 Bottom Edge 500 circular 810 540 540 540

Table A.4: Model properties of elongated models with an asymmetrical circular front edge radius
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A.5 EGETS frontal shapes

Modelname Explanation Elongation [mm] fillettype radius [mm]
top bottom left right

E_S Square 500 circular 540 540 540 540
E_S_up Square High 500 circular 540 540 540 540
E_S_down Square Low 500 circular 540 540 540 540
E_S_lowest Square Lowest 500 circular 540 540 540 540
E_S_taller Square Taller 500 circular 540 540 540 540
E_S_shorter Square Shorter 500 circular 540 540 540 540
E_S_wider Square Widest 500 circular 540 540 540 540
E_S_smaller Square Smaller 500 circular 540 540 540 540
E_S_wide Square Wide 500 circular 540 540 540 540
E_S_point Point 500 circular 540 540 540 540
E_S_vline Vertical Line 500 circular 540 540 540 540
E_S_triangle Triangle 500 circular 540 540 540 540
E_S_ellipse Ellipse 500 circular 540 540 540 540
E_S_hline Horizontal Line 500 circular 540 540 540 540

Table A.5: Model properties of elongated models with various front designs
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APPENDIX B - SIMULATION RESULTS

The results for all models are shown in the tables in this section for 0, 3 and 6 yaw.

B.1 GETS circular front egde radius

0 yaw 3 yaw 6 yaw
Modelname tot front sides rear tot front sides rear tot front sides rear
GR0 0.958 0.789 0.015 0.155 0.963 0.786 0.016 0.161 1.024 0.784 0.024 0.217
GR135 0.584 0.358 0.037 0.189 0.586 0.355 0.036 0.196 0.620 0.347 0.041 0.232
GR270 0.294 0.027 0.050 0.218 0.385 0.114 0.049 0.222 0.448 0.147 0.053 0.248
GR405 0.292 0.022 0.050 0.220 0.302 0.024 0.052 0.226 0.351 0.051 0.054 0.247
GR540 0.289 0.018 0.051 0.220 0.299 0.020 0.052 0.226 0.308 0.003 0.056 0.249
GR675 0.288 0.016 0.051 0.221 0.297 0.018 0.052 0.227 0.306 0.001 0.055 0.249
GR810 0.286 0.014 0.051 0.222 0.296 0.016 0.052 0.227 0.304 -0.001 0.055 0.250
GR945 0.286 0.013 0.050 0.222 0.295 0.015 0.052 0.228 0.303 -0.002 0.055 0.251
GR1100 0.285 0.011 0.050 0.223 0.294 0.013 0.052 0.229 0.302 -0.004 0.055 0.251
GR1300 0.284 0.010 0.050 0.224 0.293 0.012 0.051 0.230 0.301 -0.005 0.054 0.252

Table B.1: Numerical results for the non-elongated models with a circular front edge radius

B.2 EGETS circular front egde radius

0 yaw 3 yaw 6 yaw
Modelname tot front sides rear tot front sides rear tot front sides rear
EGR0 0.985 0.815 0.015 0.154 0.990 0.814 0.016 0.159 1.051 0.812 0.024 0.215
EGR135 0.586 0.358 0.039 0.190 0.590 0.356 0.038 0.196 0.621 0.346 0.042 0.232
EGR270 0.297 0.028 0.051 0.218 0.404 0.133 0.050 0.221 0.449 0.146 0.054 0.248
EGR405 0.293 0.023 0.052 0.219 0.303 0.025 0.053 0.225 0.351 0.045 0.056 0.249
EGR540 0.291 0.019 0.052 0.220 0.301 0.021 0.054 0.226 0.309 0.004 0.057 0.249
EGR675 0.290 0.016 0.053 0.221 0.299 0.018 0.054 0.227 0.308 0.001 0.057 0.250
EGR810 0.288 0.015 0.052 0.222 0.297 0.017 0.054 0.227 0.305 -0.001 0.057 0.249
EGR945 0.288 0.013 0.052 0.222 0.297 0.015 0.053 0.228 0.305 -0.002 0.056 0.250
EGR1100 0.287 0.011 0.052 0.223 0.296 0.013 0.053 0.229 0.304 -0.004 0.056 0.251
EGR1300 0.284 0.011 0.051 0.223 0.293 0.013 0.053 0.228 0.301 -0.004 0.055 0.250

Table B.2: Drag coefficients for the elongated models with a circular front edge radius
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B.3 EGETS elliptical front egde radius

0 yaw 3 yaw 6 yaw
tot front sides rear tot front sides rear tot front sides rear

ER793R655 0.289 0.014 0.053 0.222 0.298 0.016 0.054 0.228 0.306 -0.001 0.057 0.250
ER1046R752 0.289 0.014 0.053 0.223 0.298 0.015 0.054 0.229 0.306 -0.002 0.057 0.251
ER1299R834 0.288 0.013 0.052 0.222 0.297 0.015 0.054 0.228 0.305 -0.002 0.057 0.250
ER655R793 0.288 0.013 0.052 0.222 0.297 0.015 0.054 0.228 0.305 -0.002 0.057 0.250
ER752R1046 0.287 0.012 0.052 0.223 0.296 0.014 0.053 0.229 0.304 -0.003 0.056 0.251
ER834R1299 0.286 0.011 0.051 0.223 0.295 0.013 0.053 0.229 0.302 -0.004 0.055 0.251

Table B.3: Drag coefficients for the elongated models with a elliptical front edge radius

B.4 EGETS asymmetrical front edge rounding

0 yaw 3 yaw 6 yaw
tot front sides rear tot front sides rear tot front sides rear

E_top_R135 0.315 0.044 0.051 0.220 0.323 0.044 0.052 0.227 0.330 0.025 0.055 0.249
E_top_R270 0.290 0.016 0.052 0.222 0.299 0.018 0.053 0.228 0.308 0.001 0.057 0.250
E_top_R405 0.289 0.015 0.052 0.222 0.298 0.017 0.053 0.227 0.307 0.000 0.056 0.250
E_top_R810 0.289 0.015 0.052 0.222 0.298 0.016 0.054 0.228 0.306 -0.001 0.056 0.250
E_side_R135 0.295 0.023 0.051 0.221 0.349 0.076 0.050 0.222 0.405 0.104 0.053 0.248
E_side_R270 0.292 0.018 0.052 0.222 0.301 0.020 0.053 0.227 0.335 0.033 0.055 0.247
E_side_R405 0.290 0.016 0.052 0.222 0.299 0.018 0.053 0.228 0.308 0.001 0.056 0.250
E_side_R810 0.287 0.013 0.052 0.222 0.297 0.015 0.053 0.228 0.305 -0.002 0.056 0.250
E_bot_R270 0.289 0.015 0.052 0.222 0.299 0.017 0.054 0.228 0.307 0.000 0.057 0.251
E_bot_R405 0.289 0.015 0.052 0.222 0.298 0.017 0.053 0.228 0.306 0.000 0.057 0.250
E_bot_R810 0.288 0.015 0.051 0.222 0.296 0.017 0.053 0.227 0.305 0.000 0.056 0.250

Table B.4: Drag coefficients for the elongated models with an asymmetrical circular front edge radius
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B.5 EGETS frontal shapes

0 yaw 3 yaw 6 yaw
tot front sides rear tot front sides rear tot front sides rear

E_S 0.289 0.015 0.052 0.222 0.298 0.017 0.053 0.228 0.307 0.000 0.056 0.250
E_S_lowest 0.301 0.030 0.051 0.220 0.310 0.032 0.052 0.225 0.319 0.016 0.055 0.249
E_S_down 0.288 0.015 0.052 0.222 0.298 0.017 0.053 0.228 0.306 0.000 0.056 0.250
E_S_up 0.291 0.017 0.052 0.222 0.300 0.019 0.053 0.227 0.309 0.003 0.056 0.250
E_S_wider 0.299 0.026 0.051 0.222 0.308 0.029 0.052 0.226 0.327 0.025 0.054 0.248
E_S_wide 0.291 0.017 0.052 0.222 0.300 0.019 0.053 0.227 0.308 0.002 0.056 0.250
E_S_small 0.289 0.014 0.052 0.222 0.298 0.016 0.054 0.228 0.306 -0.001 0.057 0.250
E_S_taller 0.291 0.020 0.051 0.220 0.300 0.022 0.052 0.226 0.308 0.005 0.055 0.248
E_S_shorter 0.291 0.016 0.052 0.223 0.299 0.018 0.053 0.228 0.308 0.001 0.056 0.250
E_S_point 0.289 0.015 0.052 0.222 0.298 0.017 0.053 0.228 0.306 0.000 0.056 0.250
E_S_vline 0.288 0.014 0.052 0.222 0.297 0.016 0.053 0.227 0.305 -0.001 0.057 0.250
E_S_triangle 0.286 0.014 0.051 0.222 0.295 0.016 0.052 0.227 0.304 -0.001 0.055 0.250
E_S_ellipse 0.288 0.014 0.052 0.221 0.297 0.016 0.054 0.227 0.305 -0.001 0.057 0.250
E_S_hline 0.292 0.018 0.052 0.222 0.300 0.020 0.053 0.227 0.309 0.003 0.056 0.250

Table B.5: Drag coefficients for the elongated models with various front designs



C
APPENDIX C - MESH OVERVIEW

In this section the mesh is shown for the 1:15 scale model and the 1:1 model for the GETS model. The mesh
is build using ANSYS ICEM. Every mesh is tested for three important mesh quality characteristics: aspect
ratio, orthogonality and skewness. When the mesh fails for one of these test the mesh is locally refined or
smoothed. Recommendations for the quality tests are extensively discussed in the ANSYS Fluent Manuel [7]
and by Lanfrit [63].

C.1 1:15 scale model

Figure C.1: Mesh overview 1:15, sideview. The orange dotted lines indicated the refined cells of the density box.
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Figure C.2: Mesh overview 1:15, topview. The refinement area is extra wide to account for side wide.

Figure C.3: Closeup of the mesh at the front of the 1:15 scale model, sideview. At the left part of the density box is shown. Note that the
inflation layers around the models increase with 20% per layer. The cell size difference between the tetrahedral elements and the last
inflation layer should be small in order to accurately simulate the flow.
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Figure C.4: Closeup of the mesh at the base of the 1:15 scale model, sideview. At the base of the 1:15 scale model no inflation layers are
positioned. Therefore side structured cells are gradually decreasing using a stair step method in ANSYS ICEM.

C.2 1:1 scale GR540 model

Figure C.5: Mesh overview 1:1, sideview. The inner and outer density box can be observed clearly, the used cell mesh size is 7 mm for the
inner density box and 56 mm for the outerbox.
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Figure C.6: Mesh overview 1:1, topview. The longitudinal shape of the density boxes are used to capture the wake of the flow with high
detail.

Figure C.7: Closeup of the mesh at the front of the 1:1 scale model, sideview. At the ’front middle’ surface large mesh cells are used, while
at the edges smaller cells sizes are used. The cell sizes are manipulated according to the local flow velocities, such to produce y+ values
close to 30.
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Figure C.8: Closeup of the mesh rear of the 1:1 scale model, sideview. For the 1:1 scale models it was found that using structured cell at
the rear of the model increases the quality of the mesh cells. The cost of adding these small structured layers was less than 8% of the total
amount of mesh cells.



D
WIND TUNNEL SETUP

The wind tunnel experiments were conducted in the Low Turbulence Tunnel (LTT) at Delft University of
Technology by Van Raemdonck [31]. The tunnel has a closed octagonal test section with dimensions shown
in table D.1. A mechanical balance system measures the aerodynamic forces and pressures. The tests were
conducted with the maximum turbulence intensity. The ground board is a fixed elevated ground board, with
added trigger tape to provide a uniform boundary layer development on the ground board.

Blockage corrections for drag (CT ) are calculated using the correction method of Merker, this method is
based on classical theory for streamlined shapes. For correction of the pressure coefficient, the method of
Thom and Herriot is applied, as recommended by SAE Special Report 1176 [75]. These corrections correct
the obtained wind tunnel data for wall interference, therefore using these corrections, a CFD simulation can
be performed without modeling the wind tunnel walls.

Figure D.1: Photograph of the wind tunnel setup.

Volume Relative length

Cross sectional area 2,07m2

Height 1,25m
Width 1,8m
Operating velocity 0-120 m/s
Turbulence Intensity 0,02-0,1 %
Yaw angle 0-10◦

Table D.1: Wind tunnel parameters

A consequence of using a scaled down model is that the Reynolds number is lower compared to the 1:1
model, this could have an effect on the aerodynamic performance.
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