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Abstract

Due to the high flexibility and availability, the tractor-trailer configuration is the main traffic
carrier for the transportation of goods in Europe. Associated with a high specific energy
consumption, the reduction of aerodynamic drag contains a considerable potential to increase
the vehicle performance. Investigations in heavy vehicle aerodynamics require the application of
highly sophisticated experimental and numerical methods.
A fundamental objective of this thesis is the verification of different methods regarding their
practicability and predictability for the development of drag-reducing devices for tractor-trailers.
The investigations are based on a model configuration with an underbody full fairing and a rear
diffuser, which is obtained by wind tunnel experiments. Additional to a measured reduction
of the total aerodynamic drag of up to 3.3%, the experiments combined with the application
of modern flow measuring techniques provide meaningful results of the changed flow physics
inducing a drag reduction.
Since the numerical simulations based on the solution of the Reynolds-averaged Navier-Stokes
equations including the boundary conditions of the wind tunnel experiments provide the complete
unsteady 3D flow field, the results are used to clarify the working principle of the investigated
model modifications. The made observations from experimental data, making diffuser-induced
flow structures responsible for a pressure rise at the trailer base, are confirmed by the simulations.
Besides, the relative model-to-ground motion, as fundamentally important aspect in vehicle
aerodynamics, was investigated in the simulations. Concluding the results, a reduced efficiency
of the underbody modifications under realistic ground conditions is demonstrated.
Results of a road test were used to quantify the influence of wind tunnel boundary conditions
on the flow physics around a tractor-trailer configuration under real operating conditions and to
detect the deviations in the measured and predicted flow fields.
Altogether, the present study provides a contribution to improve the understanding of the unsteady
flow processes in the separated flow region behind a bluff body. Besides, a deeper insight into
the transferability of the flow field results from scale model testing and numerical simulations on
the reality is given.
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Zusammenfassung

Die Sattelzugkonfiguration ist insbesondere aufgrund der hohen Flexibilität und Verfügbarkeit
der Hauptverkehrsträger für den Warengütertransport in Europa. Gekennzeichnet durch einen
hohen spezifischen Energieverbrauch, bieten Maßnahmen zur Reduzierung des aerodynamischen
Widerstands ein erhebliches Potential zur Steigerung der Leistungsfähigkeit von Sattelzügen.
Untersuchungen im Bereich der Nutzfahrzeugaerodynamik machen allerdings die Anwendung
anspruchsvoller experimenteller und numerischer Methoden erforderlich.
Das wesentliche Ziel dieser Arbeit ist es, einige dieser Methoden hinsichtlich ihrer Praktika-
bilität und Vorhersagbarkeit für die Entwicklung widerstandsreduzierender Maßnahmen im
Nutzfahrzeugbereich zu verifizieren. Als Grundlage für die Untersuchungen dient eine im
Rahmen von Windkanalmessungen eruierte Modellkonfiguration mit einer Unterbodenvollver-
kleidung und einem Heckdiffusor. Neben einer gemessenen Reduzierung des aerodynamischen
Gesamtwiderstands von bis zu 3,3%, liefern die Experimente unter Anwendung modernster Strö-
mungsmesstechniken wesentliche Erkenntnisse über die induzierten strömungsphysikalischen
Effekte, welche eine Widerstandsreduktion bewirken.
Die Berechnung des Gesamtströmungsfeldes, durch Lösen der Reynolds-gemittelten Navier-
Stokes Gleichungen unter Vorgabe der Randbedingungen im Windkanalexperiment, liefert
zusätzliche Erkenntnisse zur Klärung der genauen Wirkungsweise der untersuchten Modellmodi-
fikationen. Dadurch kann die aus den Experimenten gewonnene Erkenntnis, dass diffusorindu-
zierte Strömungsstrukturen den Basisdruck am Heck des Aufliegers erhöhen, bestätigt werden.
Ein weiterer wesentlicher Aspekt im Bereich der Fahrzeugaerodynamik ist die Berücksichtigung
der unter realen Strömungsbedingungen vorhandenen Relativbewegung zwischen Fahrzeug und
Fahrbahn, welcher im Rahmen der durchgeführten Simulationen ebenfalls untersucht wurde.
Dabei wird eine verringerte Wirkung der Unterbodenmodifikationen unter realen Bodenrandbe-
dingungen nachgewiesen.
Zur Ermittlung des Einflusses der Randbedingungen von Windkanalmessungen auf die Strö-
mungsvorgänge eines Sattelzugs unter realen Anströmbedingungen und zur Identifizierung der
Unterschiede in den jeweiligen berechneten und gemessenen Strömungsfeldern dienen Messer-
gebnisse aus einem Fahrversuch.
Insgesamt leistet die vorliegende Arbeit einen Beitrag zum besseren Verständnis der instatio-
nären Strömungsvorgänge im Ablösegebiet hinter stumpfen Körpern und liefert einen genaueren
Einblick in die Übertragbarkeit von Strömungsfelddaten aus skalierten Modellmessungen und
numerischen Simulationen auf die Realität.
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1 Motivation and background

1.1 Introduction

Technological developments for improving the efficiency of available transportation systems
require the application of sophisticated engineering disciplines. The special field of fluid
mechanics provides a range of methods for investigations in aerodynamics with respect to the
internal and external flow regions of a system. After introducing the relevance of road freight
transport for the economic growth in today’s industrial nations, the potential for aerodynamic
optimisations of heavy vehicles as commonly used for the transportation of goods in Europe is
discussed in Section 1.2. Focused on the tractor-trailer configuration as an essential traffic carrier,
Section 1.3 describes the vehicle shape from aerodynamic points of view particularly regarding
the aerodynamically induced drag responsible for a significant part of the energy consumption.
In the past decades, a wide range of practicable approaches for the reduction of aerodynamic
vehicle drag was successfully developed. An overview of the performed research studies in
conjunction with the specific testing or computation conditions are discussed in Section 1.4. In
particular, the used test facility, the reachable Reynolds number, the specific test setup and the
applied measuring techniques in the experiment and the solved flow equations and the selected
boundary conditions in the case of the numerical studies are summarised. A description of the
investigated model geometry is also given. Section 1.5 discusses the concerns of this thesis and
provides an overview of the content structure.

1.2 Road freight transportation in Europe

In today’s industrial nations the capacity of transport, especially the global transport of goods,
is a requirement for economic growth and freight traffic an important economic sector. This
requires suitable transportation systems, a corresponding infrastructure and efficient logistics
concepts. In addition to railway traffic, inland shipping and air freight service, freight traffic in
Europe consists mainly of road freight transport.
A truck survey of the future development of the transport industry in Europe was conducted
by Shell and developed in cooperation with the Institute of Transport Research of the German
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Aerospace Center (DLR) in 2010 [102]. It is based on statistics from the European Community
and predicts a further increase in road freight transport of approximately 55% in the period
from 2000 to 2020. Comprising 44% of the total freight traffic, road freight transport will be
the main traffic carrier in Europe in 2020, and already 33 million commercial vehicles were
registered in Europe in 2008. This is a result of high flexibility, availability and infrastructure
density compared to the alternative traffic carriers. Nevertheless, the overload of road capacity
and high energy consumption and its negative environmental impact will be a major challenge in
the next years, which makes this topic especially essential from economic, social, ecological and
scientific points of view. A general solution to these problems through the development of new
transport systems cannot be expected soon. Therefore, the improvement of today’s road freight
transport systems is a major concern in Europe.
One fundamental aspect is the reduction of energy consumption to reduce fuel costs and exhaust
emissions. As shown in Figure 1 (left), fuel costs account for around 30% of the total operating
costs of a commercial vehicle. Vehicle tax is based on exhaust emissions, which is directly
coupled with fuel consumption. Further, from discussions with original equipment manufacturers
(OEMs), it was concluded that in addition to increasing emission standards in engine technology,
in the future authorities will introduce higher standards through the evaluation of eco-sensitive
vehicle geometries.

Figure 1. Total operating costs of a heavy-duty vehicle (left) [1] and components of driving resistance of
a 40-tonne tractor-trailer configuration at 80 km/h on a level road (right) [17, 45].

One approach to the improvement of the productivity of heavy-duty vehicles is the enhance-
ment of loading capacity, which is currently restricted by general legal conditions and existing
infrastructure. Two concepts have already been introduced: the lowliner with a deeper vehicle
chassis to allow a higher trailer box, and a longliner with an increased total vehicle length of
more than 25 m compared to 16.5 m, which is the current maximum length of a tractor-trailer
configuration in Europe. Both of these concepts provide no fundamental solution, and are only
partially suitable for the transport and logistics industry. Technological developments provide an
enormous potential for the enhancement of vehicle performance. This includes weight reduction
through lightweight construction and new materials, progress in the development of low rolling
resistance tyres and automatic tyre inflation systems, improved propulsion systems (especially
in diesel engine technology, which accounts for more than 95% of the heavy-duty vehicles
in Europe), new propulsion systems such as hybrid drives, energy recovery systems, driving
assistants, driveshaft and transmission developments and last but not least the improvement of
vehicle aerodynamics.
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With 0.2 million units, tractor-trailer configurations account for 7% of the market share of road
freight transport in Germany. Based on the chemical energy of fuel, around two third of this
primary energy is required by the engine. The remaining energy is converted into mechanical
energy which can be divided into three different parts. As visualised in Figure 1 (right), the
aerodynamic drag of a fully loaded 40-tonne tractor-trailer configuration at a driving velocity of
80 km/h on a level road accounts for around 40% of the driving resistance [17, 45]. Due to the
high average speed of a tractor-trailer, a significant amount of the driving resistance is generated
by aerodynamic drag [45]. The rolling resistance and friction drag of the driveshaft and the
remaining auxiliary power units increase linearly, whereas the aerodynamic drag increases with
the second order of the vehicle speed. Thus, aerodynamic drag of a standard 40-tonne tractor-
trailer, as examined in this research study, has a significant influence on vehicle performance and
is therefore an essential issue in tractor-trailer aerodynamics. However, each developed drag-
reducing method must be weighed against the resultant benefit in fuel consumption, practicability,
the additional weight, cost-benefit ratio, general legal implications, and the susceptibility to
damages. Additionally, maintenance work should not be obstructed by the changed vehicle
architecture.

1.3 Tractor-trailer aerodynamics

The vehicle aerodynamics can be divided into two distinct parts: The flow in the interior of the
tractor cabin and the outer flow field around the vehicle shape coupled with the engine cooling
flow. This thesis is focused on the outer flow field, which can be distinguished in an inviscid flow
region far from the vehicle, solvable by potential flow models, and a region close to the vehicle
geometry dominated by friction effects. The inner three-dimensional unsteady viscous flow
around a tractor-trailer is characterised by regions of flow stagnation, flow deflection, boundary
layer development and flow separation.
In addition to investigation into dirt deposition and aeroacoustics, one of the major challenges
in tractor-trailer aerodynamics is the reduction of aerodynamic drag to increase overall vehicle
performance. Compared to a streamline body, a tractor-trailer is a bluff body with most un-
favourable flow characteristics, with pressure drag being the main contributor to the aerodynamic
drag. The drag coefficient as an indicator of the aerodynamic quality of the vehicle shape is in
the range of 0.5 to 0.7, which is double that of a passenger car [45]. The current design of a
European tractor-trailer configuration, optimised for maximum transport capacity and restricted
by the maximum vehicle dimensions specified by the European Community in the Council
Directives 96/53/EG [75] and 97/27/EG [76], leaves not much constructive scope for OEMs in
Europe. As a result of the specifications in Europe, which are based on the total vehicle length
and not on the length of the cargo compartment as in the United States, a cab-over-engine (COE)
tractor design was introduced. This design is characterised by an aerodynamically unsuitable
front face. In addition to the tractor front, the transition region between tractor and trailer and
the vehicle underbody, the main contributor to the pressure drag of a today’s tractor-trailer is
associated with the low-pressure field behind the trailer as shown by Cooper [14]. The analysed
results of scale model using detailed 1/10th models and full-scale wind tunnel experiments in
the National Research Council of Canada (NRC) were based on a Reynolds number of 1.25 ·106

and 5.57 ·106, respectively. The experiments in the NRC 2 m × 3 m and the NRC 9 m × 9 m
Wind Tunnel were performed at stationary ground conditions. The respective definition of the
Reynolds number can be found in Section 2.1.2.
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As discussed by Leder [55], the flow field behind a bluff body can be divided into a near and
a far wake. The near wake is characterised by flow recirculation, which implies a streamline
velocity component opposite to the freestream direction. The transition region between wake and
freestream flow is formed by a separated shear layer. The near wake dimensions are defined by the
streamline functions ψ =

∫
U(Y ) ·dY at the trailing edges of the trailer rear end. Investigations

by means of wind tunnel experiments with a 1/7th scale tractor-trailer model at stationary ground
conditions (Re = 2 ·106) performed by Mason and Beebe [64] in 1978, provided initial results for
the mean velocity wake behind the trailer. The flow separates at the trailing edges of the vehicle
rear end. A shear layer flow is generated and a wake field is formed behind the base, characterised
by strong flow recirculation. The induced base pressures slightly exceed the minimum pressure
values in the near wake region. A deeper insight into flow mechanisms can be taken from Hucho
[45, 46] and is given in the course of this thesis.

1.4 State-of-the-art methods in tractor-trailer drag reduction
In the past decades, many research studies were aimed at a reduction of the aerodynamic drag
of tractor-trailers by passive or active flow control. A general discussion of a wide range of
different drag-reducing methods is presented by Gad-el-Hak [30]. Regarding the reduction of
bluff body base drag, several methods are described in [113]. Basical information concerning
the aerodynamic quality of generic bluff bodies is given by Hörner [41]. Based on this literature
and several published research studies, this section presents the current standard of the methods
used to lower the drag of tractor-trailer configurations. The details of the applied experimental
and numerical methods including their specific restrictions are discussed as well.

1.4.1 Tractor and trailer front modifications

An interesting review of work on tractor-trailer aerodynamics from the 1950s until the beginning
of the 21st century is presented by Cooper [15], starting with wind tunnel studies in the University
of Maryland using a detailed 1/6th scale model geometry. The measurements were performed at
a maximum Reynolds number of 1.88 ·106 with the model installed on a stationary ground. In
these studies, a significant number of today’s aerodynamic add-on devices for tractor-trailers
were developed. This includes the cabin roof deflector, cabin streamlining, tractor-trailer gap
fairings, rounded trailer front edges, trailer side skirts and boat-tailing.
The oil crisis in 1973 forced the transport industry to find practicable solutions for the reduction of
fuel consumption. A cooperative venture consisting of industry and government representatives
(SAE/DOT) was founded in the United States to demonstrate the potential of aerodynamic
optimisations on the vehicle fuel consumption by means of vehicle road tests. This enhanced the
acceptance of drag reduction devices in the road freight transportation industry. In the 1970s,
numerous research studies were performed to streamline the tractor and trailer front face. For
example, different cabin shapes of a COE tractor were investigated within the scope of wind
tunnel measurements with a 1/8th scale model in the University of Maryland Wind Tunnel and
fuel consumption tests at a Reynolds number of 4.11 ·106 using a full-scale tractor-trailer by
Holmes [42]. The streamlined cabins reduced fuel consumption by more than 25% compared
to the blunt cabin shapes at that time. Experimental studies with a full-scale tractor-trailer
combination with a COE tractor were performed at Reynolds numbers in the range of 2.62 ·106

and 4.86 · 106 by Steers et al. from the NASA Flight Research Center in 1975 [106]. The
drag-reducing effects of different add-on devices such as so-called cab roof fairings, a rounded
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trailer front and devices to close the gap between tractor and trailer were investigated by fuel
consumption measurements using the coast-down method [121] as defined for road tests in the
SAE J1263 [103]. A maximum reduction of 24% in fuel consumption was measured in zero
wind conditions and at a driving velocity of 89 km/h. Experimental studies using a 1/10th scale
model of a detailed tractor-trailer were performed by Gilhaus et al. [32] at FKFS in Stuttgart
between 1979 and 1980. At a maximum Reynolds number of 9.75 ·105 and stationary ground
conditions, different roof deflector geometries, tractor and trailer side skirts and gab fairings
were investigated regarding their effect on the velocity field, the surface pressure distribution and
the resultant aerodynamic drag. As a special feature of the model, the engine cooling flow could
be simulated.
Besides this, many other research studies from the seventies were aimed at the improvement
of the aerodynamic quality by shape streamlining or by the reduction of flow separation. The
influence of different gap fairings in comparison to a closed gap on the aerodynamic drag is
presented in [64, 79, 116, 126]. Ortega et al. [79], for example, used results of full-scale
investigations in the NASA Ames 80- by 120-Foot Wind Tunnel reaching Reynolds numbers of
up to 4.6 ·106. In [116], a 1/8th scale model was used for investigations at a Reynolds number
of 1.5 ·106 performed in the Low Speed Wind Tunnel at the Texas A&M University. In both
experiments, no relative model-to-ground motion and no wheel rotation were simulated. In
[126], a drag reduction potential of 3.5-8.3% is specified for the used gap fairings measured in
road tests at a driving velocity of around 76 km/h which corresponds to a Reynolds number of
3.55 ·106. Further, an interaction of the tractor to trailer gap size, and the trailer height above
the roof of the tractor cabin with the aerodynamic drag of a tractor-trailer was detected. Thus,
the effect of every single modification must be investigated with respect to the whole vehicle
geometry. Many of these early developments are already implemented in the current design
of a tractor-trailer configuration or are available as aero packages offered by many OEMs. In
general, today’s tractor shapes are streamlined and equipped with add-on devices such as cabin
roof deflectors, cabin side extenders, cabin front corner vanes, tractor side skirts and engine
enclosures.

1.4.2 Base drag reduction

In addition to the vehicle underbody and the gap region between tractor and trailer, the main
contributor to the aerodynamic drag of today’s tractor-trailer configurations is the base drag
associated with the low-pressure field behind the trailer, as shown by Cooper [14]. Several
methods were developed to reduce the base drag by modifying the vehicle rear end, whereas
a main requirement is to maintain the loading capacity. Cavities as an extension of the trailer
rear end by using straight panels have been introduced by Hucho and Emmelmann [44] in 1977.
The near wake region, characterised by low pressures, is shifted downstream, which induces a
pressure rise at the trailer base and thus a reduction in pressure drag. A principle sketch of a
non-ventilated cavity installed on a bluff body rear end is presented in Figure 2 (a). In 1978,
Mason and Beebe [64] measured a drag reduction of around 5% using non-ventilated cavities
with a cavity length of around one-fifth of the trailer width installed on a tractor-trailer’s rear end.
A patent from Bilanin [6] contains different cavity designs with an offset between the panels and
the trailing edges of the trailer rear end (Figure 2 (b)). Using them, they obtained a maximum
drag reduction of 10%. The generated flow topology is comparable to that of a backward facing
step. Flow visualisations and pressure measurements on a full-scale tractor-trailer performed
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by Lanser et al. [54] revealed a vortex system generated in the cavity. The vortices induce
low-pressure regions, which deflect the flow inwards. The changed flow topology is associated
with an increase of the pressure at the base, thus reducing the aerodynamic drag. Depending on
the cavity length and the offset to the trailer rear end, Lanser et al. [54] obtained a maximum
drag reduction of 10%. The measurements were performed in the NASA Ames 80- by 120-Foot
Wind Tunnel at Reynolds numbers of 4.33 ·106 and 7.40 ·106 which corresponds to a freestream
velocity of 93 and 160 km/h. These results were confirmed by Coon and Visser [10] in wind
tunnel experiments with a 1/15.25th scale model installed on a ground board in the Clarkson
University Low Speed Wind Tunnel investigated at a maximum Reynolds number of 2.3 ·105 and
road tests with a full-scale tractor-trailer configuration at a Reynolds number of 4.5 ·106. The
drag reduction potential was measured with 9% in scale model testing and 8% in the full-scale
tests.

(a) (b) (c)

Figure 2. Add-on devices (shown in blue) attached to a bluff body rear end for base drag reduction: (a)
non-ventilated base cavity, (b) non-ventilated base cavity with an offset, (c) angled base flaps.

The most efficient passive method for base drag reduction of a bluff body is boat-tailing,
introduced by Wieghardt in 1958 [124] by means of analytical and experimental investigations
using a cylindrical body. The wind tunnel results are based on Reynolds numbers between
0.335 ·106 and 1.07 ·106. Boat-tailing is the continuous reduction of the cross-sectional area at
the body rear end. The working principle is based on two distinct effects: the reduction of the
effective base area, and the pressure recovery induced by the inclined rear end. The principle of
boat-tailing is discussed in several research studies [8, 62, 65]. The results from Buresti et al. [8],
for example, are based on experimental studies using a blunt-based axisymmetrical bluff body
in the wind tunnel of Ferrari Auto at freestream Reynolds numbers in the range of 1.64 · 105

and 4.11 · 105. Mair [62] also performed wind tunnel studies using a blunt-based body with
maximum radius of 76 mm measured at a Reynolds number of 0.46 · 106 based on the body
diameter. The application of boat-tailing in vehicle aerodynamics was introduced by the NASA
DFRC in 1973 within the scope of a road test using a full-scale box-shaped van. As a result of
the studies continued in 1981 [82], at a driving speed of 97 km/h, the aerodynamic drag could be
reduced by around 32% with a boat-tailed rear end compared to a blunt vehicle shape. With the
boat-tail truncated at around 56% of the boat-tail length, the reduction in drag was almost the
same (31%). A summary of the NASA test program within the scope of road tests is given by
Saltzman and Meyer [97].
A more practicable solution for tractor-trailers are base flaps, investigated by many researchers
in the past decades. Base flaps operate in the same way as boat-tailing, whereby straight or
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round panels are attached to the trailing edges of the vehicle rear end. The only difference
compared to boat-tailing is the open base cavity. Figure 2 (c) presents a sketch of angled base
flaps installed on a bluff body rear end. Cooper [11] performed measurements in the 2 m × 3 m
wind tunnel of the NRC with a 1/10th scale truck model in ground proximity to investigate the
drag reduction potential of base flaps. The model was installed on a stationary ground board with
the investigations performed at a Reynolds number of 1.6 ·106. At a relatively coarse resolution
in increments of 5◦, the optimum flap angle of 15◦ provided a drag reduction of 7-10%. A fuel
saving potential of 4.14% was found by Browand et al. [7] in full-scale tests with three base
flaps installed on the top and both sides of the vehicle base with a flap length of one quarter of
the trailer base width and at an angle of 13◦. The road tests were performed at a driving velocity
of 96.5 km/h (Re = 4.48 · 106). At a flap angle of 15◦, the wind-averaged drag coefficient as
defined in SAE J1252 [103] was reduced by 7.2% with a 1/10th scale model in the NRC 2 m x 3
m Wind Tunnel at a Reynolds number of 0.92 ·106, and by 7.5% with a full-scale tractor-trailer
configuration in the NRC 9 m x 9 m Wind Tunnel at a Reynolds number of 4.85 ·106 [16]. In both
cases, no ground motion or wheel rotation was simulated. The Reynolds number deviation of
more than 3 million between model-scale and full-scale testing has no influence on the prediction
of the drag-reducing potential of base flaps.

A full-scale track test performed by a consortium of the University of Southern California, the
Wabash National Corporation and the Transtex Composite Inc. revealed a fuel saving of 4.2% by
the application of base flaps. The comparison of the results from further experimental research
studies within the scope of scale model wind tunnel and road tests [7, 37, 101, 110] revealed
an optimum flap angle in the range of 11◦ to 15◦. This variation is due to the specific flow
conditions in the different test facilities and the different model geometries, including the cabin
design, the dimensions of the tractor-trailer gap and the underbody geometry. For example, the
drag reduction measured by Storms et al. [110] is based on wind tunnel experiments in the
NASA Ames 7- by 10-Foot and the NASA Ames 12-Foot Pressure Wind Tunnel using a 1/8th

scale tractor-trailer model. For both wind tunnel setups, no ground motion or wheel rotation
was considered, whereas the Reynolds numbers ranged from 1.1 · 106 to full-scale highway
conditions of 6.2 ·106. The higher maximum Reynolds number of more than 6 million compared
to 4 million, which is the characteristic value of an European tractor-trailer, is due to the higher
permitted highway speed in the United States. Detailed results of the optimum flap length and
the higher drag-reducing potential of rounded flap shapes can be taken from [14, 19]. The results
from Croll et al. [19] are based on experiments in the Texas A&M University (TAMU) Low
Speed Wind Tunnel using a 1/8th scale model of the Ground Transportation System (GTS) at a
Reynolds number of 1.6 ·106. As previously mentioned, Cooper used a detailed 1/10th scale
model and performed full-scale wind tunnel experiments in the NRC at Reynolds numbers of
1.25 ·106 and 5.57 ·106 at stationary ground conditions and without wheel rotation. In addition
to that, Cooper [14] found out that a more streamlined vehicle front improves the efficiency of
boat-tailing.

An active method for the reduction of base drag is base bleed. The application of this at the
trailing edge of an airfoil is described by Thanner [113] using results of wind tunnel experiments.
Due to the injection of fluid material close to the near wake with a vorticity in opposition to that
induced by the separated shear layer, the interaction between both flow regions leads to a base
pressure rise. Base bleed at the tractor base was found to be an effective method for the reduction
of the aerodynamic drag of a tractor-trailer [78]. A 1/20th scale model of a detailed tractor-trailer
geometry was used for wind tunnel experiments in the NASA Ames Low-Speed Wind Tunnel at



8 1 Motivation and background

a Reynolds number of 0.42 ·106. Furthermore, a numerical study using a full-scale geometry
was performed to demonstrate the approach of tractor base bleed at full-scale Reynolds numbers
(5 ·106). Within the Reynolds-averaged Navier-Stokes (RANS) simulations, the turbulence was
modelled using the k−ω SST turbulence model and a realistic flow physics in the underbody
region was simulated by implementing a moving ground and wheel rotation. As shown by the
analysis of the results, the evenly distributed bleeding jets influence both the high-pressure region
at the trailer front and the low-pressure region at the tractor base.
A passive method with a similar effect to base bleed is passive ventilation. The principle is based
on the connection of the stagnation region in front of a bluff body with the low-pressure region
behind by an air duct. The injected flow material energises the base region and induces vortical
structures with a counter-rotating vorticity. This method was successfully tested on spheres
in water and wind tunnel (1mG) experiments [112] and cylindrical bodies, however it is less
practicable for application in tractor-trailer aerodynamics.
Englar [21] proposed constant blowing in combination with rounded base flaps as a way to
deflect the flow at the rear end of a trailer more strongly. Increasing the energy level of the
boundary layer flow by the tangential injection of additional fluid material reduces the static
pressure on the flap surface, and thus prevents flow separation. This principle is called the
Coanda Effect [21]. Numerical studies, based on the Reynolds-averaged Navier-Stokes (RANS)
equations, predicted a drag reduction between 24% and 32%. Experimental investigations in
the Georgia Tech Research Institute (GTRI) using a 1/15th scale generic wind tunnel model of a
tractor-trailer equipped with a curved rear end provided a drag reduction of up to 50%, when
blowing was applied to all four slots at Cµ = 0.13 [22]. The blowing momentum coefficient
Cµ is defined as the ratio of the blowing jet momentum and the freestream flow momentum:
Cµ = ṁ ·U jet/Pdyn ·A, where ṁ is the mass flow rate of the blowing jet, U jet is the velocity
of the blowing jet, A is the reference area and Pdyn is the freestream dynamic pressure based
on the freestream density. The wind tunnel experiments were performed at stationary ground
conditions and at a Reynolds number of 0.51 · 106. The application of this technique on a
full-scale tractor-trailer at Reynolds numbers of 4.11 ·106, 4.86 ·106 and 5.60 ·106 is discussed
in [23]. A reduction of the fuel consumption of 4-5% was measured at Cµ = 0.02-0.03, which
is below the predictions of the wind tunnel measurements with a generic model geometry, at a
lower freestream Reynolds number and without the consideration of moving ground and rotating
wheel conditions. Additionally, investigations were performed using oscillating techniques, flow
suction and zero mass flux applications. These are not discussed in any further detail here.
Ludwig Prandtl demonstrated the stabilising effect of a rotating cylinder on the boundary layer
in 1925, whereas Magnus used a pair of rotating cylinders as propulsion system for a ship in
1853. The boundary layer is energised by the moving wall velocity and the injection of an
additional momentum. The application of this technique in tractor-trailer aerodynamics was
initially introduced by Modi and Fernando [71] in wind tunnel experiments using a 1/12th scale
generic tractor-trailer model equipped with rotating cylinders of different surface roughness.
For the investigations at a maximum Reynolds number of 3.5 ·105, the Boundary-Layer Wind
Tunnel at the University of British Columbia was used with the model installed on the test section
floor. A reduction of the aerodynamic drag coefficient of around 13% was reached with rotating
cylinders installed on the upper leading and trailing edge of the trailer box. As expected, a higher
surface roughness improves the efficiency. Additional energy requirements, higher acquisition
costs and the susceptibility to dirt, for instance of the slots, restrict the practical application of
active systems.
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Another passive method for the reduction of base drag is presented by Mair [61]. A splitter plate
installed in the near wake downstream from the base and parallel to the base surface shifts the
low-pressure region downstream and thus increases the pressure at the base. Investigations with
a 0.75 scale Ahmed body and an orthogonal splitter plate of 90% of the model base dimensions
revealed a maximum drag reduction of 12% [33]. The plate was installed at a distance of 50% of
the model height behind the base. The test facility used was the wind tunnel at the Paris ENSAM
Aerodynamics Laboratory. With the model installed on a ground board, measurements were
performed at a Reynolds number of 2.75 ·105 and 4.40 ·105.
A splitter plate with one edge attached to the horizontal centreline of the base of a two-
dimensional bluff body provides a suitable method to reduce the aerodynamic drag by preventing
the periodic vortex shedding process [91, 74]. The transfer to three-dimensional wake fields
did not succeed as shown by Mason and Beebe [64] in wind tunnel experiments using a 1/7th

scale tractor-trailer model at stationary ground conditions and a Reynolds number of 2 · 106.
Additionally, a guide vane as developed for wing profiles to produce aerodynamically induced
lift [28] was installed on a trailer rear end to deflect fluid material in the base region behind. The
experimental results revealed a drag increase. The negative effect induced by flow stagnation in
front of the guide vane exceeds the pressure rise at the trailer base [64].

1.4.3 Trailer underbody modifications

A region which does not interact with the loading capacity and the specified requirements for
maximum vehicle dimensions of a tractor-trailer is the trailer underbody, a widely unused region
which offers ample space for the installation of aerodynamic add-on devices. Within numerous
research studies, a wide range of different underbody devices has been developed.
Side skirts on the tractor and trailer underbody were already tested by Mason and Beebe [64]
in wind tunnel experiments at a Reynolds number of 2 ·106 using a 1/7th scale model. Ortega
and Salari [77] investigated the drag-reducing potential of trailer side skirts and different wedge-
shaped body fairings at varying cross-flow conditions. They used a 1/16th scale generic tractor-
trailer model and performed measurements in the NASA Ames Fluid Mechanics Laboratory
open-circuit wind tunnel at a Reynolds number of 3.25 · 105. Different skirt designs were
experimentally tested with a 1/8th scale model in the Low Speed Wind Tunnel at the Texas
A&M University at a Reynolds number of 1.5 · 106 [116]. Depending on the skirt edge to
ground clearance, straight trailer side skirts provided a 4-8% reduction of the wind-averaged
drag coefficient as defined in SAE J1252 [103]. A belly box, which shields almost the complete
region between tractor and trailer wheels from flow disturbances, reduced the wind-averaged
drag coefficient by around 10%. The three previously described scale model tests were performed
with the model installed on a stationary ground and no simulated wheel rotation.
Further studies investigating the effect of a wide range of different underbody add-on devices
such as side skirts and underbody fairings, using wind tunnel experiments with scale models
and full-scale tractor-trailers are described in [14, 16, 56, 79, 110, 111, 116]. For example,
full-scale wind tunnel measurements in the 9 m × 9 m Wind Tunnel of the NRC performed
by Leuschen and Cooper [56] at a Reynolds number of 4.64 · 106 revealed a reduction of the
wind-averaged drag coefficient of 15 drag counts with a trailer bogie fairing, 8 drag counts with
trailer wheel fairings and 38 drag counts with trailer side skirts. Results of similar experiments
in the same test facility at a Reynolds number of 4.85 ·106 were already published by Cooper
and Leuschen in 2005 [16]. In 2003, experiments with a 1/10th scale model in the NRC 2 m
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× 3 m and a full-scale tractor-trailer in the NRC 9 m × 9 m Wind Tunnel were performed at
Reynolds numbers of 1.25 ·106 and 5.57 ·106 in 2003 [14]. As previously described, the results
discussed by Ortega et al. [79] are based on full-scale wind tunnel experiments up to Reynolds
numbers of 4.6 ·106. Storms et al. [110] used a 1/8th scale tractor-trailer wind tunnel model
reaching Reynolds numbers between 1.1 ·106 and 6.2 ·106. A 1/15th scale model was used by
Sulitka and Nozicka [111] for wind tunnel experiments at a Reynolds number of 1.85 ·105. The
results presented in [116] are based on full-scale wind tunnel measurements. All experimental
investigations were conducted on a stationary ground with no simulated wheel rotation.

As previously discussed, the low-pressure region behind the trailer induces a significant portion
of the aerodynamic drag of a tractor-trailer, and the trailer underbody is a part of the vehicle
where geometry modifications have no influence on the specified regimentation for the maximum
vehicle dimensions. The objective of some research studies was therefore focused on the
development of a practicable method for the reduction of base drag by manipulating the trailer
underbody flow. The following is an overview of some of these approaches.

Cooper and Leuschen [16] investigated boat-tailed trailer side skirts behind the trailer bogie
in wind tunnel experiments using a 1/10th scale model at a maximum Reynolds number of
4.85 ·106 with a stationary ground and no wheel rotation. A similar working principle as detected
for base flaps installed on the vehicle rear end was assumed. Unfortunately, no meaningful
results regarding the particular effects on the base region and the resultant drag coefficient are
available.

Contradictory statements are given in the literature about the effect a guide vane installed on
the rear end of the trailer underbody to decrease base drag by energising the base region with
additional fluid material. Based on water and wind tunnel experiments, Frey [28] proposed guide
vanes at the end of a two-dimensional wing profile as a way to reduce pressure drag. Mason and
Beebe [64] introduced guide vanes installed on the top and on both sides of a trailer’s rear end.
As verified in model-scale wind tunnel experiments, the drag increase due to flow stagnation
exceeds the reduction in base drag induced by the base pressure rise.

The "Undercarriage Flow Treatment" device developed by Wood and Bauer [126] consists of
two panels installed behind the trailer bogie, forming a continuous nozzle shape. The working
principle is described as an acceleration of the underbody flow, with a high momentum of a
counter-rotating vortex structure which displaces, energises and stabilises the mean recirculation
region. The improvement in fuel economy, measured in tractor-trailer road tests at a Reynolds
number of 3.55 ·106, is declared as approximately 2%.

A further attempt to energise the wake flow region behind the trailer was made by Pankajakshan
et al. [80] studied in detached-eddy simulations (DES) in combination with the Menter SAS
turbulence model. The computations were performed by the use of the Generic Conventional
Model (GCM) geometry in full-scale and at a Reynolds number of 5.15 ·106. In order to simulate
the relative model-to-ground motion and the rotation of the rear trailer wheels corresponding
boundary conditions were defined. The idea was to guide fluid material with an air duct from
the trailer underbody region in front of the trailer bogie to the trailer base. Two distinct effects
should account for a reduction in drag: Firstly, the scoop inlet covers the trailer bogie, whereas
less flow disturbances and therefore less drag is induced, and secondly the generated airflow
energises the base region, which should increase the base pressure. The analysis of the numerical
results revealed a negative effect due to flow stagnation in front of the scoop, which exceeds the
positive influence on the trailer base resulting in an increase of the resultant drag.
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1.4.4 Aerodynamic vehicle concepts

The combined application of several existing methods for the reduction of aerodynamic pressure
drag on the existing tractor-trailer design was studied by means of wind tunnel measurements with
a 1/2.5th scale model and a full-scale tractor-trailer by Göhring and Krämer [35]. Additionally,
road tests were performed to quantify the efficiency of the investigated methods under the real
operating conditions of a tractor-trailer configuration. Increased trailer front radii, gap and
underbody fairings, side skirts and boat-tailing at the vehicle rear end reduced the aerodynamic
drag coefficient by around 33%.
A concept study from IVECO [9] published in 2008 provided some worthwhile solutions for the
implementation of available add-on devices in the current tractor-trailer design. A gap sealing
and rear end boat-tails were developed as adaptive systems in the form of inflatable structures,
so as to not restrict the operation of the vehicle. The results are based on tractor-trailer road tests
at full-scale Reynolds numbers and CFD studies validated with experimental data from full-scale
wind tunnel measurements in the DNW-LLF.
In a concept study performed by MAN SE in 2009 [52] based on computational research studies,
most of the relevant add-on devices for passive flow control were combined with a totally
streamlined vehicle shape, which resulted in a declared drag coefficient of 0.3. This is around
50% lower than the current standard. A similar study was already performed by Mercedes with
the concept vehicle EXT-92 from the Daimler AG in 1992. However, this vehicle design does
not conform to current technical guidelines.
In 2012, Mercedes-Benz presented the Aero-Trailer, an aerodynamic optimised tractor-trailer
based on the current state of the art in aerodynamic drag reduction. In addition to trailer side
skirts, a trailer front body to reduce the gap size and a boat-tailed trailer rear end, a rear diffuser
has been integrated into the vehicle architecture.
An essential aspect of these concept studies is the application of a rear diffuser installed on the
trailer rear end. An introduction to the aerodynamics of a rear diffuser in ground proximity,
a summary to the current state of the art and a demonstration of the lack of scientific results
concerning the resultant drag reduction potential are presented in the following section.

1.4.5 Rear diffuser aerodynamics

An underbody rear diffuser for ground vehicles was introduced in race car aerodynamics in 1977
to increase the vehicle downforce. At similar pressure conditions at the diffuser outlet induced by
the vehicle base pressure PB, the divergent shape of the diffuser reduces the static pressure in the
underbody region. In the same ambient conditions, there is an increase in the pressure difference
between the upper and lower vehicle shape and therefore also an increase in the downforce. This
effect is called diffuser pumping and is a significant source of vehicle downforce. In addition to
this, Cooper et al. [12, 13] detected two further mechanisms: vehicle-ground interaction and the
underbody upsweep.
Another feature of the rear diffuser is the potential for drag reduction. The divergent shape of
the diffuser wall results in a pressure recovery based on the Bernoulli principle, which slightly
increases the vehicle base pressure. The pressure enhancement in combination with a large
vehicle base reduces pressure drag. A negative amount in drag is induced by the low pressures
at the diffuser wall. Higher divergence angles of the diffuser decrease the effective size of the
base but increase the streamwise projected surface of the diffuser wall. An optimum angle for
maximum drag reduction exists, depending on the vehicle ground clearance, the diffuser length
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and the ratio of the cross-sectional area of the diffuser inlet and outlet and thus, the divergence
angle of the diffuser. The diffuser length defines the pressure gradient which must be overcome
by the flow.
Cooper et al. [12, 13] performed comprehensive studies of rear diffusers in automotive appli-
cations, e.g. wind tunnel studies in the Pilot Wind Tunnel of the NRC which is equipped with
a moving belt. A drag reduction effect at small divergence angles and the presence of two
counter-rotating vortices were verified.
Investigations by Ruhrmann and Zhang [94] were aimed at the description of different flow
characteristics between low (≤ 10◦) and high-angle diffusers. The results are based on wind
tunnel studies in the low-speed closed-circuit wind tunnel of the University of Southampton.
Measurements were performed at 30 m/s at stationary and moving ground conditions. At low
divergence angles, the results revealed a strong influence of the boundary layer on the diffuser
flow. Ruhrmann further described a mass flow enhancement at increasing angles, due to the
increased pumping effect induced by increased pressure recovery. Because of this, fluid material
is sucked in from the sides, which induces a counter-rotating vortex pair. The drag increases due
to the combination of vortex breakdown and flow separation for high-angle diffusers.
At higher divergence angles, streamwise vortices generated at the diffuser inlet induce a low-
pressure region accounting for so-called vortex drag. Higher slant angles are associated with
an increased vortex strength and therefore, higher vortex drag as shown by Zhang et al. [127]
in scale model experiments in the wind tunnel of the University of Southampton at a Reynolds
number of 5.4 · 106. Realistic ground conditions were simulated by using a moving ground
system in the test section. The vortices suppress flow separation and thus increase the diffuser
efficiency. Depending on the diffuser geometry, the vortices separate at around 15◦ and vortex
bursts appear with an abrupt drop in drag. Previous research studies were mainly aimed at the
investigation of down force effects. The verified potential for drag reduction was restricted to
small divergence angles in the range of 2◦ to 4◦.
As already mentioned in Section 1.4.4, current aerodynamic studies of tractor-trailers are
equipped with a high-angled rear diffuser [9, 52]. To my knowledge, no scientific results
showing the effect on the flow field quantities and the resultant aerodynamic drag are published.
The little available information about the efficiency of a diffuser installed on a trailer underbody
is presented in a science report of the VDA [26]. At zero yaw angle, a reduction of ∆CD = 0.017
is specified for an underbody full fairing with a high-angled rear diffuser, compared to the
baseline case with CD = 0.443. The resultant effect on the aerodynamic drag coefficient of 3.8%
clearly exceeds the results measured on generic bluff bodies. Thus, there is a gap in knowledge
regarding the drag reduction potential of a high-angled rear diffuser in ground proximity, which
is why this configuration was selected for the here presented study.

1.4.6 Previous research in heavy vehicle aerodynamics at DLR

At DLR, investigations in heavy vehicle aerodynamics were introduced by wind tunnel exper-
iments on a 1/20th scale model of the GTS in 2003. The GTS is a generic model geometry
of a tractor-trailer configuration mainly used to obtain a basic understanding of the complex
flow phenomena around a tractor-trailer and for the validation of computational simulations
[4, 19, 107].
Roblin [89] studied the effect of different rear end configurations on the flow field behind
the trailer by means of particle image velocimetry (PIV). In 2004, these investigations were
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continued by Reidt [88] using force measurements to investigate the drag-reducing potential
of rear end modifications on the aerodynamic drag. Both experiments were performed in the
1m-Wind Tunnel Göttingen (1mG), a conventional open test section wind tunnel with a test
section size of 1.0 m × 0.7 m × 1.4 m (Wts×Hts×Lts), powered by a 88 kW engine generating
a maximum freestream velocity of 55 m/s (198 km/h) in the empty test section. The model was
installed on a ground board inside the freestream flow of the wind tunnel test section (see Figure
3).

Figure 3. Generic tractor-trailer model in the open test section of the 1mG.

An elliptical profile was added to the ground board’s leading edge to avoid the induction of flow
disturbances. For adjusting the streamwise pressure gradient on the ground board, a movable
flap at the trailing edge was used. Both experiments were conducted with no ground simulation
and at a Reynolds number of 0.3 ·106 based on the model width of 104 mm. The investigations
revealed a high potential for the reduction of aerodynamic pressure drag by the manipulation of
the velocity wake behind the trailer. Detailed results from the experiments can be seen in the
referred theses [88, 89].

1.5 Objective and structure of this thesis
Scientific studies in heavy vehicle aerodynamics require the application of highly sophisticated
experimental and numerical methods. A main objective of this thesis is the evaluation of modern
engineering tools, particularly regarding their capability for aerodynamic development processes
in heavy vehicle aerodynamics. Since the major concern in this field is the reduction of the
aerodynamic tractor-trailer drag, the problem to which the extensive scale model wind tunnel
studies, flow simulations and road tests are applied is the reduction of base drag by modifying
the trailer underbody.
Scale model testing is a widely used standard for investigations in heavy vehicle aerodynamics.
A smaller wind tunnel test section reduces facility operating costs and simplifies the experi-
mental setup and the application of measuring systems. However, in addition to the demanding
requirements for conducting experimental studies as it will be also demonstrated in Section 4,
scale model wind tunnel studies are characterised by fundamental restrictions compared to the
reality such as smaller reachable Reynolds numbers, simplifications of the model geometry and
the influence of the specific test conditions on the measurement results.
Full-scale wind tunnel experiments account for the restrictions of scale model testing by providing
realistic Reynolds and Mach numbers with no simplifications of the model geometry. However,
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most of the test facilities suitable for full-scale tractor-trailer investigations are associated with
high facility costs which exclude time-consuming studies of the flow field. Furthermore, the
simulation of more realistic ground conditions by the implementation of a moving belt system is
difficult for a full-scale setup due to the large vehicle dimensions which is also the reason for
relatively high blockage ratios in most of the test facilities.
Due to these circumstances, flow-physical investigations of the vehicle flow within the scope
of road tests are the next logical step in heavy vehicle aerodynamics. Road tests have so far
been used mainly in terms of fuel consumption tests to verify the drag-reducing potential of
aerodynamic add-on devices. As part of this thesis, a tractor-trailer road test was supposed to be
conducted for measuring the velocity and pressure field behind a tractor-trailer configuration
under real operating conditions.
In addition to experimental testing, computational studies by means of CFD are a powerful tool
for investigations in vehicle aerodynamics and are commonly used by vehicle manufacturers in
the development process. As a major advantage, the complete unsteady 3D flow field is delivered
by CFD, which enables a detailed insight into the flow structures. A further benefit is the
possibility to simulate realistic boundary conditions such as the relative model-to-ground motion,
as fundamentally important for realistic simulations in vehicle aerodynamics. Combined with
the application of parallel computing hardware and software solutions, CFD allows large-scale
simulations such as around a heavy vehicle in full-scale.
Making use of these engineering methods, fundamental objectives of this thesis are

• to quantify the effect of underbody modifications on the flow structures in the near wake,
the induced pressure distribution at the vehicle base and the resultant aerodynamic drag in
wind tunnel measurements using a scale model,

• to identify a rear diffuser as a promising approach to reduce the aerodynamic drag of a
tractor-trailer configurations,

• to complete the two-dimensional flow field results measured in scale model experiments
by the full three-dimensional flow field provided by CFD simulations,

• to determine the influence of a moving ground on the flow structures in the near wake and
the pressure field at the base in CFD simulations,

• to classify how realistic the results of scale model testing and CFD simulations are in
comparison to flow field measurements in a road test.
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2 Definitions and preliminary investigations

2.1 Physical definitions

2.1.1 Coordinate system

Figure 4. Defined coordinate system including the tractor-
trailer geometry with view direction from the vehicle
side (top) and from the vehicle top (bottom).

For the presentation of the experi-
mentally and numerically obtained
results, a common coordinate sys-
tem was defined. A sketch of the
Cartesian coordinate system with re-
spect to the tractor-trailer geometry
is shown in Figure 4. The freestream
direction which corresponds to the
velocity component U is from left to
right and the origin is located on the
ground board surface in the centre-
line of the vehicle front. The X-axis
points toward the vehicle rear end,
the Y -axis toward the right side of
the vehicle and the Z-axis upwards.
The yaw angle is defined as positive
with the freestream flow towards the
left vehicle side.

2.1.2 Reynolds number

The Reynolds number, defined as the ratio of inertial to viscous forces, is the fundamental
parameter for describing the specific flow conditions of a tractor-trailer configuration. The
definition of the Reynolds number can be taken from Equation 2.1:
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Re =
Uin f ·Wm/ f s

ν
, (2.1)

where Uin f is the freestream velocity (vehicle speed in the case of the road test), W m/fs is the
model/vehicle width, and ν is the kinematic viscosity of the fluid. As specified in SAE J1252
[103], the model/vehicle width is typically used as the characteristic length scale for the Reynolds
number in vehicle aerodynamics.
For a vehicle speed of 85 km/h, typical for tractor-trailers on European highways, and a maximum
vehicle width of 2.55 m, the Reynolds number of a full-scale tractor-trailer is around 4.0 ·106.
According to the SAE J1252, the minimum required Reynolds number for realistic wind tunnel
measurements with a scale model in heavy vehicle aerodynamics is 0.7 ·106. Detailed information
about the Reynolds number influence on the flow field around a tractor-trailer and the results of
pre-test investigations with the scale model at different Reynolds numbers in the Side Wind Test
Facility Göttingen (SWG) and the Cryogenic Wind Tunnel Cologne (DNW-KKK) are discussed
in Section 4.2.3.

2.1.3 Mach number

In general, the Mach number, defined in Equation 2.2, is not relevant for investigations in heavy
vehicle aerodynamics:

Ma =
Uin f

a
=

Uin f√
κ ·R ·T

. (2.2)

Nevertheless, in many test facilities a higher Reynolds number in scale model testing is reached
by increasing the velocity of the freestream flow. As a result, the Mach number can exceed the
characteristic value of 0.069 for a full-scale tractor-trailer at a driving velocity of 85 km/h. As
discussed in [45], for bluff body investigations, the Mach number should be below the critical
value of 0.2. For higher Mach numbers, the flow characteristics are significantly changed and
compressible effects need to be taken into account. An overview of the Reynolds and Mach
number ranges achievable in the test facilities used in this thesis are compared with the realistic
values of a full-scale tractor-trailer under real operating conditions in Section 7.

2.1.4 Boundary layer description

The flow field close to a wall is dominated by viscous effects, which induce a boundary layer
characterised by reduced flow velocities. In addition to the boundary layer on the surface of a
model, wind tunnel experiments in vehicle aerodynamics also require the consideration of the
developing boundary layer on the ground. In this thesis, the boundary layer was investigated at
different positions around the model and described by using the definitions of the boundary layer
thickness δ99 and the displacement thickness δ1. The thickness of the velocity boundary layer is
defined as that distance from the wall, where the local flow velocity corresponds to 99% of the
freestream velocity:

δ99 = Y at
U(Y )
Uin f

= 99%, (2.3)

with the normal distance from the wall Y , the local streamwise flow velocity U(Y ) and the
freestream velocity Uin f . The displacement thickness δ1 exactly describes the volume flow
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reduction due to the influence of the viscous effects in the boundary layer and is defined as
follows:

δ1 =
∫

∞

0

(
1−U(Y )

Uin f

)
dY. (2.4)

2.1.5 General definitions

To analyse stochastic processes, the discretised signals were statistically analysed by evaluating
the arithmetic average

φ =
1
N

N

∑
i=1

φi, (2.5)

and the standard deviation

σ =

√
1
N

N

∑
i=1

(φi−φ)2. (2.6)

of a variable φ with N single values.

Velocity data

The averaged and unsteady flow velocities are mainly presented in dimensionless form based on
the freestream velocity Uin f . To describe the rotation of the flow, the vorticity vector ωX ,ωY ,ωZ
as defined in the following is used:

ωX =
1
2

(
∂W
∂Y
− ∂V

∂Z

)
,ωY =

1
2

(
∂U
∂Z
− ∂W

∂X

)
,ωZ =

1
2

(
∂V
∂X
− ∂U

∂Y

)
, (2.7)

with U,V,W as the velocity component in X-,Y- and Z-direction. The vorticity is made dimen-
sionless with Uinf and the model width Wm:

VortX ,Y,Z =

(
ωX ,Y,Z ·Wm

Uin f

)
. (2.8)

The turbulence intensity used to describe the flow unsteadiness is defined as:

Tu =

√
1
3(U

′2 +V ′2 +W ′2)

Uin f
, (2.9)

with the turbulent velocity fluctuations U ′, V ′ and W ′ and the freestream velocity Uin f .

Pressure data

In addition to the results of the flow field, the flow-induced pressure distribution on the model
shape is studied in this thesis. The results of the pressure measurements are presented by means
of the pressure coefficient CP:

CP =
P−Pre f

Pdyn
, (2.10)
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with the local pressure P, the reference pressure Pre f and the dynamic pressure of the freestream
flow Pdyn. The latter is defined as:

Pdyn =
1
2
·ρ ·U2

in f , (2.11)

using the fluid density ρ and the freestream velocity Uin f . To calculate the variation of the
induced base drag, the pressure distribution measured with 36 pressure transducers at the trailer
base was integrated over the base surface. The resultant mean base pressure coefficient CP∗ is
defined as follows:

CP∗ =
1
N

N

∑
i=1

CP,i , n = 36, (2.12)

with the averaged pressure coefficient of a single pressure transducer CP,i. For the evaluation of
the unsteady pressure data, the spectrum of the pressure coefficient was analysed as follows:

Scp( f ) =
∫

∞

−∞

Cp(τ) · e−i2π f τdτ, (2.13)

with CP(τ) as the pressure coefficient fluctuation autocorrelation, the frequency f and the
autocorrelation time delay τ . The dimensionless form of the spectrum S∗cp is then:

S∗cp =
Scp ·U inf

W m
, (2.14)

with the freestream velocity U inf and the model width W m. The dimensionless form of the
frequency is defined as:

f ∗ =
f ·W m

U inf
. (2.15)

Force and moment coefficients

Finally, force measurements are used in this thesis to quantify the resultant effect of geometry
modifications on the aerodynamic quality of the model. As above, the measured and predicted
aerodynamic loads are mainly presented in a dimensionless form. The corresponding force and
moment coefficients in the three coordinate dimensions (Ci and CMi , respectively) are defined as
follows:

CX ,Y,Z =CD,S,L =
FD,S,L

Pdyn ·Am
, (2.16)

CMX ,MY ,MZ =CMR,MP,MY =
MR,P,Y

Pdyn ·Am ·Wm
, (2.17)

with the aerodynamic forces (FD, FS, FL) and moments (MR, MP, MY ), where D, S, L means
Drag, Side, Lift and R, P, Y means Roll, Pitch, Yaw, respectively. The dynamic pressure of the
freestream flow Pdyn used here is defined in Equation 2.11. Am represents the projected frontal
area and Wm the width of the model geometry.
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2.2 Preliminary study

Research and development in tractor-trailer aerodynamics require engineering methods which
provide an accurate prediction of the flow physics in order to simulate real flow conditions. Scale
model testing in wind tunnels can be efficiently used for extensive studies in this scientific field.
To accurately predict the flow structures in a wind tunnel experiment, physical and geometric
similarity of the experimental setup is required. In order to obtain geometric similarity, a wind
tunnel model was produced based on a today’s European tractor-trailer configuration including
detailed parts such as mirrors, mud flaps and bumpers. A detailed description of the experimental
model is presented in Section 3.2.1.
The model scale must be compatible to the test facility to reduce interference effects in the test
section at a representative Reynolds number and a high model accuracy. Additionally, the facility
must be evaluated regarding its capabilities with respect to the simulation of realistic ground
conditions on the one hand and the application of optical measuring techniques on the other
hand. Therefore, preliminary investigations were performed to select a suitable test facility for
the investigations in this thesis.

2.2.1 Development of the experimental setup

Initial pretests were performed in the 1mG wind tunnel specified in Section 1.4.6. A ground
board was used with the model installed at a model-to-ground distance of 2 mm (Figure 5). The
model blockage in the test section was 7.2%. The measurements were performed at a Reynolds
number of 0.63 ·106, based on the freestream velocity Uin f in the test section and the model width
Wm. For comparison, the Reynolds number of a full-scale tractor-trailer at 85 km/h is around
4.0 · 106. For the investigations with the tractor-trailer model, the test section was increased
from 1.4 m to 1.8 m. The easy optical access to the open test section of the 1mG simplifies the
application of measuring techniques such as PIV.

Figure 5. Test setup of the 1/15th scale tractor-trailer
model with an integrated force transducer
installed on a ground board in the open test
section of the 1mG wind tunnel.

Flow field visualisations using smoke, tufts
and china clay provided a first insight into the
flow field characteristics around the tractor-
trailer model and helped to highlight regions
responsible for the generation of high aero-
dynamic drag. Pressure measurements were
performed at the model rear end and quanti-
tative measurements of the velocity field by
means of PIV. The laser light sheet for PIV
was generated using a dual oscillator Nd:YAG
laser in combination with a lens system to il-
luminate the flow region around the model in
different section cuts. The wind tunnel was
seeded with DEHS generated with an aerosol
generator. The particle images were recorded
using a CCD camera installed outside the test
section with view direction from the side. The
velocity field as presented in Figure 6 was mea-
sured in different section cuts by shifting the CCD camera from the model front downstream.
Then, the results were interpolated. In Figure 6, the mean velocity magnitude is presented



20 2 Definitions and preliminary investigations

as a contour plot together with streamlines of the mean flow field. The coordinate axes were
made dimensionless with the model dimensions and the velocity is referred to the freestream
velocity. The measurements were performed in the symmetry plane of the tractor-trailer model
at a Reynolds number of 0.63 ·106.
The results reveal flow separation in the gap between tractor and trailer and behind the wind
tunnel model indicated in Figure 6 by low velocity magnitudes. In addition to the model
underbody, these regions are mainly responsible for the high pressure drag of a tractor-trailer
configuration. In front of the tractor, a large region of flow stagnation is also shown in Figure
6. Since the dimensions of a tractor-trailer are restricted to the total vehicle length, a more
streamlined shape of the tractor cabin is not practicable because it reduces the loading capacity
of the trailer.

Figure 6. Results from 1mG: Mean velocity magnitude contour plot and mean streamline direction in
a streamwise section cut in the symmetry plane of the tractor-trailer baseline configuration
measured at a Reynolds number of 0.63 ·106. The coordinate axes are referred to the model
dimensions and the velocity magnitude is based on the freestream velocity.

Additionally, the aim of the pretests was to develop a model setup suitable to accurately measure
the induced aerodynamic loads. The initial measurements were performed with a piezo-electric
force transducer outside the model. The transducer was installed below the ground board and
shielded by a polystyrene box to keep the transducer temperature constant. The temperature
inside the box was controlled by a Pt100 temperature sensor. Since the reproducibility of the
measured drag force with the external transducer did not meet the requirements defined in SAE
J2084 [104] for wind tunnel testing, the transducer was integrated into the wind tunnel model
as presented in Figure 5. With an inaccuracy of the measured drag coefficient of below 1%
(one drag count), this setup was sufficiently accurate for the planned investigations in this thesis.
However, the 1mG wind tunnel is not suitable as test facility for the scale model experiments
planned in this thesis, due to its small test section dimensions.
The high ratio of the cross-sectional area of the wind tunnel model to that of the wind tunnel
nozzle of more than 7% requires the consideration of interference effects in evaluating the
results of the force measurements. Additional to the classical correction methods which consider
the jet expansion induced by solid and wake blockage, the following types of interference
effects were also taken into account: jet deflection, nozzle blockage, collector blockage and
horizontal buoyancy. Due to the fact that the 1mG was used for preliminary investigations and
the development of a suitable force measurement setup, the applied correction methods will not
be described further in this section. Detailled information about the used interference corrections
can be taken from [69, 70].
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2.2.2 High Reynolds number investigations

Furthermore, preliminary measurements were performed in the Cryogenic Wind Tunnel Cologne
(DNW-KKK). In these tests, the aerodynamic loads were measured with the external strain-gauge
balance W526 of DNW-KKK in a model yaw angle range of −20◦ ≤ β ≤ 20◦. More details on
the balance characteristics can be found in [25, 115]. The DNW-KKK is powered by a 1.2 MW
engine with a maximum freestream velocity of 120 m/s (432 km/h) in the empty test section. The
test section size is 2.4 m × 2.4 m × 5.4 m (Wts×Hts×Lts), with the model installed on a ground
board 200 mm above the wind tunnel floor (see Figure 8 (left)). The blockage ratio was between
0.84% and 2.8% in a model yaw angle range of 0◦ to 20◦. The DNW-KKK allows to reduce
the temperature inside the tunnel by injecting liquid nitrogen. Thus, the Reynolds number can
be increased by a factor of 5.5. At the minimum tunnel temperature of 100 K and at a realistic
Mach number for a full-scale tractor-trailer of 0.069, a maximum Reynolds number of 1.25 ·106

could be realised with the used model scale of 1/15th. More details of the DNW-KKK can be
found in [59]. In this thesis, the DNW-KKK was used to investigate the effect of the Reynolds
number on the measured aerodynamic drag of the tractor-trailer model up to a maximum value
of 1.0 ·106 (Section 4.2.3).

Figure 7. Results from DNW-KKK: Variation of the drag coefficient in a yaw angle range of ±20◦ (T =
273 K) at four different Reynolds numbers (left) and at a zero yaw angle in a Reynolds number
range of 0.4 · 106 to 1.0 · 106 measured at a temperature of 273 K and 290 K inside the test
section (right).

The drag coefficient of the wind tunnel model measured in the DNW-KKK is presented for
a yaw angle range of β = ±20◦ at four investigated Reynolds numbers and a temperature of
273 K in Figure 7 (left) and at a zero yaw angle for two different test section temperatures in a
Reynolds number range of 0.4 to 1 million in Figure 7 (right). The results reveal no Reynolds
number dependence in the range of 0.6≤ Re≤ 1.0. At a Reynolds number of 0.4 million, the
drag coefficient differs from that measured at higher values, especially in the upper yaw angle
range.

2.2.3 Moving model tests

In addition to that, force measurements were performed in the Water Towing Tank Göttingen
(WSG), a moving model rig with water as fluid material. The tank dimensions are 1.1 m × 1.1
m × 18 m (Wts×Hts×Lts). In these measurements, the aerodynamic loads were recorded with
the same piezo-electric force transducer as used for the investigations in the 1mG specified in
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Figure 8. Test setup in the DNW-KKK with the tractor-trailer model installed on a ground board (left)
and in the WSG with the model installed in an overhead position on a moving model rig (right).
In the WSG, the model mounting including the external force transducer (red circle) is passing
through a gap in the ground board.

Section 3.3. In this case, the transducer was installed between model and test rig (see red circle
in Figure 8 (right)). The sampling frequency corresponded to 1kHz. A ground board of 6 m
in length was installed inside the tank to simulate the relative model-to-ground motion. At a
distance of 660 mm between the ground board’s surface and the bottom tank wall, the blockage
ratio was 6.1%. For the model mounting, a gap of 20 mm was left in the middle of the ground
board closed by brush strips to avoid a pressure compensation between the upper and the lower
ground board surface. At the maximum rig velocity of 5 m/s (18 km/h), the reduced kinematic
viscosity of water enabled measurements up to a Reynolds number of 7.4 ·105 (T = 293.15 K).
In Figure 9, the time signal of the drag coefficient measured in the WSG for a rig velocity of 3
m/s (Re = 4.5 ·105) is presented for a single run (shown in black) and the average of 30 single
runs (shown in red). The leading and trailing edges of the stationary ground board are indicated
as vertical dashed lines in Figure 9. The resultant drag coefficient CD of 0.640 was calculated
through time-related averaging (1.5 to 2 s) from the mean force signal.

Figure 9. Time series of the drag coefficient during a single run (shown in black) and the averaged signal
of 30 single runs (shown in red) measured in the WSG at a Reynolds number of 4.5 ·105. The
leading and trailing edge of the ground board are indicated as vertical dashed lines.

Despite the relatively high achievable Reynolds number and the realistic ground simulation, a
considerable disadvantage of a moving model rig is that there is little available data after one
single run. For obtaining averaged flow field results, the experiment has to be repeated a number
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of times. Since this is very time-consuming, the WSG was not used for the investigations in
this thesis. A detailed description of the pre-test investigations in the different test facilities is
provided in [38].

2.2.4 Concluding remarks

In conclusion, the DNW-KKK is well-suited for high Reynolds number investigations and was
therefore used for preliminary studies of the Reynolds number dependence of the measured
aerodynamic loads. For the extensive experimental study planned in this thesis, an alternative
test facility was required. The Side Wind Test Facility Göttingen (SWG), a closed-loop subsonic
wind tunnel, was finished in the early stage of this thesis and provides a low blockage ratio
of 4.08% of the experimental setup in the test section and a high Reynolds number of up to
0.72 ·106. This facility was therefore used for the main part of experimental investigations. A
detailed description of the SWG is presented in Section 3.1.
As mentioned in the previous sections, the major topic in heavy vehicle aerodynamics is the
reduction of aerodynamic induced drag. Previous research studies were mainly aimed at the
aerodynamic optimisation of the tractor and the transition region to the trailer (Section 1.4). The
trailer design, optimised for maximum transport capacity and restricted by maximum specified
vehicle dimensions, is almost unchanged. The major part of the aerodynamic drag of a today’s
tractor-trailer is base drag induced by the low-pressure region behind the trailer as a result of its
blunt rear end [14]. The underbody of the trailer, a so far unused vehicle part, provides additional
potential for aerodynamic optimisation. Additionally, modifications of the trailer underbody are
practical without affecting the transport capacity or existing guidelines for maximum vehicle
dimensions (Section 1.4.3).
Therefore, from today’s perspective modifications to the trailer underbody provide the only
opportunity for a significant reduction of the aerodynamic drag of a tractor-trailer configuration.
The drag-reducing potential by shielding the trailer underbody can be estimated with 10% of the
total aerodynamic drag (see Section 1.4.3). A significantly higher potential is associated with
the separated flow region behind the trailer. As discussed in Section 1.4.2, a drag reduction of
more than 30% is possible through the application of the boat-tailing principle. Section 1.4.3
pointed out that previous research mainly considered the trailer underbody decoupled from the
remaining vehicle, and no comprehensive results are available regarding a practicable method for
the reduction of base drag by trailer underbody modifications. The question therefore arises, to
what extent the trailer underbody is suitable for reducing base drag by the application of passive
aerodynamic methods.
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3 Wind tunnel setup and measurement techniques

Within the experimental section of this thesis, scale model wind tunnel experiments were
performed combined with the application of advanced measurement techniques. This section
presents the test facility used, including the experimental model setup, and provides a detailed
description of the applied measuring systems.

3.1 Side Wind Test Facility Göttingen

The scale model wind tunnel experiments were performed in the Side Wind Test Facility
Göttingen (see Figure 10), a closed-loop subsonic wind tunnel with a test section aspect ratio of
2.4 m × 1.6 m (Wts×Hts) and a length of 9 m. The test section consists of four segments, with
the second segment equipped with a turntable for cross-flow investigations.

Figure 10. Side Wind Test Facility Göttingen (SWG).

Most of the test section walls are transparent for an easy application of optical measurement
methods. The facility is powered by a 500 kW engine located in the return section of the tunnel.
With a contraction ratio of the wind tunnel nozzle of 3.13, a maximum wind tunnel speed of 65
m/s can be reached in the empty test section. The wind tunnel control and the data acquisition
systems are automatically coupled with a combined hard- and software system.
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3.1.1 Flow characteristics in the empty test section

The flow characteristics in the empty test section of the SWG were determined by means of
pressure tube and hot-wire measurements from Fey [27]. The overall velocity profile was
measured in vertical direction using a rake of Pitot tubes installed 1.25 m in front of the virtual
location of the model centre at three different positions along the test section width (Y/Wts =
-0.25, 0, 0.25). The measurements were performed at five different freestream velocities (20, 30,
40, 50 and 65 m/s). Based on the coordinate system defined in Section 2.1.1, the velocity profiles
obtained at three specific freestream velocities at half of the test section width are presented in
Figure 11 (left). The upper side of the ground board and the model height above are visualised
as dashed horizontal lines. A vertical velocity gradient could be observed in the upper part of the
test section. Considering that the wind tunnel model is installed on the ground board, a uniform
velocity distribution with a maximum local deviation of 0.1% of the freestream velocity was
measured for all presented cases. This is below the specified maximum for aerodynamic road
testing of ±0.25% as defined in SAE J2084 [104]. Therefore, a sufficiently accurate simulation
of the freestream flow regarding the mean velocity profile was provided for investigations in
heavy vehicle aerodynamics.

Figure 11. Vertical distribution of the mean streamwise velocity component measured at half of the test
section width (Y/Wts = 0), 1.25 m in front of the virtual location of the model centre presented
for three different freestream velocities (left), and turbulence intensity 285 mm behind the
virtual model centre at Y/Wts = 0 and a freesream velocity Uin f of 60 m/s (right).

Another relevant parameter describing the flow quality in a wind tunnel test section and affecting
the separation and transition points on the model shape is the turbulence intensity Tu, which was
measured using a hot-wire probe 285 mm behind the virtual model centre. The distribution of
the turbulence intensity is shown in Figure 11 (right) for a freestream velocity Uin f of 60 m/s.
For the acquisition of the entire turbulence spectrum, the measurements were performed at a
maximum sampling rate of 100 kHz. To compensate the influence of temperature variations in
the test section on the turbulence intensity, the measured signals were temperature corrected.
As presented in Figure 11 (right) for a freestream velocity Uin f of 60 m/s, the maximum
turbulence intensity at the location of the model on the ground board is 0.5%. At smaller
freestream velocities, the turbulence intensity was significantly lower. In SAE J2084 [104],
a turbulence intensity of less than 0.5% qualifies a wind tunnel as well-designed. Since this
criterion is also fulfilled, the SWG is considered as a qualified facility for the below discussed
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aerodynamic measurements.

3.1.2 Wind tunnel instrumentation

The SWG wind tunnel is controlled fully automatically by a coupled hard- and software system.
In the case of the experiments performed in this study, the Reynolds number was kept constant
during each single run. This required the continuous measurement of the flow velocity, the static
temperature, the atmospheric pressure and the humidity in the test section.
To correct for the temperature variations measured with a Pt100 temperature probe installed
at the end of the test section, the Reynolds number during every single run was adjusted by
changing the flow velocity. In general, the wind tunnel speed in the SWG is determined by the
static pressure ratio of the wind tunnel nozzle measured at eight positions around the nozzle
inlet and outlet. For these experiments, the dynamic pressure was measured using a Prandtl tube
inside the test section with the probe installed on the upper wall of the test section in the model
mid-length position to consider blockage effects by the test setup.

3.2 Experimental setup

The following section presents the used wind tunnel model and provides a detailed description
of the test setup and the applied measuring techniques in the SWG.

3.2.1 Wind tunnel model

The wind tunnel experiments in the SWG were performed using a 1/15th scale model of a
European tractor-trailer configuration with a two-axle tractor and a three-axle trailer chassis
as shown in Figure 12. The model construction as one work package of this thesis required
the definition of the used material, the model scale, all dimensions, the detail density, the
instrumentation and the fixture inside the test section. The goal was to develop a wind tunnel
model which represents a realistic shape of a today’s European tractor-trailer including add-on

Figure 12. Dimensions of the 1/15th scale tractor-trailer model.

parts such as mirrors, mud flaps and a sun shield to simulate all local flow disturbances of a real
tractor-trailer. Special emphasis was given to reproduce a realistic model underbody because it is
a relevant flow region discussed in this thesis. The tractor model was equipped with a modern
standard aero package including a cab roof deflector, side extenders, tractor side skirts and an
aerodynamic front bumper. Due to missing geometry data of the engine compartment, the engine
cooling flow could not be simulated.
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For reasons of stability, most model parts were manufactured using aluminium alloy. The model
scale was chosen as a compromise between a maximum reachable Reynolds number, the model
accuracy and a minimum blockage ratio in the SWG test section. The dimensions of 1.1 m
× 0.168 m × 0.281 m (Lm × Wm × Hm) are in accordance with the prescribed limits for a
full-scale tractor-trailer defined by the European Community [75, 76]. The projected frontal area
of the scale model at zero yaw angle was 44.500 mm2. This model configuration represented
the baseline case of the wind tunnel model, declared as baseline configuration, and is used as a
benchmark to verify the effect of the considered drag reduction methods.
The model was equipped with a force transducer installed inside the trailer box and pressure taps
which were positioned at several locations (see Section 3.4) on the model base. More details
regarding the model instrumentation are provided in Section 3.3 and 3.4.

3.2.2 Model mounting

The tractor-trailer model was installed on a 2.6 m × 1.2 m ground board, 230 mm above the
wind tunnel floor (see Figure 13 (left)) to remove flow disturbances induced by the developing
turbulent boundary layer on the test section floor, and to minimise the ratio of the boundary layer
displacement thickness relative to the model ground clearance.

Figure 13. Experimental setup of the tractor-trailer model installed on a ground board in the closed test
section of the SWG wind tunnel (left) and closed view on the model mounting inside the
trailer (right).

To ensure realistic inflow conditions in form of a bock profile, a distance of 2.1 m was left
between the ground board’s leading edge and the end of the wind tunnel nozzle, as well as
around 4.2 m between the ground board’s trailing edge and the inlet of the test section diffuser.
The model position on the ground board was set with a zero roll, pitch and yaw angle in the test
section centreline (Figure 13 (left)). The model position and the ground board dimensions met
the requirements specified in SAE J1252 [103], with at least two model widths (3.93) upstream
from the model front and four to six model widths (5.35) downstream from the model base. The
leading edge of the ground board was equipped with an elliptical profile to minimise the growth
of the developing boundary layer. The major/minor axes ratio of the ellipse was 3.14.
A force transducer (described in detail in Section 3.3) was integrated into the tractor-trailer model
(Figure 13 (right)). As presented in Figure 14, one side face of the transducer was mounted on
the bottom side of the trailer box, whereas an adapter plate on the other side face was fixed with
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fastening sleeves to a metal frame below the wind tunnel test section. Clearance holes in the trailer
underbody, the model wheels, the ground board and the test section floor enabled an undisturbed
force transmission by preventing any contact of the fastening sleeves with the remaining model.
The cable connection of the transducer was guided with an additional fastening sleeve out of the
model (Figure 14). Additionally, the flow region between the ground board and the wind tunnel
floor was covered by a streamlined body to shield the model fastening sleeves and the data cables.

Figure 14. Kistler force transducer integrated into
the wind tunnel model.

This setup decoupled the model from the wind
tunnel test section, which avoided the influ-
ence of wind tunnel vibrations and flow inter-
ferences with the model fixture on the mea-
sured aerodynamic loads. A disadvantage of
this setup is the rather long lever arm of the
model fixture. As a result, model vibrations
were excited by flow induced aerodynamic
forces in the range of the natural frequency of
the system, which was observed in the time
signals of the force measurements. Efforts
have been made to shift the natural frequency
above the characteristic flow frequencies. Nev-
ertheless, the model setup behaves like a mass-
spring system directly influenced by unsteady
flow effects. Flow-induced excitation can be

only avoided by an infinitely stiff mounting of a very light model. Since the measurement of the
unsteady aerodynamic loads was not a requirement for the current thesis, no further effort was
made to improve the mechanical behaviour of the system.
To accurately measure the aerodynamic loads of the wind tunnel model, a gap of 2 mm was left
between the model wheels and the upper side of the ground board. This is one option to simulate
the tire-to-ground interface according to the SAE J1252 [103] and SAE J2084 [104]. Except for
the first tractor axis, the regions under the wheels were sealed by the fastening sleeves to avoid
an air gap, which could have an effect on the measured aerodynamic loads.
Another important aspect of a wind tunnel measurement is the consideration of wall interferences
and its effect on measurement results. The developing boundary layer on the test section walls
interacts with the flow field around the model. Basic requirements for the wind tunnel blockage
in tractor-trailer aerodynamics are defined in SAE J1252 [103]. In this setup, the ratio of the
model frontal area at zero yaw angle to the active test section area (the area above the ground
board) was 1.35% which is below 5%, the maximum permissible value specified in the SAE
J1252 [103]. The ratios of the model to test section height, and the model to test section width
were 0.20 and 0.07, respectively, which was below 0.3 as recommended in the SAE J1252 [103].
Finally, the total blockage ratio of the entire test setup to the cross-sectional area of the test
section was 4.08%. A more detailed description of the consideration of wall interferences on the
measured aerodynamic loads can be seen in Section 4.2.4.

3.3 Force measurement setup

To analyse the drag reduction potential of different investigated tractor-trailer configurations,
force measurements using an internal force transducer as shown in Figure 14 were conducted.
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This section gives a description of the technical specifications of the force transducer and provides
all relevant information concerning the data acquisition.
A three-component piezo-electric force transducer type 9257B from Kistler [72] was used as a
balance to measure the unsteady aerodynamic loads. It is characterised by a measurement range
of ±5 kN for all three components and a sensitivity of -7.5 pC/N in X- and Y-direction and -3.7
pC/N in Z-direction. The declaration in pC/N is characteristic for piezo-electric transducers,
because the measurement principle is based on a charge shifting in the piezo elements. Due
to the high rigidity and natural frequency (3.5 kHz) at a large dynamic range, the transducer
is well suited for the measurement of unsteady loads in a wide measurement range at high
accuracy. It is constructed of four separate force sensors consisting of three quartz plates each, to
enable the measurement of the forces and moments in all spatial dimensions. A multichannel
charging amplifier type 5017B from Kistler [73] was used to transform the measured charge
shiftings to analog voltage signals. The signals were amplified to increase their resolution and
the signal-to-noise ratio. The resultant forces and moments were calculated according to the
relative position of the single sensor elements verified in [72], and referred to the origin of the
coordinate system defined in Section 2.1.1. The non-linearity is specified with <±1% of the
full-scale output for the transducer and <±0.05% for the amplifier. A detailed description of
the uncertainty of the force measurement setup is given in Section 4.2. More details of the used
measuring equipment are provided in the corresponding manuals [72, 73].
The analog output signals of the charging amplifier were digitised using a 16 bit analog-digital
converter DSM from Geitmann Messtechnik. Since pressure measurements performed at a
sampling frequency of 10 kHz revealed no signal frequencies above 500 Hz, a sampling frequency
of 2 kHz was chosen such that all relevant flow frequencies in the trailer wake could be captured
at a minimum data volume. At the beginning of each run, the charging amplifier was set to
zero. Because piezo-electric force transducers are sensitive to temperature variations, the wind
tunnel was warmed up at the beginning of every testing day to keep the temperature constant
during the measurement runs. This was controlled with a Pt100 temperature probe attached to
the transducer. In addition to the force measurements, the base pressures and the velocity field in
the near wake were measured simultaneously. Therefore, each measurement run was manually
triggered after reaching constant flow conditions in the test section to ensure a sufficient dwell,
utilising the same trigger signal for all measuring systems.
Pre-tests were performed to check the reproducibility and the influence of the average time and
the temperature on the measurement results. Furthermore, a balance check was performed to
verify the functionality of the force measurement setup. A detailed overview of all performed
pre-test activities is presented in Section 4.2.

3.4 Pressure measurement setup

In addition to the force measurements, the unsteady pressure distribution on the trailer base was
recorded to be able to correlate the pressure response with the local flow field behind the trailer
and to quantify the influence of different model configurations on the base drag. Therefore, one
side of the trailer rear end was equipped with 36 pressure transducers as presented in Figure 15
(left). A principal sketch of the pressure tap locations with regard to the model geometry is given
in Figure 15 (right).
To obtain a maximum frequency resolution of the pressure signals and to prevent mechanical
damage or pollution of the sensor membranes at the same time, the transducers were installed in
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cavities inside the back plate of the trailer box as shown in Figure 16. The tap diameter D on the
measurement side was 0.6 mm. In order to check for symmetry of the pressure distribution at the
base, three additional transducers were installed on the other side of the trailer rear end.
Pressure transducers of the type 8510B-1 from Meggitt’s Endevco Corporation [84] were used
for the investigations. The 1 psi high-sensitivity piezo-resistive, circular-deflection type gauge
pressure transducers have a resonance frequency of 55 kHz, a rated sensitivity of 200 mV/psi and
a full-scale output of 300 mV. The transducers contain an active four-arm strain gauge bridge that
operates with a nominal 10.0 V excitation voltage diffused into a sculpted silicon diaphragm. The
frequency resolution of the transducers is 10 kHz which is well above the sampling frequency.
The 16 bit analog-digital converter also used for the force measurements with the same recording
parameters was used for amplification and recording of the sensor signals. An amplifier gain of
5 mV/V was set for a high signal-to-noise ratio under the specific pressure conditions at the base.
A zero set of all pressure transducers was performed before each test run.

Figure 15. Pressure transducers installed on the back plate of the wind tunnel model (left) and pressure
tap locations at the trailer base with view direction from the back (right).

Initially, a linear calibration of the sensor-amplifier system was performed. Therefore, the
reference sides of the sensor membranes were charged with defined pressures in the expected
measurement range. The measured output voltages were zero point corrected and the calibration
factors at the specific reference pressures were calculated by linear regression. The resultant
calibration factors were calculated by its average.
As can be seen in Figure 16, the cavity in front of the transducer forms a mass-spring system
characterised by a distinctive self-resonance. As approximated by Helmholtz [40], the resonance
frequency f0 of such a resonator can be estimated using Equation 3.1:

f0 =
a

2π

√
S0

V0 ·Lro
, (3.1)

with the speed of sound a, the fluid volume of the cavity V0 = 21.88 mm3, the cross-sectional
area of the resonator outlet S0 = π ·D and its length Lro = 3 mm. Helmholtz also proposed
Equation 3.2 which accounts for the assumptions made to obtain Equation 3.1 by adding a
correction term 2 ·∆Lro to the resonator length Lro with ∆Lro equal to π ·D/8. Including the
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Figure 16. Principal sketch of a pressure transducer
mounted in the trailer’s back plate.

correction, the resonance frequency can be
determined as:

f0 =
a

2π

√
S0

V0(Lro +2∆Lro)
. (3.2)

For the cavity geometry presented in Figure 16,
a resonance frequency of 3.5 kHz is obtained
by means of Equation 3.2, which is signifi-
cantly higher than the expected frequencies
in the trailer wake. Therefore, it is concluded
that the influence of the resonance effect was
negligible for this setup.
In the wind tunnel measurement, the reference
sides of the pressure sensors were connected
to the atmospheric pressure outside the test
section. As part of the post-processing analysis, the pressure data were referred to the static
pressure close to the trailer base measured with a static pressure probe installed at 40 mm above
the ground board and 250 mm from the right model side. An electronic pressure scanning
system type ESP-64HD from Esterline Technologies Corporation was used. Its specifications
are described in Section 4.1. All pressure results presented in this thesis are based on the
corresponding reference pressure.

3.5 Particle image velocimetry

To obtain the velocity field behind a tractor-trailer configuration, the laser-based optical mea-
surement method particle image velocimetry (PIV) was applied. PIV was conducted on a scale
model in the wind tunnel experiments as well as in a road test with a full-scale tractor-trailer.
Two different measurement setups were used for the wind tunnel experiments: A planar PIV
setup, described in Section 3.5.1, was used to measure the two in-plane velocity components in
several streamwise section cuts and a stereoscopic PIV setup in a single section cut orthogonal
to the freestream flow to be able to analyse the third velocity component as described in more
detail in Section 3.5.2.
PIV is widely used to quantitatively measure the particle displacement in a cross-section of the
flow. The flow field is illuminated by a laser light sheet in a single section cut and the flow is
seeded with small particles, large enough for an illumination of the scattered laser light in a CCD
camera and small enough to follow the flow. The laser light sheet is generated by a pulsed laser
and a lens system consisting of a set of spherical and cylindrical lenses. The scattered light of
the particles is recorded at two different times: t and t +∆t. The two particle images are saved in
one dual-frame image and divided into small windows called interrogation windows. The size of
the defined interrogation windows depends on the minimum required number of particles and
the required resolution of the flow structures. In general, any interrogation window must contain
a minimum number of ten particles. For every dual-frame image the overlapping interrogation
windows of each single frame are cross-correlated to obtain the mean particle displacement at
the centre of every defined interrogation window at the recording time. The two-dimensional
velocity field is then derived from the displacement and the time interval ∆t. The correlation
function after cross-correlation of two interrogation windows reflects a peak which corresponds
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to the mean displacement of the recorded particles. A detailed description of the PIV technique
and the different processing and post-processing procedures can be found in Raffel et al. [87]
and Westerweel [120]. After a short discussion of the basic principles of the PIV technique,
the following sections will provide more details of the PIV setups used in the SWG and the
evaluation process of the measurement results.

3.5.1 Setup for planar PIV in the SWG

First of all, the planar PIV setup and the defined measurement planes located in different vertical
streamwise cross-sections behind the truck model will be described in the following.

Laser and camera setup

A Q-switched dual oscillator Nd:YAG laser with a pulse energy of 200 mJ from Litron Lasers
[57] was used to illuminate the measurement planes. A light sheet was built with a lens system
of three lenses installed on a common optics bar. Two spherical (f = -200 mm, +500 mm) lenses
and one cylindrical lens (f = -25 mm) generated a light sheet which covered around 600 mm of
the model wake length with a thickness of 2 mm at the measurement location for all section cuts.
A moveable dielectric mirror mounted at the end of the optics bar aligned the light sheet in the
XZ-plane parallel to the model length.
The camera setup consisted of thermoelectrically cooled CCD cameras from PCO (pco.2000
[81]) with a resolution of 2048 × 2048 pixels and a grey-scale resolution of 14 bit (Figure 17
(right): the two cameras on the left-hand side). A set of two cameras was used to measure the
entire velocity wake behind the tractor-trailer model by combining overlapping regions. The
remaining cameras as shown in Figure 17 (right) measured the upstream part of the flow field
around the model. For the enhancement of the signal-to-noise ratio, black current noise was
reduced by Peltier cooling of the CCD sensors. The cameras were controlled by an acquisition
system via Ethernet connection.

Figure 17. Traverse system with laser and light sheet optics bar on top of the SWG test section (left) and
support bar with CCD cameras at one side outside the test section (right).

Both the laser and the camera system were installed on a common traverse system outside the
wind tunnel test section to avoid flow disturbances (Figure 17). As seen in Figure 17 (left), the
laser head and the light sheet optics bar were on top of the wind tunnel test section, with the
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light sheet aligned downwards. The optical access of the laser light sheet into the test section
was realised with an acrylic glass plate in the upper test section wall. The CCD cameras were
installed on a support bar at the test section side, which was connected to the upper traverse
(Figure 17 (right)). For the optical access of the camera systems, the test section side was also
equipped with an acrylic glass plate. With this camera setup the vertical and streamwise velocity
components U,W could be measured (Figure 18 (left)). The complete measurement system
could also be traversed in two spatial dimensions (X- and Y-direction). Due to a constant distance
of 1.5 m between camera and light sheet plane, it was not necessary to re-align the setup after
traversing.
The cameras were equipped with Zeiss Planar T* 1.4/85 lenses characterised by a high-luminance
efficiency. With an overlap of 23 mm between the two cameras and a camera field of view of 304
mm× 304 mm, the resultant field of view of the two cameras was 585 mm× 304 mm (∆X×∆Z).
The results measured with the two cameras were combined by using a weighted interpolation in
the overlap region. The velocity wake was measured in seven planes by traversing the combined
laser and camera system in Y-direction (Y/Wm = 0, -0.11, -0.21, -0.32, -0.43, -0.51 and -0.57) as
visualised in Figure 18 (right).

Figure 18. Principle sketch of the planar PIV setup in the SWG including the camera field of views (left)
and the defined lateral PIV section cut positions (right).

At the beginning of the PIV measurement, a calibration grid aligned with the light sheet plane
was used to calibrate the cameras. The laser system was running with a frequency of 10 Hz
but generated only double pulses with a frequency of 5 Hz, which represented the recording
frequency of the CCD cameras. For every configuration, 315 single images of the unsteady
velocity field were taken into account for the calculation of the average. Laser and camera
systems were synchronised and remotely controlled with a sequencer computer, described in
[105].

Flow seeding

As tracer particles, droplets of DEHS (Di-Ethyl-Hexyl-Sebacat) with a mean diameter of 0.4-0.5
µm atomised by a Laskin nozzle aerosol generator were used. The particles were injected at the
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end of the wind tunnel test section to avoid flow disturbances. The closed loop of the SWG wind
tunnel enabled a homogeneous particle distribution in the test section.

3.5.2 Stereoscopic PIV

The planar PIV revealed the generation of streamwise flow structures as a potential reason for
the reduction of aerodynamic drag through the trailer underbody modifications. To visualise
these structures, a section cut orthogonal to the freestream direction was required. In principle, a
planar PIV setup with a single camera aligned orthogonally to the measurement plane would be
sufficient to measure the two in-plane velocity components in this cross-section. A disadvantage
for applying planar PIV in a section cut with a high out-of-plane velocity component is the large
systematic error due to perspective distortion. In this case, the out-of-plane velocity component is
measured as an in-plane velocity. For a minimum perspective distortion and therefore a minimum
systematic error, the distance between the measurement and the camera image plane must be as
large as possible compared to the spatial dimensions of the measurement plane. To generally
prevent this error, stereoscopic PIV was conducted in this section cut which also provided the
third velocity component.

Setup for stereoscopic PIV in the SWG

The laser setup for stereoscopic PIV was basically the same as used for planar PIV. For the
illumination of a cross-section cut orthogonal to the freestream flow (Figure 19), the cylindrical
lens of the optics bar was turned by 90◦ into the YZ-plane. Further, the complete setup was
traversed downstream to adjust the measurement plane at X/Lm = 1.136, which corresponds
to a distance of 150 mm behind the trailer base. To reduce the noise generated by the high
out-of-plane velocity component in this section cut and to increase the dynamic range of the
pixel displacement, the light sheet thickness was slightly increased to 3 mm.
Stereoscopic PIV requires particle images recorded from two different perspectives at the same
time. Therefore, two CCD cameras were installed on both sides of the model outside the wind
tunnel test section as sketched in Figure 19. The cameras were symmetrically aligned to the light

Figure 19. Principle sketch of the stereoscopic PIV setup in the SWG
with view direction from the top.

sheet plane with an an-
gle of 85◦. In general,
the cameras should be ar-
ranged at an angle of 65◦ to
85◦, as a compromise be-
tween the accuracy of the
third displacement compo-
nent and the area resolu-
tion reduced by the per-
spective view. Due to the
specific test section dimen-
sions of the SWG wind
tunnel, a smaller angle be-
tween the cameras was not

practicable. Two thermoelectrically cooled CCD cameras from PCO (pco.1600 [81]) with a
spatial resolution of 1600 × 1200 pixels and a dynamic range of 14 bit were used. Both cameras
were equipped with Zeiss Planar T* 1.4/85 lenses with a common field of view of 353 mm ×
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189 mm (∆Y ×∆Z). The cameras were calibrated with a calibration grid aligned within the light
sheet plane. For data analysis, the distance of the camera CCD centre to a reference point on the
calibration grid was measured. After cross-correlating the results of both cameras, they were
mapped to obtain the third velocity component. More details on the analysis of the raw data are
discussed in Section 3.5.3.
The laser system was running with a frequency of 14 Hz but generated only double pulses with
a frequency of 7 Hz, representing the recording frequency of the PIV cameras. The cameras
were controlled via an Ethernet connection. The data presented in this thesis are based on 315
single images, which is in accordance to the post-processing in the case of planar PIV. Laser and
camera systems were synchronised and remotely controlled with a sequencer computer.

3.5.3 PIV evaluation

The PIVview software package from PIVTEC [85] was used for the evaluation of the raw data,
implying the calculation of the velocity vector field from the recorded dual-frame particle images.
The evaluation process contains the determination of the magnification, the image filtering, the
cross-correlation process of the dual-frame recording, an outliers detection and the conversation
to the physical units and coordinates.
The conversion of the recorded pixel displacement to a physical value in [m/s] requires the
determination of a magnification factor in [px/m] for the corresponding single section cuts and
the laser pulse delay ∆t. For the spatial dimensions, a calibration grid was aligned to the light
sheet plane and the magnification factor could be determined for every measurement plane. The
magnification factor was determined with an accuracy of below ±1 px. This corresponds to an
error of around 0.05% which could be ignored. In the planar PIV setup, the distance between
the camera CCD-chips and the measurement plane was left constant for all investigated section
cuts, due to the installation of the laser and camera setup on a common traverse system. The two
cameras were installed on a support bar next to each other as described in Section 3.5.1. The
magnification factors of the cameras were 6.6380 px/mm for camera 1 in Figure 18 and 6.6273
px/mm for camera 2. The magnification factor of the symmetrically aligned camera views of the
stereoscopic PIV setup was 4.5 px/mm.
In order to decrease direct or indirect light sheet reflections from the wind tunnel floor or the
model contour and therefore to increase the contrast of the tracer particles, an average minimum
background image was subtracted from every single particle image. The minimum background
image was calculated from the arithmetic average of several particle images. Thus, moving parts
such as the tracer particles disappear and the contrast of stationary parts in the image background
is enhanced. In this case, a separate minimum background image was calculated from every 100
particle images to consider slight movements of the test setup during a test run.
In Figure 20 (left), a particle image recorded by the left camera in the stereoscopic PIV is
presented. As can be seen, the left image side was illuminated by model induced reflections,
which significantly reduced the particle contrast in this image part. The result after background
image subtraction is presented in Figure 20 (right). The subtraction strongly enhanced the
contrast of the particles which improved the cross-correlation. The corresponding minimum
background image, calculated from 100 particle images, is shown in Figure 21. In some cases,
the contrast of the particle images was further improved by an additional division of the minimum
background image and the application of a low pass filter. Additionally, regions blocked by the
light sheet (for example the wind tunnel floor), which are only defined by noise, were masked to



36 3 Wind tunnel setup and measurement techniques

avoid any influence on the measurement results.
After image filtering, the particle images were subdivided into interrogation windows of the
same spatial dimension. This process is subdivided into the application of different window
sizes. Starting from a large interrogation window size to capture a high number of particles,

Figure 20. Single particle image before (left) and after background image subtraction (right).

the mesh is refined up to a final mesh size (multi-grid interrogation). The particle displace-
ment between the two frames was evaluated by cross-correlation. In this case, a Whittaker
reconstruction scheme was used to find the displacement peak in the reconstructed correlation
function. The defined interrogation window sizes were from 96 px in both spatial dimensions

Figure 21. Background image calculated from the
average of 100 particle images.

down to 24 px. An overlap of 50% was used
between the windows to increase the data res-
olution. The final grid size of 24 × 24 px was
used as a compromise between the signal-to-
noise ratio and the vector field resolution, with
a spatial resolution of 1.8 mm in the case of
planar PIV and 2.7 mm for stereoscopic PIV.
In general, the cross-correlated vector field in-
cludes a certain number of incorrect displace-
ment vectors, due to local quality losses in
the particle images as a result of background
reflections or a locally low seeding density.
As an example, Figure 22 (a) presents a sec-
tion of the unsteady velocity vector field in the
trailer’s wake measured by stereoscopic PIV,

colour-coded by the velocity magnitude. The detection of so-called outliers was determined
in two ways: Firstly, all vectors exceeding a maximum pixel displacement were declared as
outliers (e.g. see red colour-coded vectors in Figure 22 (a)). Secondly, the differences in the
pixel displacement of eight neighbouring vectors were analysed. If the specified value was
exceeded, this vector was also declared as an outlier. The defined absolute and relative pixel
displacements were defined individually with respect to the investigated model configuration and
the measured flow region. The goal was to find a compromise between outlier detection and a
minimum replacement of valid vectors. The absolute pixel displacement was set to a maximum
between 10 and 12 px. For the relative deviation between neighbouring velocity vectors, the
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maximum pixel displacement was defined in the range of 5 to 6 px. All detected outliers were
replaced by more suitable vectors: Firstly, by using another correlation peak and secondly, by
further increasing the final interrogation window size to 32 × 32 px in this case. If the output of
the validation process was still an outlier, a bi-linear interpolation with the surrounding vectors
was performed. The result of the validation process for the single particle image in Figure 22 (a)
is presented in Figure 22 (b). A visualisation of the valid, replaced and interpolated vectors is
given in Figure 22 (c).

(a) (b) (c)

Figure 22. PIV vector field colour-coded by the velocity magnitude without (a) and with (b) outlier
replacement, validation colour-coded (c): green - valid vector, blue - vector using other peak
or larger window size, red - interpolated vector.

Finally, the resultant pixel displacement of the cross-correlated vector field was converted into
velocity values using the magnification factor determined by the calibration. The vector field
was transformed into the coordinate system as defined in Section 2.1.1. The accuracy of the
coordinate definition is ±2 px, which corresponds to ±0.3 mm in the case of planar PIV and
±0.44 mm for stereoscopic PIV.

Evaluation of stereoscopic PIV

For stereoscopic PIV, a setup consisting of two cameras was used to record the particle images
from two different perspectives. A method with angled camera views was used, as described
in Section 3.5.2. To obtain focused particles in the entire field of view at a small depth of field
(open aperture for maximum illumination), the camera image plane was tilted according to the
Scheimpflug criterion. This resulted in a perspective distortion, and therefore the magnification
factor varied within the field of view. The software package PIVview delivers a stereo PIV mode
with an image back projection tool for the calibration of the perspective distortion to dewarp the
recorded displacement images. As input images for the two cameras, the recorded calibration
grid was used. Finally, the camera image coordinates were related to the common object plane.
Detailed information regarding the reconstruction procedure for stereoscopic PIV is described
by Coudert and Schon [18].
In addition to this, a disparity correction was performed to correct the displacement between the
laser light sheet and the calibration grid. It was performed by cross-correlating the pixel images
of both cameras at the same time. For the analysis, the average disparity of all single images
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was calculated and used for the correction. Because no significant motion of the "camera-image-
to-object-plane" was detected during the measurement, this correction is more accurate. The
average increases the correlation peak and reduces noise.
After the dewarping and correction process, the single images of both cameras were processed
in accordance to planar PIV as described in Section 3.5.3. The three-dimensional particle
displacement was reconstructed from the two-dimensional displacement measured by both
cameras. Detailed information regarding stereoscopic PIV can be found in [87].
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4 Pre-test activities of the wind tunnel experiments

This section discusses all pre-test activities of the wind tunnel experiments in the SWG, including
the investigation of the flow characteristics on the ground board, the determination of the specific
errors of the force and pressure measurements, and the consideration of Reynolds number and
wall interference effects on the measured aerodynamic loads.

4.1 Flow characteristics on the ground board

Before the installation of the tractor-trailer model in the test section, the flow characteristics
induced by the ground board were investigated. Initially, flow visualisations were performed
using tufts and china clay with the aim of detecting possible flow disturbances on the ground
board. The results revealed no flow separation and there was no indication of the development of
large-scale vortex structures.
In addition, a rake of 20 Pitot probes was used to measure the boundary layer at nine different
positions on the empty ground board. The measurement positions are illustrated in Figure 23
(left) with the virtual model geometry included. The rake had a total height of 32 mm with a
spacing of the Pitot tubes of 1 mm at the lower part (0-10 mm above the ground), and a spacing
of 2 mm above. A digital temperature compensated (DTC) electronic pressure scanning system
type ESP-64HD from Esterline Technologies Corporation with 64 pressure ports [24] was used
for the simultaneous measurement of all differential pressures. The ESP pressure scanner is a
miniature electronic differential pressure measurement unit, consisting of an array of silicon
piezo-resistive pressure sensors. The pressure scanner was controlled by a PSI DTC-Initium
System. The analog voltage signals were recorded with a sampling frequency of 2 kHz and
averaged for 10 s. Before each test run, all of the sensors of the pressure scanner were referred to
the atmospheric pressure outside the test section. During the test runs, a static pressure probe 50
mm above the ground board surface was used to measure the local static pressure at the different
measurement positions. This pressure was used as the reference pressure for the calculation of
the velocity profiles.
In general, the specific boundary layer on the ground board depends on the upstream length,
the turbulence intensity of the freestream flow and the Reynolds number [100]. In Figure 23
(right), the velocity profiles measured at three different positions on the ground board’s centreline
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at a freestream velocity of 60 m/s are shown. They reflect the growing boundary layer with
increasing distance from the model front. The freestream velocity was measured using a Prandtl
tube installed on the upper test section wall outside the wind tunnel boundary layer above the
ground board’s centre position. This velocity value was also used to make the boundary layer
velocities dimensionless and to calculate the boundary layer and the displacement thicknesses,
both also presented in Figure 23 (right).

Figure 23. Boundary layer rake positions on the ground board (left) and measured dimensionless ground
board boundary layer in the model region at 60 m/s for positions 4, 5 and 6 (right).

Figure 23 (right) reveals that the boundary layer thickness δ99, defined in Equation 2.3, develops
from 10 mm (position 4 in Figure 23 (left)) at the model front, to around 28 mm at the base
(position 6). These values are in accordance with estimations for a two-dimensional turbulent
boundary layer on a flat plate at constant pressure as provided by Anderson [3] and defined in
Equation 4.1:

δ99(X) = 0.37 · X

Re1/5
x

, (4.1)

with a calculated boundary layer thickness δ99 of 12.8 mm at position 4 and 28 mm at position 6
based on a freestream velocity of 60 m/s. A maximum displacement thickness δ1, defined in
Equation 2.4, of 10% of the minimum model ground clearance measured in the empty test section
at the position of the model front is recommended in SAE J2084 [104]. This criterion is fulfilled
for all model configurations with a measured displacement thickness (position 4 in Figure 23
(right)) of 1.92 mm at the model front. Furthermore, Hucho et al. [43] came to the conclusion
that a fixed ground can be used in wind tunnel experiments to simulate the model-to-ground
interaction if the displacement thickness of the boundary layer measured in the empty test
section is less than 10% of the model ground clearance. In the case of the baseline configuration
of the tractor-trailer model, this criterion is fulfilled along the entire model length. For the
configurations with a full fairing on the trailer underbody and a reduced ground clearance of 30
mm, the displacement thickness δ1 of about 3 mm at mid-length of the model slightly exceeds
this requirement behind the model centre. This aspect and the general influence of stationary
ground conditions on the flow field quantities will be studied in more detail in numerical flow
simulations discussed in Section 6.3.2.
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4.2 Verification of the force measurement system

After the installation of the tractor-trailer model on the ground board in the SWG test section
as described in Section 3.2.2, several pre-tests were performed to check the performance of the
integrated force transducer. The influence of the Reynolds number and blockage effects on the
measured aerodynamic loads were also investigated.

4.2.1 Balance check

Initially, the functionality of the integrated force transducer was checked for all spatial directions.
Calibration weights in the range of the expected aerodynamic loads during the wind tunnel
measurement were used. The balance was checked in Z-direction (lift force) with weights

Figure 24. Setup for the balance check in Y-
direction.

placed on top of the model. Longitudinal and lat-
eral forces were induced by weights attached to
a wire, deflected by a pulley as shown in Figure
24 for the lateral (Y) direction. Before each mea-
surement, the charging amplifier was set to zero.
The measured loads were averaged for 5 s with a
sampling frequency of 2 kHz.
The functionality of the force measurement sys-
tem was confirmed by reproducing the order of
magnitude and the direction of the applied loads.
Additionally, the independence of the measured
loads from sensor connections out of the model
(see Figure 15 (left)) was verified. In principle, a
balance check can be also used to determine the
repeatability of a system as described by Weiler
[119]. In this case, the setup was not suitable to induce loads with a high level of accuracy and
could therefore not be used to check the repeatability of the force measurement setup.

4.2.2 Error analysis of the force measurement system

In general, measurement errors can be classified into systematic and stochastic errors. This
section provides an estimation of the uncertainty of the force measurement system by the
consideration of systematic errors, which can be divided into non-linearity, hysteresis, drift
and gradient errors and the quantisation error of the analog-digital converter. Additionally, the
reproducibility which also considers stochastic errors as well as the influence of the averaging
time and the temperature are quantified.

Error due to non-linearity

Within its specified measurement range, a force transducer is characterised by a linear relation
between the induced force and the output signal. The deviation between the ideal and the real
characteristic curve is described by the non-linearity of the force measurement system. As
already presented in Section 3.3, the specified non-linearity of the transducer is <±1% of the
full-scale output and <±0.05% for the amplifier. Therefore, the total non-linearity of the system
calculated by the square root of the sum of the squares of the single non-linearities is around
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±1%. In contrast to a piezo-resistive (DMS) force transducer, the specified uncertainties of a
piezo-electric transducer (as used here) are not based on the full-scale device output, but on the
full-scale application output. This enables measurements in different measurement ranges with
the same high accuracy. In the case of the wind tunnel experiments, the system capacity of the
multichannel charging amplifier was set to a full-scale output of 100 N. Thus, the maximum
error of the system due to non-linearity is ±1 N, which corresponds to a deviation of the drag
coefficient of ∆CD =±1.8% at a Reynolds number of 0.65 ·106.

Hysteresis error

The maximum uncertainty of the transducer for hysteresis is specified with < ±0.5% of the
full-scale application output of 100 N (<±0.5 N). Hysteresis effects were prevented by setting
every loading condition from zero load.

Drift error

A typical disadvantage of piezo-electric force transducers is a drift of the electrostatic charge
due to leakages in the cable connection, the lowest insulation path in the sensor and the electrical
resistance of the amplifier. The drift velocity of the charging amplifier at a temperature of 25◦ is
specified with <±0.03 pC/s.
At a constant load of the force transducer of the same order of magnitude as the aerodynamic
loads in the wind tunnel tests, the temporal development of the output signals was recorded. No
significant drift of the output signals was found within the maximum measurement period of 45
s. Therefore, a drift correction was not necessary.

Digitalisation error

A 16 bit analog-digital converter was used referred to a ±10 V output signal with a resultant
resolution of 0.153 mV (0.0015% of the full-scale output), with the resolution also defined as the
least significant bit (LSB). The digitalisation error is a rounding error of half of the resolution
(±1/2 LSB), which corresponds to ±76.3 µV or 0.763 mN. Therefore, a minimum analog
voltage variation of ±76.3 µV is required to change the digital signal. Due to the high resolution
of the analog-digital converter, the error due to digitalisation could be neglected.

Temperature error

The SWG wind tunnel is not equipped with a cooling system to stabilise the temperature inside
the test section. Therefore, a wind tunnel warm-up was performed at the beginning of every
testing day to keep the temperature constant during the measurement runs. Additionally, the
influence of temperature effects on the measured aerodynamic loads was investigated. The test
section and transducer temperatures were measured using Pt100 temperature probes.
In general, the sensitivity of a piezo-electric transducer is temperature dependent, specified by
its temperature coefficient which is -0.02%/K for the used force transducer. The transducer
sensitivity is based on a calibration temperature of 295±1 K. In the measurement campaign
described here, the absolute transducer temperature varied between 290 K and 300 K which
results in a maximum reduction of the transducer sensitivity of -0.1%. A dependence of the
absolute temperature level on the measured aerodynamic loads could not be detected.
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A further characteristic of piezo-electric transducers are measurement errors due to temperature
drifts. The changed material stresses induce a charge shifting in the preloaded quartz crystals.
The maximum drift of the measured transducer temperature during one test run was below 0.2 K,
which is negligible. No influence on the measured aerodynamic loads could be detected.

Statistical error

In general, a sufficiently large measurement time is required to capture all unsteady flow effects
for the calculation of the average flow quantities. At the minimum investigated Reynolds number

Figure 25. Influence of the averaging time on the aerody-
namic drag coefficient at Re = 0.65 · 106). The
results are based on the average of 45 s.

of 0.2 · 106, the freestream velocity
was around 18 m/s. Within 2 s the
flow already passes the tractor-trailer
model for around 32 times. The influ-
ence of the averaging time (2 s, 3 s,
5 s, 10 s, ..., 45 s) on the mean drag
coefficient calculated as the arithmetic
average (Equation 2.5) is presented in
Figure 25 at a Reynolds number of
0.65 · 106. The results are based on
20 single measurements recorded with
a sampling frequency of 2 kHz. The
deviations of the mean drag coefficient
∆CD are referred to the average of 45
s. Additionally, the standard deviation
of the mean drag coefficient of the 20 single measurements is presented in Figure 25.
In SAE J1252 [103], a repeatability within 1% is recommended for a force measurement system
to provide steady results. This requirement is not sufficient for investigating different model
configurations regarding their drag-reducing potential from only a few percent. As can be seen in
Figure 25, the deviation of the measured drag coefficient at different averaging times is less than
0.06%, which corresponds to less than one drag count (∆CD < 0.001), which meets the more
demanding requirements defined in SAE J2084 [104]. Nevertheless, the presented results of the
force measurements in the further course of this thesis are based on an averaging time of 45 s,
which is within an averaging time of 15 to 60 s as also specified in SAE J2084 [104].

Reproducibility

Finally, repetition tests were performed to measure the reproducibility of the force measurements
at the four investigated Reynolds numbers and test section temperatures in the range of 290-300
K. The standard deviation of the measured drag coefficient of different single runs was taken
as an indicator for the reproducibility of the drag force measurements. The results presented in
Figure 26 are based on 20 single runs, each recorded with a sampling frequency of 2 kHz and
averaged over 45 s. For all Reynolds numbers the standard deviations are significantly below
1% with a maximum deviation of around one drag count at a Reynolds number of 0.65 ·106 and
four drag counts at 0.2 ·106. The higher uncertainty at low Reynolds numbers can be explained
by more unstable flow characteristics, e.g. moving flow separation and reattachment at the
curved model front shape, and the higher influence of measurement errors on the lower measured
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absolute values. In conclusion, the used force measurement setup is well-suited for studying the
drag reduction induced by aerodynamic add-on devices on the wind tunnel model.

Figure 26. Reproducibility of the drag coefficient at the four investigated Reynolds numbers.

4.2.3 Reynolds number dependency

The Reynolds number as defined in Section 2.1.2 is the fundamental parameter for the description
of the specific flow conditions around a tractor-trailer configuration. Since the flow field around
a bluff body such as a tractor-trailer is characterised by regions of geometry induced flow
separation, the aerodynamic drag is less dependent from Reynolds number effects which is
contrary to a streamline body. Nevertheless, regions of flow separation and reattachment at
the vehicle front shape are influenced by the Reynolds number [11]. Furthermore, Schewe
[99] concluded that Reynolds number effects are also significant for sharp-edged bodies due to
changed boundary layer characteristics on the model surface affecting the wake flow topology.
In the case of the investigated tractor-trailer model, the boundary layer profile on the model
shape was measured with a Pitot rake at different positions close to the trailer rear end in a
Reynolds number range of 0.10 ·106 to 0.70 ·106. No significant Reynolds number influence on
the boundary layer and the displacement thickness could be observed. Because boundary layer
transition and separation appear close to the model front, the large model length to width/height
ratio has no relevant influence on the flow structures at the model rear end.
As mentioned above, according to SAE J1252 [103], a minimum Reynolds number of 0.70 ·106

is sufficient for scale model testing in tractor-trailer aerodynamics. As part of the pre-test
investigations, the effect of the Reynolds number on the measured aerodynamic loads was
investigated for the model baseline configuration up to a maximum Reynolds number of 0.72 ·106

in the SWG (Figure 27). The Cryogenic Wind Tunnel Cologne (DNW-KKK), described in
general in Section 2.2.2, enables investigations at higher Reynolds numbers than in the SWG.
The reasons are the higher achievable freestream velocity and the possibility to cool down the
temperature and thus increase the Reynolds number inside the test section. Here, the experiments
were conducted to show the Reynolds number independence in the range of 0.40 ·106 to 1.00 ·106.
The corresponding drag coefficients measured in both test facilities for the model baseline
configuration are presented in Figure 27.
Referring to Figure 27, a Reynolds number influence on the measured drag coefficient can be
observed up to a value of 0.40 ·106. At larger Reynolds numbers, a deviation of the measured
drag coefficient of less than 1% was detected. This is even below the specified Reynolds number
in SAE J1252 [103] with a required minimum value of 0.70 · 106 for investigations in heavy
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vehicle aerodynamics. Due to temperature variations in the test section, a Reynolds number of
0.70 ·106 cannot be maintained in a long-term measurement in the SWG. Therefore, the majority
of the experiments were performed at a constant Reynolds number of 0.65 ·106. Since this value
is in the Reynolds number independent range, no Reynolds number effects have to be taken into
account (Figure 27).

Figure 27. Reynolds number influence on the aerodynamic drag coefficient of the tractor-trailer baseline
configuration measured in the SWG and the DNW-KKK and the configuration with an
underbody full fairing and a 25◦ rear diffuser measured in the SWG.

As mentioned above, contrary to the blunt shape of a today’s tractor-trailer, Reynolds number
effects are stronger for a streamline body. For an aerodynamically optimised model configuration,
the results of wind tunnel experiments performed by Storms et al. [108] using a scale tractor-
trailer model reveal an influence of the Reynolds number on the measured aerodynamic drag
coefficient up to a value of 3.00 ·106. This is contrary to the drag characteristics of the blunt
shape of the baseline case. In general, a fundamental aspect of scale model testing in vehicle
aerodynamics is the verification of Reynolds number independence for all investigated model
configurations. Therefore, in addition to the results of the baseline configuration investigated
in this thesis, the measured drag coefficients of the also considered aerodynamically improved
configuration with an underbody full fairing and a 25Â◦ rear diffuser are presented in Figure
27. Contrary to the results of the baseline case, the drag coefficient further decreases up to a
Reynolds number of 0.50 · 106 which therefore underlines the observations made by Storms
et al. [108]. Nevertheless, it can be also observed that there is no influence on the measured
aerodynamic drag at a Reynolds number of 0.65 ·106 as used in the experiments.
This thesis also contributes to the analysis of the flow field quantities behind a tractor-trailer con-
figuration under real operating conditions. The velocity wake and the base pressure distribution
were measured within the scope of a road test up to a Reynolds number of 4.0 ·106, which is the
characteristic value at a typical highway speed of 85 km/h (Section 7). The results are compared
to those obtained by the wind tunnel experiments at lower Reynolds numbers.

4.2.4 Interference correction

It is common to perform wind tunnel experiments for research and development in vehicle
aerodynamics. As mentioned in Section 3.2, reliable results are subjected to a series of different
test requirements. Significant aspects are wind tunnel wall interferences with the model flow as
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one of the main sources of error in the experiments. This implies the application of correction
methods to translate the aerodynamic quantities measured in wind tunnel experiments to real-life
conditions.
The determining parameters for wall interferences are the specific flow conditions (attached or
separated) around the model, the Mach number, the dimensions of the test setup relative to the
test section and the type of the test section walls. Wall interferences can be subdivided into the
solid blockage induced by the model, the wake blockage as result of the separated flow regions
around the model, and the so-called horizontal buoyancy as a static pressure gradient along
the test section length due to the boundary layer evolution along the walls. Lock [58] initially
analysed interference effects of the test section walls on streamline bodies (solid blockage).
Contrary to a streamline body, bluff bodies are characterised by large regions of flow separation.
Further, the influence of the induced wakes on the aerodynamic quantities in a closed test section
was investigated by Glauert [34], Maskell [63] and Thom [114]. Based on their theories for the
correction of solid and wake blockage effects on the drag coefficient, Mercker [68] developed an
approach for ground vehicles in closed wind tunnel test sections. He proposed Equation 4.2 for
calculating the ratio of the corrected Pdyn,corr and the measured dynamic pressure Pdyn:

Pdyn,corr

Pdyn
= (1+ εs + εw)

2, (4.2)

with the solid blockage factor εs at a model yaw angle of 0◦ defined as

εs = K · τs ·
(

2 ·Am√
Lm ·2 ·Vm

)
·
(

2 ·Vm

(2 ·Ats)3/2

)
, (4.3)

with the empirical solid blockage constant K, the solid blockage constant τs, the projected model
frontal area Am, the model length Lm, the model volume Vm and the cross-sectional area of the
test section Ats. The wake blockage factor εw at a model yaw angle of 0◦ is defined as

εw =
Am

Ats
·
(

1
4
·CD +η

)
, (4.4)

with the empirical wake blockage constant η and the measured drag coefficient CD. The corrected
drag coefficient CD,corr is calculated with Equation 4.5:

CD,corr =
CD

Pdyn,corr
Pdyn

. (4.5)

For the wind tunnel measurements discussed in this thesis, the model scale is 1/15th to be
able to achieve a relevant high Reynolds number on the one hand and to obtain an acceptable
blockage ratio in the SWG test section on the other hand. The dimensions of the test setup
relative to the SWG test section, presented in Section 3.2.2, comply with the predefined blockage
ratios specified in SAE J1252 [103]. Because the model was installed along the test section’s
centreline and all measurements were performed at zero yawing angle, it was not necessary to
consider additional blockage effects such as a wall induced upwash velocity component or an
asymmetrical flow characteristic due to cross-flow. Additionally, any possible influence of the
wind tunnel nozzle and the diffuser behind the test section on the up- and downstream flow field
could be neglected, since the distance to the test setup was sufficiently large.
For the parallel test section walls in the SWG, the model and wake blockage induced deformations
of the streamlines reflect that the effective freestream velocity close to the model is increased
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which induces higher aerodynamic loads. To take this into account, the wind tunnel speed was
controlled based on the velocity measured with a Prandtl tube installed on the upper wall of the
test section outside the wind tunnel boundary layer, at the model centre position. The measured
dynamic pressure of the Prandtl tube was also used to calculate the aerodynamic force and
pressure coefficients. Because the projected cross-sectional area of the wind tunnel model is not
changed by the trailer underbody modifications and all investigations were performed at a zero
yaw angle, a constant mass flow rate above and below the ground board was expected. Therefore,
no correction of the measured freestream velocity inside the test section was needed.
To estimate the specific model and wake induced blockage effects through the test setup in
the SWG, the measured drag coefficient for the model baseline configuration at a Reynolds
number of 0.65 ·106 and the corrected value using the correction method from Mercker [68] are
compared in Table 1. For a better interpretation of the results, the relative deviation is presented
in the right column of Table 1 in terms of the drag coefficient normalised with the measured
value.

Drag Normalised drag
coefficient coefficient

Measured value 0.585 1.000
Correction by Mercker 0.576 0.985

Table 1. Measured and corrected drag coefficient of the baseline configuration at a Reynolds number of
0.65 ·106.

Table 1 reveals that the difference between the measured and the corrected drag coefficient of
less than 1.5% is small. Since the measurement of the freestream velocity with a Prandtl tube
attached to the upper test section wall at the model centre position is considered to be sufficient
to correct for the wall interferences, no further corrections were applied.
The horizontal buoyancy, which generates an additional drag force component in any test section,
is generally small and was therefore ignored. The smaller drag of vehicle parts within the ground
board’s boundary layer was also not considered. Nevertheless, the goal was not to measure the
absolute aerodynamic loads, but rather to verify the relative amount of drag reduction obtained
for different configurations and to quantify the effects of the associated add-on devices.

4.3 Error analysis of the pressure measurement system

This section provides a discussion of the measurement uncertainty of the pressure measurement
system described in Section 3.4. For the used pressure transducers, the combined error due to
non-linearity, non-repeatability and pressure hysteresis is specified as 1.5% of the full-scale
output (FSO). Depending on the transducer, this corresponds to 0.010 ≤ ∆CP ≤ 0.015 at a
Reynolds number of 0.65 ·106. The temperature influence is given by the thermal zero shift of
±0.027%/K, and the thermal sensitivity shift of ±0.036%/K. As already mentioned in the error
analysis of the force transducer in Section 4.2.2, the temperature drift during a measurement run
was below 0.2 K. The maximum temperature deviation between the measurement runs was 10 K,
with a resultant thermal shift of ±0.36% and ±0.27%, which could be ignored. The maximum
zero output is specified at±10 mV. To take this effect into account, a nullification was performed
before each measurement run.
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The pressure transducers were driven by the same analog-digital converter used for the force
measurements, whereas the output signals were based on ±5 V at a resolution of 0.0763 mV.
Depending on the transducer, the resultant digitalisation error was in the range of 5.1 ·10−6 ≤
∆CP ≤ 7.9 ·10−6 at a Reynolds number of 0.65 ·106.
Figure 28 summarises the influence of the averaging time on the mean pressure coefficient and
the reproducibility of the pressure measurements based on 20 single runs. As an example, the
results of a single pressure transducer located close to the centre of the trailer base (No. 3: Y/Wm
= 0, Z/Hm = 0.688) are presented in Figure 28 (left). As can be observed, the averaged pressure
is characterised by a deviation of up to 3% depending on the averaging time, which is induced by
leakage effects on the reference pressure side. As mentioned in Section 3.4, the reference sides
of all pressure transducers were connected to the atmospheric pressure outside the test section
using hose couplings and every connection is characterised by small leakages. In this case, the
deviation of 3% corresponds to a maximum ∆CP of 0.005 and can be therefore neglected.

Figure 28. Influence of the averaging time on the mean pressure coefficient and the reproducibility for
transducer No. 3 at Y/Wm = 0 and Z/Hm = 0.688 (left) and reproducibility of all pressure
transducers (right).

In Figure 28 (right), the reproducibility for all transducers is given in terms of the standard
deviation of the measured pressure coefficient of 20 single runs. The calculated standard deviation
is based on a signal length of 45 s, and is around 1% for most of the transducers. Influenced by
the separated shear layers, the averaged results measured with the transducers located close to the
upper and lower trailing edge are characterised by slightly higher deviations with a maximum of
∆CP = 0.006. Since the reproducibility of transducer No. 20 was not satisfactory, its measurement
data were not considered in the further course of this thesis.
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5 Scale model wind tunnel experiments

In the following section, the results of scale model experiments in the SWG are discussed to
analyse the capabilities of advanced measurement techniques in a wind tunnel experiment in
general. Further, it will be clarified if scale model tests are suitable to qualify new developments in
heavy vehicle aerodynamics. The results are also used to examine how accurate the measured flow
velocities are in comparison to a full-scale tractor-trailer study under real operating conditions
discussed in Section 7.
The investigations consisted of simultaneous measurements of aerodynamic loads with an
integrated force transducer, as well as measurement of the pressure distribution at the trailer
base with unsteady pressure transducers and PIV in the trailer wake. All relevant information
regarding the test facility, the experimental setup and the applied measuring techniques are
described in Section 3.
The wake field downstream the model baseline configuration, representing the geometry of a
typical European tractor-trailer configuration, and its influence on the pressure distribution at the
trailer base are discussed in Section 5.1.
In Section 5.2, a representative drag reduction method utilising a trailer underbody full fairing
and a rear diffuser is presented. The experimental results are analysed with respect to the induced
flow structures, the influence on the pressure distribution at the trailer base and the resultant
aerodynamic drag. The modification of the diffuser geometry using guide vanes installed on the
diffuser wall was found to reduce the drag effect and is discussed in Section 5.3.

5.1 Aerodynamics behind the reference geometry of the
tractor-trailer model

In the following, the velocity wake and the induced pressure distribution measured at the trailer
base are analysed for the model baseline configuration. This configuration represents a typical
geometry of a today’s European tractor-trailer configuration as presented in Section 3.2.1. At a
zero yaw angle of the model, measurements were performed at four different Reynolds numbers
(Equation 2.1).
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5.1.1 Near wake structure

In Figure 29 (left), the mean velocity field obtained with PIV in the trailer wake is presented in a
vertical streamwise cut at the model centreline in a side view measured at a Reynolds number
of 0.65 · 106. The presented vectors reflect the two in-plane velocity components. They can
be interpreted in terms of the flow structures in the wake to demonstrate the working principle
of trailer underbody modifications. Every fifth vector of the mean velocity vector field is
superimposed to contours of the mean velocity magnitude calculated from the two in-plane
velocities U,W which were made dimensionless with the freestream velocity Uin f . The vector
lengths are presented in normalised form and the flow direction is from left to right with the
trailer rear end indicated as a grey rectangle on the left-hand side. Additionally, the base pressure
distribution is presented in Figure 29 (right) in dimensionless form with the pressure coefficient
CP as defined in Section 2.1.5 and the pressure tap positions indicated as black dots. The axes
of the pressure plot represent the dimensions of the trailer base, whereas all coordinates are
normalised with the dimensions of the wind tunnel model.

Figure 29. Velocity field and base pressure results of the baseline configuration at Re = 0.65 ·106 with
the coordinate axes based on the model dimensions: Dimensionless mean velocity magnitude
contour plot and every fifth vector of the normalised mean velocity vector field in the trailer
wake of the model plane of symmetry in a side view (left) with the trailer rear end indicated as
a grey rectangle on the left-hand side. Distribution of the mean base pressure coefficient at the
trailer base (right).

As can be seen in Figure 29 (left), a free shear layer develops downstream the upper trailing edge
of the model which divides the flow passing the roof from the recirculation region below. Due to
the high kinetic energy potential, the shear layer flow is almost unaffected by the low-pressure
field in the near wake. In fact, the near wake is mainly fed by fluid from the underbody flow,
which reflects the potential of the trailer underbody with respect to a reduction of base drag by
manipulating the velocity wake. Due to this observation, the effect of underbody modifications
on the aerodynamic drag is studied in more detail. The recirculation region extends over the
entire height of the trailer box as illustrated in Figure 29. With values of the mean velocity
magnitude of nearly 35% of the freestream flow in the flow upwash. Close to the trailer base, the
flow is deflected downwards, reflected by smaller values of the velocity magnitude in Figure 29
(left). It must be noted that in this section no information of the third velocity component, i.e.
the component orthogonal to the presented section cut, is available yet.
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According to Figure 29 (left), the mean velocity field in the trailer wake is presented at different
lateral positions in Figure 30 to illustrate the three-dimensional characteristics of the near wake.

(a) Y/W m =−0.11 (b) Y/W m =−0.21

(c) Y/W m =−0.43 (d) Y/W m =−0.51

Figure 30. Velocity field behind the baseline configuration at Re = 0.65 ·106 with the coordinate axes
based on the model dimensions and the trailer rear end shown as a grey rectangle on the
left-hand side: Dimensionless mean velocity magnitude contour plot and every fifth vector
of the normalised mean velocity vector field in a streamwise section cut at different lateral
positions from Y/Wm =−0.11 (a) to −0.51 (d) behind the trailer.

In the model symmetry plane, the length of the near wake is 96% of the model height (Figure
29 (left)). The near wake, also known as recirculation zone, was defined by Leder [55], who
divided the wake field of a bluff body in a region close to the base and a region downstream.
The length of the near wake corresponds to that distance from the base where a reverse flow,
indicated by a velocity component in opposite to the freestream direction, is no longer existent.
As visualised in Figure 30 (a-b), the longitudinal extension of the near wake decreases in
the lateral direction. At Y/Wm = −0.43 (see Figure 30 (c)), a recirculation topology is only
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visible close to the upper shear layer and small compared to the inner positions. The flow field
at Y/Wm = −0.51, presented in Figure 30 (d), is dominated by the shear layer flow without
recirculation. In accordance with the vertical distribution of the base pressures in the lateral
direction (Figure 29 (right)), the mean flow structure close to the trailer base is similar in the
investigated section cuts at 0≤ Y/Wm ≤−0.43 behind the base (Figure 29 (left) and Figure 30
(a-c)).
Aiming at the aerodynamic optimisation of a today’s tractor-trailer, wind tunnel experiments with
a scale model geometry were conducted as an efficient way to study the complex flow field in
the near wake. It could be shown that the separated flow field behind the trailer, which generates
a low-pressure field at the base, is significantly influenced by the flow underneath the trailer.
This confirms the above expressed expectation that the trailer underbody is a promising region to
manipulate the near wake for the reduction of pressure drag.

5.1.2 Base pressure distribution

With regard to the resultant pressure distribution at the trailer base shown in Figure 29 (right),
a low-pressure region with values below atmospheric pressure is obtained at the entire base
surface. In accordance with the mean velocity wake, the base pressure distribution reveals a
two-dimensional characteristic with a pressure gradient in the vertical direction and a nearly
uniform distribution in the lateral direction along the trailer width. The lowest pressure values
occur in the lower part of the trailer base close to the centre of recirculation. Towards the trailer
top and bottom, the base pressure increases. A pressure maximum close to the atmospheric
pressure (CP ≈ −0.03) is obtained at the upper trailing edge, where the flow stagnates. The
influence of the Reynolds number on the measured base pressures is presented in terms of
the mean pressure coefficient at the base centreline in Figure 31 (left). In agreement with the
measured forces discussed in Section 4.2.3, no significant Reynolds number influence on the
averaged base pressures can be observed for Reynolds numbers larger than 0.4 ·106.

Figure 31. Baseline configuration: Distribution of the mean pressure coefficient (left) and its standard
deviation (right) along the vertical centreline of the trailer base measured in the SWG for
different Reynolds numbers between 0.2 ·106 and 0.65 ·106 with the ordinate referred to the
height of the wind tunnel model.

Both, the mean wake topology and the base pressure distribution measured in the wind tunnel
experiments qualitatively agree with the results in the literature. Initial results of the flow
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topology in the near wake behind a tractor-trailer were presented by Mason and Beebe [64] who
applied smoke visualisations in a wind tunnel experiment using a scale model geometry. Gilhaus
et al. [32] presented the pressure distribution on the base of a 1/10th scale model geometry, and
Lanser et al. [54] for a full-scale tractor-trailer configuration in the NASA Ames Research Center
80- by 120-Foot Wind Tunnel. The negligible lateral pressure gradient at the base reflected in
Figure 29 (right) was also reported by Lanser et al. [54] who performed full-scale measurements
and by Storms et al. [107, 110] from scale model wind tunnel experiments.
The standard deviations of the pressure signals along the base centreline are presented in Figure
31 (right) for the investigated Reynolds numbers. The results are based on signal lengths of 45 s
sampled with 2 kHz, which corresponds to 90.000 single values. As can be seen, the fluctuations
are twice as high in the upper (≈ 2.8%) than in the lower base region (≈ 1.2−1.4%). This is a
result of the Kelvin-Helmholtz instabilities in the upper shear layer described by the standard
deviations of the two in-plane velocities (not presented here), which are around 25% of the
freestream flow in the upper shear layer and around 5% in the remaining near wake. Since the
standard deviations are larger for the maximum and the minimum investigated Reynolds number,
there is no indication for a Reynolds number dependence of the pressure fluctuations.
The presented results demonstrate the capability of scale model testing combined with the
application of advanced measurement methods for investigating the flow physics behind a
tractor-trailer configuration. The results of the baseline configuration are used as a benchmark to
quantify the distinct influence of drag-reducing approaches on the flow field.

5.2 Model configuration with an underbody full fairing and a rear
diffuser

After discussing the specific flow structures in the wake field behind a tractor-trailer by using the
results of pressure and velocity field measurements, this section addresses the capabilities of scale
model testing for industrial development processes to improve the performance of heavy-duty
vehicles. With the objective to reduce the aerodynamic drag, a wide range of different model
configurations were experimentally investigated in the SWG. In this context, scale model testing
with advanced measurement techniques was performed. It is shown to be a cost-effective method
to improve the efficiency and to understand the working principle of drag reduction devices.
The wind tunnel measurements revealed the potential of the trailer underbody for manipulating
the wake field behind the trailer. Because the induced low-pressure region through the trailer
wake is responsible for a considerable amount of the base drag of a tractor-trailer configuration,
the total aerodynamic drag can be significantly reduced by controlling this flow region.

5.2.1 Geometrical details

To maintain the existing loading capacity while implementing a trailer rear diffuser in the current
tractor-trailer design, an additional underbody construction in the form of a full fairing was used
(Figure 32). The lateral dimension of the full fairing, predefined by the trailer track width, was
set to 0.6 of the model width. With the aim of covering the trailer axes to reduce flow disturbance,
the full fairing decreased the ground clearance Hgc by 65% compared to the baseline case (Figure
32 (left)) with Hgc, BL/Hm = 0.31.
The front of the full fairing was inclined upwards to enable the unrestricted manoeuvrability of
the vehicle configuration in real applications, but investigation of the fairing front was not part of
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Figure 32. Baseline configuration (left) and configuration with an underbody full fairing and a 25◦ rear
diffuser including side plates (right) of the 1/15th scale wind tunnel model. The underbody
fairing with rear diffuser is shown in blue.

this thesis. At a length of L f b/Wm = 0.65 and a height of H f b/Wm = 0.27, the front body was
located at a distance of Dtr/Wm = 0.18 from the tractor rear end (see Figure 33 (left)).

Figure 33. Principle sketch of the front body (left) and the rear diffuser (right) of the trailer underbody
fairing including the basic geometrical parameters. The flow direction is indicated as an arrow.

The characteristic parameters of the diffuser geometry are illustrated in Figure 33 (right). The
diffuser consists of a straight panel of variable length Ld depending on the divergence angle Θ.
The projected diffuser length N, restricted by the streamwise position of the rear trailer axle, was
set to N/Wm = 0.8. Therefore, the divergence angle, defined by the ratio of the cross-sectional
area between the diffuser in- and outlet, was the only adjustable diffuser parameter. Figure
32 (right) presents the modified model configuration with a diffuser divergence angle of 25◦

including diffuser side plates. The dimensions of the side plates, visualised as dashed lines
in Figure 33 (right), were in accordance with the diffuser length N and the projected height
H2−H1.

5.2.2 Induced near wake

The following discussion aims to provide a detailed analysis of the effects of the underbody
modifications on the trailer wake. The flow fields measured for the baseline configuration
(geometry of a standard European tractor-trailer shown in Figure 32 (left)) are compared to the
corresponding flow fields obtained for the configuration with an underbody full fairing and a
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rear diffuser, as shown in Figure 32 (right). Experiments were performed for the diffuser angles
0◦, 10◦, 12.5◦, 15◦ and 25◦. For all experiments with the modified underbody, the diffuser was
equipped with side plates as visualised in Figure 32 (right).

(a) BL (b) RD0

(c) RD10 (d) RD25

Figure 34. Velocity field in the trailer wake measured with PIV at a Reynolds number of 0.65 ·106 in the
SWG for the baseline (a) and the rear diffuser configuration at a slant angle of 0◦ (b), 10◦ (c)
and 25◦ (d): Contour plot of the mean vertical velocity component (W) normalised with the
freestream velocity and superimposed by every fifth vector of the mean velocity vector field in
the model symmetry plane behind the trailer in a side view. The trailer rear end is indicated as
a grey rectangle on the left-hand side and the coordinate axes are referred to the dimensions of
the wind tunnel model.

In Figure 34, the vertical velocity component obtained with PIV is presented in a vertical
streamwise cut in the model symmetry plane with view direction from the side. A contour
plot of the mean vertical velocity component W superimposed by the mean velocity vector
field is presented for the baseline (BL) and three selected rear diffuser configurations (RD). For
visualisation reasons, only every fifth vector is plotted. The vertical velocity component was
made dimensionless with the freestream velocity Uin f . The freestream flow direction points from
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left to right, with the trailer rear end indicated as a grey rectangle on the left-hand side.
As expected, the underbody add-on devices considerably modify the mean flow structure of the
near wake behind the trailer. The largest differences are obtained for the baseline (Figure 34
(a)) and the 25◦ rear diffuser configuration (Figure 34 (d)). The flow upwash, illustrated with
the maximum vertical flow velocities in the contour plot in Figure 34, is significantly reduced
for larger diffuser slant angles. Compared to the baseline configuration (Figure 34 (a)), at an
angle of 0◦ and 10◦ the centre of recirculation is shifted downwards (Figure 34 (b) and (c)). The
vertical flow velocities close to the trailer base are quantitatively higher for the configurations
with modified underbody.
For a quantitative comparison of the velocity field in the near wake, Figure 35 presents the mean
velocity profiles of the two in-plane components U,W at two different positions in the model
symmetry plane behind the trailer. The velocities were made dimensionless with the freestream
velocity Uin f and the ordinate with the model height Hm. The spatial resolution of the velocity
values was 1.81 mm, as discussed in Section 3.5.1.

(a) X/Lm = 1.01 (b) X/Lm = 1.1 (c) X/Lm = 1.01 (d) X/Lm = 1.1

Figure 35. Velocity profiles in the trailer wake measured with PIV in the SWG at a Reynolds number of
0.65 ·106: Vertical distribution of the mean streamwise (a, b) and the mean vertical velocity
component (c, d) at two different distances behind the base centreline. The results were made
dimensionless with the freestream velocity (– BL, – RD0, – RD10, – RD25).

As can be seen in Figure 35 (a), higher streamwise velocities are induced in the underbody
flow close to the diffuser outlet due to the reduced ground clearance and the changed pressure
characteristics. At a slant angle of 25◦, the streamwise velocity component at the diffuser outlet
is similar to that of the baseline case, but higher vertical flow velocities are induced as shown in
Figure 35 (c). An influence of the rear diffuser on the flow in the region close to the trailer base is
found only for the vertical velocity component. As shown in Figure 35 (c), higher velocities are
induced at the base centreline for increasing slant angles. The induced streamwise velocities are
nearly zero for the investigated configurations (Figure 35 (a)). In general, high vertical velocities
are associated with decreasing base pressure values, whereas the presented flow fields indicate a
base pressure drop for the rear diffuser configurations. The measured pressure distribution at the
trailer base, as a measure for the induced base drag, is analysed in Section 5.2.4. The induced
flow velocities at a distance of 0.11 m behind the trailer base are presented in Figure 35 (b) and
(d). As visualised in Figure 34, the near wake topology is significantly influenced by the rear
diffuser. The streamwise velocities change by up to 30% of the velocity component in freestream
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direction (Figure 35 (b)) and by up to 15% for the vertical velocity component (Figure 35 (d)).
The flow fields in Figure 34 also reveal that the streamwise extension of the near wake increases
with the diffuser slant angle. The length of the near wake Lrz, according to the definition by
Leder [55], is plotted in Figure 36 for the baseline (BL) and the rear diffuser configuration (RD)
for slant angles of 0◦, 10◦ and 25◦ with the length scale based on the model length Lm. It can
be seen that the streamwise extension of the near wake continuously increases from 17% of the
model length in the case of the baseline configuration to 18.9% for the rear diffuser configuration
at a slant angle of 0◦ and 20.8% at a slant angle of 25◦. This underlines the significant influence
of the rear diffuser on the mean wake field behind the trailer. The streamwise wake extension is
expected to be induced by flow acceleration due to the reduced ground clearance of the model
configurations with the underbody full fairing and the specific influence of the rear diffuser. This
is reflected in higher streamwise velocities at the bottom left side of Figure 34 (a) and (b).

Figure 36. Near wake length measured with PIV at a Reynolds number of 0.65 ·106 in the SWG: Nor-
malised length of the near wake in the model symmetry behind the trailer for the model
baseline configuration (BL), the rear diffuser configuration (RD) over the slant angles between
0◦ and 25◦ and a configuration with a single base flap installed on top of the trailer rear end
(base flap) in the same angle range.

To estimate the performance of the above underbody modifications, the drag improvement is
compared to that obtained with devices studied in the literature. As discussed in the introduction
(Section 1.4), boat-tailing is a known passive method for the reduction of base drag. In one of
the conducted SWG experiments, a boat-tailed rear end of the tractor-trailer model at a zero yaw
angle was considered among other approaches. It reduced the drag coefficient by more than
13% compared to the blunt rear end of the baseline case. Angled base flaps, shown in Figure
2 (c), represent a more feasible method to realise the boat-tailing principle in heavy vehicle
aerodynamics. Therefore, the model with a single base flap installed on top of the trailer’s rear
end was also studied which serves as the benchmark case in the analysis of the drag-reducing
potential of the rear diffuser configuration. The base flap was a flat panel hinged along the upper
edge of the trailer rear end. The width of the base flap corresponded to that of the trailer rear
end and the length was set to one quarter of the rear end’s width as a good compromise between
efficiency and intervention in the vehicle architecture.
In contrast to the previous results, no tendency for the near wake length could be detected with
a single base flap installed on top of the trailer rear end. Figure 36 highlights the effect of the
flap angle on the length of the near wake Lrz. The flap seems not to have a significant effect on
the near wake structure but on the free shear layer developing downstream the upper trailing
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edge of the trailer rear end. It is therefore concluded that different physical mechanisms occur in
the trailer wake for the configuration with a single base flap compared to that with a modified
underbody. The effect on the base pressure distribution and the resultant aerodynamic drag is
discussed in Section 5.2.4 and 5.2.6.
The measured flow fields reveal a significant influence of the underbody modifications on the
near wake behind the trailer. In addition to the changed wake structure and strength of the flow
upwash, the length of the near wake increases for higher diffuser slant angles. Since the rear
diffuser also affects the flow region close to the trailer base, the flow field indicates that the
pressure distribution at the base will be different.

5.2.3 Streamwise flow structures

For the configuration with a slant angle of 25◦, the local differences of the 2D-flow field at
X/Lm = 1.12 and Z/Hm = 0.35 in Figure 34 (a) and (d) underline that the flow is highly three-
dimensional in this region. Results from the literature [29, 31], discussed in Section 1.4.5, reveal
the development of longitudinal flow structures behind a rear diffuser in ground proximity at
high divergence angles. Since the visualisations in Figure 34 give no indication for the existence
of these structures, the flow field was measured in a section cut perpendicular to the freestream
flow 150 mm behind the trailer base (X/Lm = 1.136). The high out-of-plane velocity component
required the application of stereoscopic PIV in this section cut. The corresponding PIV setup is
described in Section 3.5.2.

(a) BL (b) RD25

Figure 37. Coloured contours of the mean streamwise velocity component U superimposed with every
third vector of the two in-plane velocity components V,W for the baseline (a) and for the
25◦ rear diffuser configuration (b) in a section cut perpendicular to the streamwise direction
150 mm behind the trailer base (X/Lm = 1.136). The view direction is from the model back
measured at a Reynolds number of 0.65 ·106 in the SWG wind tunnel.

The results obtained for the baseline case and the configuration with a diffuser slant angle of
25◦ are compared in Figure 37 in terms of the mean velocity vector field of the two in-plane
velocity components V,W and the out-of-plane velocity component U superimposed as contours.
For a better representation of the data, only every third velocity vector is shown. The axes were
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made dimensionless using the model dimensions, with the out-of-plane velocity U referred to
the freestream condition Uin f .
Behind the baseline configuration (Figure 37 (a)), two streamwise vortices develop in the upper
region of the measured section cut. These trailing vortices are generated at the upper corners
of the trailer rear end. The remaining flow region behind the trailer is characterised by a strong
flow upwash. For the 25◦ rear diffuser configuration (Figure 37 (b)), the mean flow topology is
completely different, especially in the lower region close to the ground. In this case, a pair of two
counter-rotating vortices is induced by the rear diffuser in the lower base region. As indicated by
the higher vertical flow velocities, these flow structures feed the near wake.
In general, the generated wake topology is similar to that known of the inclined rear end of an
Ahmed body, which is one of the benchmark cases in vehicle aerodynamics. Several research
studies, e.g. Han [39], detected a counter-rotating vortex pair and a strong downwash behind
the base. As presented by Han [39], the total aerodynamic drag of an Ahmed body increases
at higher slant angles, whereas the base drag decreases. This is correlated with a pressure rise
at the base, as a result of the additional entrainment into the wake by the trailing vortices. The
flow fields in Figure 37 (b) further reveal a similar scenario for the rear diffuser, which induce a
reduction in base drag. As discussed in Section 1.4.5, in previous studies with a rear diffuser
in ground proximity, the drag decreased only for small diffuser slant angles. In contrast to the
investigated generic bluff bodies, the base surface of the tractor-trailer model is much larger
than the surface of the longitudinal-projected diffuser wall. Therefore, the reduction in base
drag might exceed the additional diffuser drag, which would lead to a reduction of the total
aerodynamic drag at higher slant angles.

Summary

Since the flow of the near wake discussed in Section 5.2.2 was shown to be highly three-
dimensional flow, an additional measurement of the flow field in a cross-section perpendicular
to the trailer base was performed. To capture the high out-of-plane velocity component in a
cross-section perpendicular to the freestream direction, stereoscopic PIV was applied. Contrary
to the baseline configuration (Figure 37 (a)), the results of the rear diffuser configuration (Figure
37 (b)) reveal additional streamwise vortices close to the ground.

5.2.4 Influence on the pressure distribution at the trailer base

In Figure 38, the pressure coefficient CP (defined in Equation 2.10) determined along the
centreline of the trailer base is plotted over the Z-axis. BL stands for baseline configuration and
RD for the rear diffuser configuration with the diffuser slant angles labelled as numbers behind.
Compared to the baseline case, the CP-profiles in Figure 38 reveal higher pressures along the
entire base centreline for the rear diffuser configuration at slant angles of 15◦ and 25◦, which
indicates that base drag is reduced with increasing slant angles. This base pressure rise correlates
with the increased near wake length, as observed in Figure 34. This streamwise extension of the
near wake, shown in Figure 36, is a result of weaker mixing processes in the flow field pushing
the vortical structures downstream the base.
The profile of CP in Figure 38 (BL) reveals a different pressure characteristic in the upper
and the lower base region. This confirms the results of the measured near wake presented
in Figure 34 (a): Higher pressures are induced at the upper trailer base due to flow stag-
nation. The flow is deflected downwards and the high vertical flow velocities lead to a
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low-pressure region close to the base (see Figure 38 (BL)). Low pressures are associated
with high vertical flow velocities, since the vertical position of the centre of recirculation

Figure 38. Pressure coefficient CP determined along the
vertical centreline of the trailer base for the
model baseline (BL) and for the rear diffuser
configuration (RD) with different diffuser slant
angles measured at a Reynolds number of
0.65 ·106 in the SWG. The ordinate is referred
to the model height.

agrees with the minimum of the base pres-
sure. As can be seen in Figure 34 (b-d)
and Figure 38 (RD0 - RD25), for increas-
ing diffuser slant angles the recirculation
zone and the pressure minimum move up-
wards.
Additionally, the pressure distribution at
the base surface is presented in Figure 39
for the baseline and the rear diffuser con-
figurations. The coordinate axes repre-
sent the dimensions of the trailer base and
the pressure taps are indicated as black
dots. In agreement with the baseline case
(upper left contour plot), the pressure dis-
tribution obtained for the rear diffuser
equipped wind tunnel model is nearly
two-dimensional. Higher pressures are
induced at increasing diffuser slant angles
with the minimum pressure region shifted
upwards. Since the differences are largest
for 0.3 < Z/Hm < 0.6, the trailer under-
body modifications mainly influence the

lower base region. In contrast, the upper part of the base seems to be dominated by flow inter-
ferences induced by the separated shear layer. By comparing the induced base pressures of the
baseline and the 25◦ rear diffuser configuration, a significant influence of the underbody modifi-
cations on the base drag becomes obviously. Thus, it is concluded that the total aerodynamic
drag of the wind tunnel model is reduced.

5.2.5 Unsteady flow characteristics

The near wake behind the trailer is characterised by velocity fluctuations of the same order of
magnitude in both spatial dimensions (Figure 40). The high velocity fluctuations at the diffuser
outlet (Figure 40 (a) and (c)) reveal the generation of turbulent flow structures through the
diffuser. In the upper shear layer, high turbulence intensities are induced by the mixing processes
within the separated boundary layer close to the model rear end. As shown in Figure 40 (b)
and (d), the standard deviation in both spatial dimensions is more than twice as high behind
the upper trailing edge compared to the remaining near wake. Although there is no influence
of the modified underbody on the mean flow topology in the upper shear layer, the unsteady
flow characteristics are changed. The standard deviations are reduced at increasing diffuser slant
angles.
In the unsteady flow fields, the fluctuation of the base pressures are well correlated with the
vertical flow velocities, as shown in Figure 41. Higher fluctuations of the vertical flow velocities
close to the trailer base are associated with large base pressure fluctuations. However, the
influence of the diffuser slant angle on the flow unsteadiness in the near wake varies depending
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on the model height. As visualised in Figure 41 (left), the standard deviation of the pressure
signals at a slant angle of 25◦ is significantly reduced in the upper base region. The displacement
of the vortical flow structures downstream from the base induces a pressure rise, which implies
a reduction in drag of the tractor-trailer model with a rear diffuser. In the lower base region,
the 25◦ rear diffuser generates high pressure fluctuations which correlate with the detected flow
unsteadiness.

(a) BL (b) RD0 (c) RD10

(d) RD12.5 (e) RD15 (f) RD25

Figure 39. Distribution of the pressure coefficient at the trailer base for the model baseline configuration
(BL) and the rear diffuser configuration (RD) at different diffuser slant angles measured in the
SWG wind tunnel at a Reynolds number of 0.65 ·106. The coordinate axes represent the base
dimensions and the pressure taps are indicated as black dots.

Figure 42 gives an insight into the characteristic flow structures in the near wake. The unsteady
velocity field in the model symmetry is presented for the baseline (a) and the 25◦ rear diffuser
configuration (b) with the streamwise velocity as a contour plot. More details are reported in
Appendix A and B. As can be observed, large-scale flow structures are induced close to the base
in the case of the baseline configuration. For the configuration with the 25◦ rear diffuser, the
flow is more homogeneous, which underlines the previous statements.
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(a) X/Lm = 1.01 (b) X/Lm = 1.1 (c) X/Lm = 1.01 (d) X/Lm = 1.1

Figure 40. Results of PIV measured in the SWG at a Reynolds number of 0.65 ·106: Standard deviation
of the streamwise (a, b) and the vertical velocity component (c, d) at two different distances
behind the base centreline. The results were made dimensionless with the freestream velocity
(– BL, – RD0, – RD10, – RD25).

The pressure signals were therefore transformed into the frequency domain using a Fast Fourier
Transform (FFT). In Figure 43, the dimensionless spectral density of the pressure coefficient
is plotted over the dimensionless frequency as defined in Section 2.1.5, with both axes in
logarithmic scale for a better representation. The pressure signals were measured at a sampling
frequency of 2 kHz. To reduce leakage effects, each frequency signal was subdivided into
Hanning windows consisting of 4096 single values with a 50% overlap. Averaging of the single
window signals was used to increase the signal-to-noise ratio. The resultant frequency resolution
was 0.5 Hz. In Figure 43, the results of three pressure transducers located in the model centreline
are presented, at the upper and the lower trailing edge of the trailer box as well as near the base
centre.

Figure 41. Standard deviation of the pressure coefficient (left) and of the vertical velocity component at
X/Lm = 1.01 (right) at the symmetry plane for the baseline and the rear diffuser configuration
for three different diffuser slant angles measured at a Reynolds number of 0.65 ·106 in the
SWG wind tunnel (– BL, – RD0, – RD10, – RD25).

As can be seen in Figure 43 (a) and (b), with the 25◦ rear diffuser the spectral density of the
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measured pressure signal close to the upper trailing edge and the base centre is decreased nearly
in the entire frequency range. The slope of the energy and thus the decay in the inertial subrange
is comparable for both configurations. The broad peak at a frequency of 0.1 ≤ f ∗ ≤ 0.15
measured for the baseline configuration close to the base centre (Figure 43 (b)) is associated
with large-scale structures. In accordance to Figure 42 (b), these structures are less developed
in the case of the rear diffuser configuration (Figure 43 (b)). The broad peak at 1 ≤ f ∗ ≤ 1.5,
which corresponds to frequencies between 350-500 Hz, is associated with small-scale vortices.
The magnitude of the pressure fluctuations at these signal frequencies is ten times lower than the
maximum amplitudes in the low-frequency range.

(a) BL (b) RD25

Figure 42. Unsteady streamwise velocity component non-dimensionalised by the freestream velocity and
superimposed by every second vector of the unsteady velocity vector field in a streamwise
section cut of the near wake with view direction from the side for the baseline configuration
(a) and the 25◦ rear diffuser configuration (b) measured at a Reynolds number of 0.65 ·106 in
the SWG.

In agreement with the diffuser-induced large-scale flow structures close to the bottom trailing
edge of the trailer box, visualised in Figure 37 (b), the magnitude of the spectral density of the
measured pressure signals is significantly changed with a 25◦ rear diffuser (see Figure 43). As
visualised in Figure 43, the dominant frequency is reduced but the signal amplitude is increased
by nearly 40% compared to the baseline case. In the higher frequency range, the absolute
deviation of the pressure signal is significantly increased at frequencies of f ∗ ≥ 0.3. At this
diffuser slant angle, the diffuser wall at the outlet overlaps with the bottom trailing edge of
the trailer box. Thus, the generated longitudinal vortices induce small-scale vortex structures,
characterised by a high turbulence intensity which increases the pressure fluctuations at high
frequencies. Because vortical flow structures are associated with low pressure values, the reduced
kinetic energy level in the near wake reflects a reduction of the induced base drag.
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(a) Z/Hm = 0.97 (b) Z/Hm = 0.69

(c) Z/Hm = 0.33

Figure 43. Dimensionless spectral density of the pressure coefficient at three different vertical pressure
tap locations in the model symmetry plane for the baseline (– BL) and the 25◦ rear diffuser
configuration (– RD25) for three different diffuser slant angles measured at a Reynolds number
of 0.65 ·106 in the SWG wind tunnel.

5.2.6 Potential for the reduction in base drag

In Figure 44, the variation of the drag and base pressure coefficient for the investigated diffuser
slant angles are compared to those obtained for the model baseline configuration. The aerody-
namic drag coefficient CD is defined in Equation 2.16 and the mean base pressure coefficient CP∗
is obtained by the average of all measured pressure signals CP,i at the trailer base in time and
normalised with the dynamic pressure of the freestream flow Pdyn (Equation 2.12).
As shown in Figure 44, the underbody modification of the trailer with a full fairing slightly
reduces the aerodynamic drag of the wind tunnel model. From the small amount of available
experimental data, it is difficult to quantify the specific influence of the full fairing on the
local flow region underneath the trailer. This is investigated in Section 6.3 based on the three-
dimensional flow fields predicted in numerical simulations. In agreement with the detected base
pressure rise at increasing diffuser slant angles, discussed in Section 5.2.4 and also visualised
in Figure 44, a reduction of the total aerodynamic drag is induced by the rear diffuser. At the
maximum investigated slant angle of 25◦, the drag coefficient CD is reduced by around 2.31%.
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The aerodynamic drag reduction directly correlates to a pressure rise at the trailer base. In the
case of the 25◦ slant angle, the mean pressure coefficient CP∗ increases by around 22%.

Figure 44. Model configuration with an underbody full fairing and a rear diffuser at different slant angles
in the range of 0◦ to 25◦ measured in the SWG wind tunnel at a Reynolds number of 0.65 ·106:
Reduction of the aerodynamic drag coefficient and mean base pressure rise at the trailer base
with the results in relation to the model baseline configuration.

The influence of the rear diffuser on the induced base drag was estimated by integrating the
measured pressure distribution of the different model configurations over the base surface. Based
on the mean base pressure coefficient CP∗, the absolute variation in base drag was calculated by
multiplying the dynamic pressure Pdyn of the freestream flow and the cross-sectional area of the
trailer base surface Ab. The comparison to the reduction of the total aerodynamic drag measured
with the internal force transducer provided an absolute drag reduction of the same order of
magnitude. This confirms the specific influence of the rear diffuser on the low-pressure region
behind the trailer and underlines that these effects can be resolved using advanced measuring
techniques in wind tunnel experiments.

Figure 45. Configuration with a single baseflap installed on top of the trailer rear end (left) and variation
of the mean drag and base pressure coefficient at different flap angles measured at a Reynolds
number of 0.65 ·106 in the SWG (right).

For comparison, the measured variation of the drag coefficient and the influence on the base
pressure distribution of a single base flap installed on top of the trailer rear end (Figure 45 (left))



66 5 Scale model wind tunnel experiments

is presented in Figure 45 (right). The flap length was chosen to be a quarter of the model width
which corresponds to 42 mm. This agrees well with the optimum flap length of 0.61 m as found
by Cooper [14] for a full-scale tractor-trailer with a vehicle width between 2.5 m and 2.6 m
which is also described in [96].
The results show a reduction in aerodynamic drag and a simultaneous increase of the pressures
at the base with increasing flap angles. This observation corresponds to the working principle
of baseflaps inducing a pressure recovery along the flap length. At an angle of 25◦, the flow
detaches from the flap surface and the drag coefficient falls rapidly. At a flap angle of 0◦, the flap
is parallel to the trailer roof and induces an increase in aerodynamic drag as can be seen in Figure
45 (right). In this case, the flap should behave like a base cavity (see Figure 2 (a)) inducing a
shift of the separated flow structures downstream the base. The displacement of the vortical
structures, characterised by low pressures, should induce a pressure rise at the base. It is guessed,
that the lateral edges of the baseflap amplify the generation of streamwise flow structures at the
trailer rear end, which induce a pressure drop at the base and therefore an increase in drag.
Based on the investigated range of angles, the maximum drag reduction of 2.25% was measured
at a flap angle of 15◦. Since this improvement corresponds roughly to that induced by the rear
diffuser configuration, the drag reduction achieved with the trailer underbody modifications is
significant. In this respect, the presented configuration with a diffuser installed on the underbody
rear end of a tractor-trailer is a promising modification with substantial advantages to the flow
control devices presented in Section 1.4.3.
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5.3 Efficiency enhancement of the rear diffuser

After showing that an underbody full fairing with a rear diffuser is a practicable method for
the aerodynamic drag reduction of a tractor-trailer configuration, this section focuses on an
improvement of the diffuser performance by using additional guide vanes installed on the
diffuser wall. Additionally, the resultant influence of the diffuser side plates was determined
with regard to the aerodynamic quality.

5.3.1 Rear diffuser configurations

As part of the wind tunnel measurements in the SWG, the investigation of different diffuser
modifications was based on the rear diffuser configuration at a slant angle of 25◦ and installed
side plates. An overview of all investigated configurations is presented in Figure 46.

(a) (c) (e)

(b) (d) (f)

Figure 46. Tractor-trailer model configuration with an underbody full fairing and a 25◦ rear diffuser with
equipped diffuser side plates (a), without diffuser side plates (b), with diffuser side plates
including one (c) and two longitudinal guide vanes (d) and two configurations with diffuser
side plates and angled guide vanes (e-f).

Table 2 gives a description of the investigated diffuser modifications presented in Figure 46.
The size of the longitudinal guide vanes was consistent with the diffuser side plates, which
corresponded to the dimensions of the rear diffuser presented in Figure 33. In the case of
configuration RD25-GV1, a single guide vane was installed on the diffuser centreline. For
the configuration with two guide vanes (RD25-GV2), gaps of 0.3-0.4-0.3 of the diffuser width
were left. The angled guide vanes were installed on the centreline of the diffuser inlet. Two
configurations with angles of 11◦ and 17◦ were experimentally tested.



68 5 Scale model wind tunnel experiments

Configuration Description

a RD25 25◦ rear diffuser configuration
b RD25-noSP RD25 w/o diffuser side plates
c RD25-GV1 RD25 with one centred guide vane
d RD25-GV2 RD25 with two guide vanes
e RD25-GV3 RD25 with two 11◦ angled guide vanes
f RD25-GV4 RD25 with two 17 ◦angled guide vanes

Table 2. Description of the experimentally investigated 25◦ rear diffuser configurations
as presented in Figure 46.

5.3.2 Influence on the base drag

In Figure 47, the relative variation of the drag and mean base pressure coefficient is shown for the
different configurations in comparison with the baseline case. The absolute variation of the drag
force measured with the internal force transducer and estimated by the measured base pressures
is presented in Figure 48. In contrast to experiments of generic bluff bodies, the diffuser side
plates increase the aerodynamic performance of the rear diffuser. In general, a stronger vortex
roll up is assumed to be generated with no side plates, whereas these observations were made
using a generic body and the diffuser expanded along the body width. Here, the lateral expansion
of the diffuser is restricted by the trailer track width.

Figure 47. Mean drag and base pressure coefficient variation of the different diffuser modifications
referred to the model baseline configuration measured at a Reynolds number of 0.65 ·106 in
the SWG.

The measured drag reduction for the configurations using straight guide vanes (RD25-GV1/GV2)
is not associated with a pressure rise on the base (Figure 47 and 48). In fact guide vanes seem
to reduce the diffuser drag, perhaps by preventing the interaction of generated flow structures
among each other. By using angled guide vanes of the same dimensions, a further reduction
in drag could be achieved. The best performance was observed for the configuration with a
vane angle of 17◦ (RD25-GV4) with a reduction of the drag coefficient of 3.3% compared to the
baseline configuration. For all tested configurations, the predicted base drag reduction exceeds
that of the measured total aerodynamic drag (Figure 48).
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Figure 48. Absolute drag force variation calculated from the force (FM) and base pressure measurement
(PM) results for different diffuser modifications referred to the model baseline configuration
measured at a freestream dynamic pressure of 2100 Pa in the SWG.

Figure 49 compares the mean pressure coefficients (left) and the corresponding standard de-
viations (right) in the base centreline for the baseline case, the 25◦ rear diffuser configuration
(RD25) and the most effective diffuser configuration (RD25-GV4). The additional guide vanes
at the diffuser wall further enhance the base pressure along the entire base height. Further, the
mean pressure rise at the base correlates with a reduced pressure fluctuation.

Figure 49. Mean pressure coefficient (left) and standard deviation of the pressure coefficient (right)
along the trailer base centreline for the baseline configuration (BL), the 25◦ rear diffuser
configuration (RD25) and the 25◦ rear diffuser configuration with 17◦-angled guide vanes
(RD25-GV4) measured at a Reynolds number of 0.65 ·106 in the SWG wind tunnel.

5.3.3 Influence on the near wake

In Figure 50 (left), coloured contours of the mean vertical velocity component superimposed by
every fifth vector of the mean velocity vector field is presented. The coordinate axes are based on
the model dimensions. From a qualitative perspective, the near wake topology is similar to the
one obtained for the 25◦ rear diffuser with no guide vanes presented in Figure 34 (d). Slightly
higher vertical velocities are induced close to the trailer base, as well as a reduced flow upwash.
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To analyse the wake flow in more detail, the length of the recirculation zone in lateral direction
is presented in Figure 50 (right) for the baseline configuration (BL) and the 25◦ rear diffuser
configuration with 17◦-angled guide vanes (RD25-GV4). Furthermore, the results for the rear
diffuser configurations at a slant angle of 0◦ (RD0), 10◦ (RD10) and 25◦ (RD25) are shown
in the near wake centreline. An increasing length of the recirculation zone correlates with a
pressure rise at the trailer base, inducing a reduction in base drag. The increased length of the
near wake is a result of a displacement of the turbulent flow structures, characterised by low
pressures, downstream from the base. That the unsteadiness in separated flow regions is reduced
by drag-reducing methods was also observed in the literature, for example see [51]. These studies
confirm that a reduction in base drag is often combined with a lower turbulence intensity close to
the base.

Figure 50. Contour plot of the vertical velocity component superimposed by every fifth vector of the
mean velocity vector field in the model symmetry for the configuration with the 25◦ rear
diffuser and 17◦-angled guide vanes (RD25-GV4) on the left-hand side and spatial expansion
of the recirculation zone in lateral direction for the baseline configuration (BL), the rear
diffuser configuration at different diffuser slant angles (0◦, 10◦ and 25◦) and the configuration
RD25-GV4 measured at a Reynolds number of 0.65 ·106 in the SWG wind tunnel (right).

5.3.4 Summary

In conclusion, it was shown that for different model configurations investigated in scale model
wind tunnel experiments in the SWG, it was possible to clarify how much reduction of the
base drag can be realised by modifying the trailer underbody geometry. Even more, the trailer
underbody full fairing with a rear diffuser turned out to significantly reduce the drag due to a
flow induced base pressure rise.
From a methodological perspective, this section also demonstrated the application of advanced
measuring techniques in wind tunnel experiments as a technique for detailed investigations in
heavy vehicle aerodynamics. The scale model experiments were used as an efficient method to
quantify the potential of model modifications on the total aerodynamic drag and to study the
influence on the flow physics. Whether these results represent a reasonable prediction of the
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wake flow characteristics behind a full-scale tractor-trailer configuration under real operating
conditions will be discussed in Section 7.
Making use of the details of the flow field obtained in the velocity and pressure field measure-
ments, the configuration with a modified trailer underbody using a full fairing and a rear diffuser
was found to reduce the aerodynamically induced drag of the wind tunnel model. With regard to
an implementation into the current vehicle design, these add-on devices do not affect neither the
functionality nor guidelines for the vehicle dimensions.
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6 Numerical simulation of the wind tunnel experiments

Comprehensive aerodynamic studies are usually based not only on experiments but also on
numerical flow simulations. For simplified model geometries, in some cases even theoretical
calculations can provide a good estimation of aerodynamic flow quantities. For realistic model
geometries, the application of numerical and experimental engineering tools is mandatory.
In the last decade, the capabilities of computational fluid dynamics (CFD) and the available
computing performance have been improved rapidly. In the meantime, CFD is a powerful tool
in aerodynamic design processes. One of the main features of CFD in industrial development
processes is cost efficiency. Another advantage is that information are already available in the
early stage of the design process. Further, CFD-simulations can fill the gap left by experiments by
providing the complete unsteady 3D flow field and the possibility of conducting comprehensive
parameter variations. At the beginning of the 21st century, with the rapid progress in computa-
tional technology it was assumed that experimental investigations will be replaced by CFD in
the future. Although, in past decades they have made a substantial contribution to aerodynamic
design processes, experiments are still required for validation purposes. They are also often the
only possible approach for the investigation of complex flow fields in the high Reynolds number
regime. In this thesis, simplified forms of the Navier-Stokes equations, the steady-state and the
unsteady Reynolds-averaged Navier-Stokes (RANS) equations, were solved iteratively together
with different turbulent viscosity models.
The following sections describe the steps taken to conduct numerical simulations of the flow
around a scale model of a detailed tractor-trailer configuration. The simulations were defined to
match the experimental investigations in the SWG wind tunnel as discussed in Section 3 and 5
and were conducted by Joachim Tschech and Henri Karhula as part of their diploma and bachelor
thesis at DLR in 2012/2013 [117, 50]. CFD contributed to the understanding of the specific
flow phenomena around a tractor-trailer configuration by providing three-dimensional flow field
data. As an example, the predicted surface pressure and the 3D streamlines around the baseline
configuration are presented in Figure 51. Another intention of the use of CFD is the detailed
analysis of the effects induced by trailer modifications using an underbody full fairing and a rear
diffuser on the wake flow structures behind the trailer and the resultant pressure distribution at
the trailer base.
Furthermore, the practicability and reliability of CFD as an engineering tool for investigations in
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Figure 51. Three-dimensional flow field data of the baseline configuration predicted by steady-state
RANS presented as streamlines colour-coded with the mean velocity magnitude and the
surface pressure distribution on the model geometry.

vehicle aerodynamics is discussed and classified in comparison with the experimental methods
applied in this thesis.

6.1 Preparation and pre-test results

This section describes all of the relevant information concerning the computational setup,
consisting of the computational domain (including the model geometry), the mesh topology
for the spatial discretisation, the defined initial and boundary conditions and the set flow solver
parameters.

Model geometry

The geometry of the investigated tractor-trailer model (Figure 52 (left)) is in accordance with
the experimental model used in the SWG wind tunnel measurements (Figure 52 (right)). To
guarantee this, the tractor cabin was laser scanned. After converting the generated point cloud in

Figure 52. Geometry of the 1/15th scale tractor-trailer model used in the numerical simulations (left) and
wind tunnel model of the experimental investigations in the test section of the SWG (right).

a surface model, it was combined with the remaining CAD data of the experimental model to a
waterproofed geometry. Some minor simplifications neglecting the small-scale contours on top
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of the tractor cabin were introduced to reduce the preparation time for the model geometry and
the computational effort.

Computational domain

Initially, a computational domain reproducing the entire SWG test section including the wind
tunnel nozzle was used for the simulations (Figure 53). In accordance with the experimental setup
in the SWG, the geometry consisted of the tractor-trailer model geometry (shown in blue/black)
installed on the ground board (shown in brown) located as predefined by the wind tunnel setup.
In order to simplify the domain geometry, the ground board fastening sleeves and the wind
tunnel diffuser at the end of the test section were not considered, since diffuser induced flow
field interferences at this distance behind the model can be neglected in the closed test section of
the SWG. All domain surfaces were defined as no-slip walls with a pressure outlet defined at
the domain exit in accordance with the experiments, where a gap was left at the end of the wind
tunnel test section for pressure compensation with the atmosphere. The boundary conditions at
the nozzle inlet were set to simulate the freestream flow in the wind tunnel experiment.

Figure 53. Computational domain representing the experimental setup in the SWG wind tunnel consisting
of the tractor-trailer model installed on the ground board inside the test section.

The large dimensions of the computational domain combined with a high grid density, needed
to resolve all relevant flow structures, resulted in a enormous computational effort. Due to the
large number of model configurations which had to be considered, the computational costs were
reduced by using a smaller domain size for the major part of the simulations. To avoid influences
of the domain walls on the flow around the model, a far-field was simulated by using slip wall
conditions. The smaller domain size was defined as 5 m × 1.2 m × 1 m (length × width ×
height) compared to the SWG test section dimensions of 9 m × 2.4 m × 1.6 m. The ground
board boundary layer was simulated by setting no-slip wall conditions starting from 660 mm in
front of the tractor-trailer model, which is consistent with the experimental setup in the SWG. In
the case of the smaller domain, no wind tunnel interferences as blockage effects or the induced
longitudinal pressure gradient inside the test section were considered.

Discretisation grid

A structured grid consisting of around 30 million cells with a prism layer for boundary layer
simulation was generated with the software package STAR-CCM+. The model surface was
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reproduced by approximately 7.5 ·105 square and triangular elements with a mesh size between
0.5 and 2 mm. A fine and uniform model surface grid was required for an accurate prediction
of the surface pressure distribution for the calculation of the resultant aerodynamic loads. The
volume grid, consisting of hexahedral cells, was refined in regions of large velocity gradients. For
an accurate simulation of the vortical structures with an acceptable level of unresolved turbulent
kinetic energy in the trailer wake, the mesh was refined to a cell size of 2 mm over a length of
three model lengths behind the trailer base.
The close-to-wall flow regions were resolved by using four prism layers with a stretching
factor of the grid spacing of 1.2. Based on the specific inflow conditions, the distance of
the first prism layer from the model shape was estimated to 0.4 mm by using a flat plate

Figure 54. Distribution of the dimensionless wall
distance Y+ on the model contour for the
baseline configuration.

approach at a distance of 1 m. This corre-
sponds to a dimensionless wall distance of Y+
= 60 with Y+ as defined in Equation 6.1:

Y+=
Y ·Uτ

ν
, (6.1)

with the normal distance from the wall Y , the
friction velocity Uτ =

√
τw/ρ and the kine-

matic viscosity ν . A hybrid wall function ap-
proach was used to resolve the flow regions
close to the walls at a reduced grid resolution.
This means that no wall function approach was
used in wall regions of a very fine mesh (Y+ <
1) were the viscous sublayer was resolved. In
coarser wall mesh regions, the velocity values
for the wall mesh cell was set using the loga-
rithmic law. To apply this wall function approach, the first grid cell was specified in the range
of 30 < Y+ < 300 for the region of the logarithmic sublayer. As a main parameter for the grid
quality, the resultant Y+ distribution around the model shape is shown in Figure 54. As can be
seen, the spatial resolution of the boundary layer zone was sufficiently accurate for the specific
flow parameters since Y+ < 60. In accordance with the prism layer, the entire volume grid
was generated fulfilling the grid quality indicators such as the cell skewness, the aspect and the
expansion ratio. Besides this, a grid independence study was performed as a way to investigate
the influence of discretisation errors on the interpretation of the numerical results. In this case,
the grid spacing of the evaluation grid was reduced by a factor of two in all spatial dimensions.
No influence of the mesh resolution on the numerical results could be detected.

Flow solver

The computational studies presented in this thesis are based on the solution of the steady-state and
unsteady Reynolds-averaged Navier-Stokes (RANS) equations, which are given in the following:
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with the Reynolds stress tensors τ
′
i j = −ρU ′

iU
′
j and σ

′
ii = −ρU ′2

i due to turbulent mixing pro-
cesses. The RANS and URANS equations were solved using the software packages OpenFOAM
and STAR-CCM+. The solutions were obtained in an iterative process with a segregated solver,
using the cell-centred finite volume method (FVM). Second order upwind discretisation was
applied for the momentum, mass, turbulent kinetic energy and turbulence dissipation rate equa-
tions. For the pressure correction, the SIMPLE algorithm was applied for steady-state RANS
and the PISO algorithm in the case of unsteady RANS (URANS). The simulations were started
from uniform flow conditions with a simple potential flow solver to generate a starting field. The
solver based on the potential theory created a laminar inviscid flow field which served as an
initial solution. After reaching a quasi steady-state, the solution process was changed either to
the steady or unsteady simulation mode. For the unsteady solution process, the defined time step
size of ∆t = 5 ·10−4 was prescribed corresponding to a Courant number of less than one, which
is the requirement for a stable solution with an explicit time scheme for the convective terms
in the URANS equations to resolve the transient fluid motion. In the case of the steady-state
solution, the convergence criterion was satisfied after around 10.000 iterations. The unsteady
solution reached its equilibrium after 3 s of simulation time. In total 10.000 time steps were
performed resulting in a simulation time of 5 s.
The initially used k− ε model [49] provided no sufficiently accurate prediction of the mean flow
field in the trailer wake compared to the experimental data. Higher flow velocities were predicted
close to the ground with a mean recirculation region not as pronounced as those measured in
the experiments. Furthermore, a second strong developed counter-rotating vortex close to the
upper trailing edge of the trailer base was predicted and the resultant drag coefficient was lower
by around 30% compared to the experimental data. Due to these deviations, the shear stress
transport (SST) k−ω turbulence model [67], a widely used standard for simulations in vehicle
aerodynamics, was tested to ascertain the quality of the predicted flow around the investigated
tractor-trailer geometry. The SST k−ω turbulence model, a two-equation eddy-viscosity model,
is a combination of the standard k− ε model, efficiently working in the freestream flow, and the
original Wilcox k−ω turbulence model [125] with a superior performance close to walls. Finally,
the SST k−ω turbulence model improved the prediction of the mean wake flow structures in the
trailer wake and the resultant pressure distribution at the trailer base significantly. Initially, Salari
et al. [95] suggested the two-equation SST k−ω turbulence model to be suitable for simulations
of bluff body flow. Similar observations were also made by Pevitt et al. [83]. Due to the superior
performance of the SST k−ω turbulence model in comparison to the standard k−ω and the
k− ε model, it was selected for all numerical simulations discussed below.

Flow parameters and simulated configurations

In accordance with the wind tunnel experiments, all numerical simulations were further per-
formed at a zero yaw angle of the tractor-trailer model regarding the direction of the freestream
flow. The ambient conditions were set to a temperature of 295.15 K at a density of 1.205 kg/m3.
Computations were performed for a Reynolds number of 0.65 ·106 only, which corresponds to a
freestream velocity of 59 m/s at the model centre. In addition to the simulation for the baseline
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case, computations for angles of 10◦, 15◦ and 25◦ of the rear diffuser installed at the end of the
underbody full fairing were conducted.
For comparing the CFD predictions with the wind tunnel measurements in the SWG, the
simulations do not consider the engine cooling flow, wheel rotation or a moving ground. The
only case where the ground was simulated as moving can be found in Section 6.3.2, which is
aimed at investigating the specific influence of a realistic model-to-ground interaction on the
flow field quantities. The remaining simulations are based on the experimental setup in the wind
tunnel.

6.2 Validation of CFD using experimental data

To validate the CFD simulations, the predicted flow fields were compared to those obtained in
the wind tunnel measurements. For this validation, the measured and the predicted velocity fields
in the wake region, the pressure distribution at the trailer base and the resultant aerodynamic
drag were compared.

6.2.1 Near wake structure

For a proper comparison of the predicted and measured flow field, a similar spatial resolution was
required in both data sets. To sufficiently resolve the turbulent flow structures in the trailer wake,
the evaluation mesh size of the numerical simulations was set to 2 mm in all spatial dimensions.
By using a final evaluation window size of 24 × 24 px for the analysis of the particle images of
PIV, the results provided a velocity vector every 1.87 mm, which made them comparable to the
numerical data.

Baseline configuration

In Figure 55, the mean velocity distributions in the wake of the baseline configuration predicted
with steady-state RANS simulations (left) and measured in the wind tunnel experiments (right)
are presented in a vertical streamwise cut located at the model centreline (Y/Wm = 0) in a side
view. Contours of the vertical mean velocity component W are superimposed by the mean
velocity vector field, whereas only every fifth vector is presented. The vertical flow velocities
were made dimensionless with the freestream velocity Uin f , the flow direction is from left to right
and the trailer box end is indicated as a black rectangle on the left-hand side of the illustrations.
The length scales are presented in dimensionless form based on the model dimensions.
Figure 55 reveals a similar flow topology of the measured and predicted mean velocity field in
the trailer wake, which is dominated by a mean recirculation region energised by fluid material
from the model underbody. The induced flow upwash is characterised by vertical flow velocities
of up to 40% of the freestream flow, but the measured absolute values exceed the numerical
predictions. Furthermore, in contrast to the experiment, the RANS method predicts a mean
recirculation zone, which does not extend to the upper trailing edge of the trailer rear end. Also
the length of the near wake at 1.11 of the trailer box height Hb is thus overpredicted compared to
experimental results with a length of 0.96. The increased extension of the near wake and the
slightly weaker flow upwash is a result of the overpredicted underbody flow velocities, since
the wake behind the trailer is mainly affected by the underbody flow and weakly influenced by
the upper separated shear layer. The overpredicted near wake length is characteristic for bluff
body simulations using steady-state RANS models, as for example pointed out by Roy et al.
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(a) CFD (b) EXP

Figure 55. Contour plot of the vertical mean velocity component W superimposed by every fifth vector of
the mean velocity vector field in the centreline of the trailer wake for the baseline configuration
predicted by steady-state RANS simulations (left) and measured in the wind tunnel experiments
(right) at a Reynolds number of 0.65 ·106.

[92]. Also higher vertical flow velocities were measured close to the trailer base. Since low
pressures are associated with high tangential flow velocities and high pressures are a result of
flow stagnation, the predicted base pressure values must exceed the measured ones.
For a quantitative comparison, profiles of the flow velocities in freestream direction are plotted in
Figure 56 at different positions behind the model. The same axis definitions were used with the
streamwise velocity component U in dimensionless form referred to the freestream velocity Uin f .
The predicted velocity profiles are consistent with the experiments, from both a qualitative and a
quantitative point of view. Though, the absolute values are overpredicted close to the ground,
and underpredicted in the upper wake region.
Another quantitative comparison of the measured and predicted flow velocities in the centreline of
the trailer wake is presented in Figure 57. The differences of both in-plane velocity components
were determined using the absolute velocity values as follows:

∆U = |UCFD|−
∣∣UExp

∣∣ , (6.5)

∆W = |WCFD|−
∣∣WExp

∣∣ . (6.6)

Thus, an overprediction by CFD is indicated by positive values and an underprediction by
negative ones.
As can be observed in Figure 57 (left), the streamwise velocity component U is underpredicted
by up to 20% of the freestream flow velocity Uin f in the upper shear layer. The region of the flow
upwash is characterised by streamwise velocities which are overpredicted by up to 10% of Uin f .
In the case of the vertical velocity component W , the differences between numerical simulation
and experiment are less significant. As shown in Figure 57 (right), maximum deviations are
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Figure 56. Measured (indicated in black) and predicted (indicated in red) dimensionless mean streamwise
velocity component U at different longitudinal positions behind the model centreline of the
baseline configuration at a Reynolds number of 0.65 ·106. The coordinate axes are based on
the model dimensions.

obtained in the region of the flow upwash as a result of the different measured and predicted
length of the near wake. Compared to the streamwise velocity component, the differences of the
measured and predicted vertical flow velocities are significantly larger close to the trailer base,
also indicating strong differences of the induced base pressures.

(a) ∆U/Uin f (b) ∆W/Uin f

Figure 57. Deviation of the streamwise mean velocity component U (left) and vertical mean velocity
component W (right) between steady-state RANS and experiments for the baseline configura-
tion, presented as a contour plot in the symmetry plane behind the model (Reynolds number
of 0.65 ·106). Both the coordinate axes and the relative velocity deviations are presented in
dimensionless form referred to the model dimensions and the freestream velocity, respectively.
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25◦ rear diffuser configuration

One reason for using CFD in this thesis is that it provides three-dimensional flow fields allowing
for the detailed analysis of flow structures induced by the trailer underbody modifications, which
can contribute to the understanding of the drag-reducing effects. In Figure 58, the measured
(right) and predicted (left) vertical mean velocity component W superimposed by every fifth
vector of the mean velocity vector field obtained for the 25◦ rear diffuser configuration is
presented.
The comparison to the experiment (Figure 58 (right)) reveals that the strong influence of the
modified trailer underbody on the mean flow in the trailer wake is well reproduced by the
numerical simulations (Figure 58 (left)). In accordance to the baseline case, a similar mean flow
topology but lower absolute flow velocities are predicted behind the base. The length of the near
wake is 1.43 of the trailer box height Hb in the simulation and 1.18 in the experiment, which
amounts to an overprediction of 21.2%. The relative extension of the near wake induced by the
underbody modification is of the same order of magnitude. Based on the near wake length of
the baseline configuration, it is increased by 28.8% in the simulations and 22.9% in the wind
tunnel experiments. Additionally, compared to the baseline configuration the prediction of the
vertical flow velocities close to the trailer base are more reliable, which implies that the trailer
base pressures agree better with the measurements.

(a) CFD (b) EXP

Figure 58. Contour plot of the vertical mean velocity component W and every fifth vector of the mean
velocity vector field in the symmetry plane behind the model configuration, with the 25◦

rear diffuser (RD25) predicted by steady-state RANS (left) and measured in the wind tunnel
experiments (right) at a Reynolds number of 0.65 ·106.

In conclusion, the CFD predictions are in qualitatively good agreement with the experimental
results of the wind tunnel measurements. The flow topology in the near wake is well predicted,
whereas the absolute velocities are lower in the simulations than measured in the experiments. It
could be shown that even the complex flow field behind a tractor-trailer can be well predicted by
a steady-state RANS simulation.
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6.2.2 Streamwise flow structures

In addition to the above analysed flow fields in streamwise planes, the comparison of the velocity
vector field in a cross-section cut orthogonal to the freestream direction is presented to gain some
insight into the expected large-scale vortices induced by the rear diffuser. As discussed in Section
5.2, longitudinal vortex structures were observed in the flow field obtained with stereoscopic
PIV in the wind tunnel experiments at a rear diffuser angle of 25◦ (Figure 59 (right)). With the
rear diffuser, additional fluid material is expected to be accelerated into the near wake region,
which would increase the pressure at the trailer base. The measured and predicted distributions
of the streamwise vorticity component is presented in Figure 59 in a cross-section located 150
mm behind the model (X/Lm = 1.136) viewing towards the rear of the model. Contours of the
dimensionless mean vorticity values are illustrated with the mean velocity vector field of the two
in-plane velocity components superimposed. To visualise the induced flow structures, only every
third vector is shown with an equal vector length.

Figure 59. Mean streamwise vorticity contour plot and every third vector of the normalised mean velocity
vector field at X/Lm = 1.136 predicted by steady-state RANS simulations (left) and measured
in the experiments (right) for the baseline case (top) and the 25◦ rear diffuser configuration
(bottom) at a Reynolds number of 0.65 ·106.

The colour-coded streamwise vorticity reveals higher predicted values but with the same qual-
itative effect of the 25◦ rear diffuser on the longitudinal vortex structures in the near wake.
Compared to the baseline configuration (Figure 59 (top)), two counter-rotating vortices are
clearly visible in the lower part of Figure 59 (bottom). The absolute values are quantitatively
overpredicted, whereas the effect of the underbody modifications on the mean flow topology is
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comparable.
Further, in agreement with the experimental investigations in the SWG, the results of the simula-
tions also reveal the generation of additional streamwise flow structures for the configuration
with a 25◦ rear diffuser.

6.2.3 Base pressure distribution

The measured and predicted base pressure fields for the investigated model configurations are
presented in Figure 60 and 61. The predicted distributions were interpolated based on the surface
mesh size of 2 mm in both spatial dimensions, while for the measurements the values at the
pressure tap locations, indicated as black dots in Figure 60 and 61 (right), were used. Both,
the predicted and measured pressure fields were normalised with the same reference pressure
measured with a static pressure probe close to the trailer base (Section 3.4) and the coordinate
axes were normalised with the model dimensions.

(a) CFD (b) EXP

Figure 60. Distribution of the mean pressure coefficient at the trailer base for the baseline configuration,
predicted by steady-state RANS simulations (left) and measured in the SWG wind tunnel
experiments (right) at a Reynolds number of 0.65 ·106. The coordinate axes are based on the
model dimensions.

The comparison reveals quantitative agreement of the mean base pressure distributions for both,
the baseline (Figure 60) and the 25◦ rear diffuser configuration (Figure 61), characterised by
minimum values in the lower and maximum values in the upper base region. As shown in Figure
55 for the baseline configuration and in Figure 58 for the configuration with a 25◦ rear diffuser,
a smaller vertical extension of the near wake is predicted. This means that the flow stagnates
closer to the base centre. As can be observed in Figure 60 (a) and Figure 61 (a), this is confirmed
by the shifted pressure maximum downwards from the upper trailing edge. From the quantitative
point of view, the results of the simulations reveal higher base pressures than measured in the
experiments.
As generally known, steady-state RANS is not suitable for the accurate prediction of the pressure
field in separated flow regions behind a bluff body. Nevertheless, the numerical simulations
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predict a pressure rise at the trailer base for the 25◦ rear diffuser, which is in accordance with the
results of the wind tunnel measurements in the SWG. A base drag reduction is therefore also
predicted by the simulations.

(a) CFD (b) EXP

Figure 61. Distribution of the mean pressure coefficient at the trailer base for the 25◦ rear diffuser
configuration with underbody full fairing, predicted by steady-state RANS simulations (left)
and measured in the SWG wind tunnel experiments (right) at a Reynolds number of 0.65 ·106.
The coordinate axes are based on the model dimensions.

6.2.4 Influence on the aerodynamic drag

The effect of the trailer underbody modifications on the base drag was determined by integrating
the measured pressure signals over the base surface according to Equation 2.12. In the case
of CFD, the average was determined by using only the pressure values at the pressure tap
locations of the wind tunnel model. Table 3 presents the arithmetic average of the measured
and predicted mean base pressure coefficients obtained for the model baseline and the 25◦ rear
diffuser configuration.

Baseline 25◦ rear diffuser
configuration configuration

CFD -0.111 -0.089
Experiment -0.135 -0.106

Table 3. Mean base pressure coefficient integrated over the base surface (CP∗) for the baseline case and
the modified model configuration with a diffuser slant angle of 25◦. Results measured in the
wind tunnel experiment and predicted by steady-state RANS at a Reynolds number of 0.65 ·106.

Consistent with the previous findings, the base pressures are overpredicted for both configurations,
whereas the relative increase of the pressure coefficient for the configuration with diffuser is
well predicted by CFD. Compared to the baseline case, a mean base pressure rise of 19.8% is
predicted by the simulations, compared to 21.9% measured in the experiments.
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The experimentally and numerically obtained aerodynamic drag coefficients of the baseline
case and all investigated diffuser configurations are summarised in Figure 62. In addition to the
results of the steady RANS simulations, those obtained by unsteady RANS (URANS) with an
implicit unsteady flow solver are presented. In the case of steady RANS, the drag coefficient was
averaged over the last 200 iteration steps while an averaging time of 1 s was achieved to average
the unsteady coefficients obtained with URANS. In general, the predicted drag coefficients are
overestimated compared to those of the force measurements in the SWG wind tunnel. At higher
diffuser slant angles, the relative predicted drag reduction is about one order of magnitude lower
than the ones of the experiment.

Figure 62. Measured and predicted relative reduction of the drag coefficient for the rear diffuser configu-
rations compared to the baseline case (left). Overview of all experimentally and numerically
obtained aerodynamic drag coefficients (right).

6.2.5 Summary

Despite differences in the predicted streamwise extension of the near wake and the absolute
velocity values, the mean flow field quantities in the trailer wake predicted by steady-state RANS
are in qualitatively good agreement with the experimental data. In particular, the generation
of additional streamwise flow structures through the 25◦ rear diffuser was well predicted. The
quantitative differences of the numerical results can be explained by the used steady-state
approach. It is well known that steady-state RANS does not predict the periodic flow structures
in the near wake. As shown by Roy et al. and Salari et al. [93, 95], the prediction of separated
flow regions and the resultant pressure distribution at the base is a major challenge for RANS
in bluff body aerodynamics. The results of steady-state RANS in conjunction with the Menter
k−ω model strongly differed from the reference experiments.
Since the unsteady behaviour of the flow field quantities is not captured, the prediction of the
resulting aerodynamic drag is poor. It is well-known that the wake velocity field behind the
trailer and the resultant base pressure distribution at the trailer rear end significantly affect the
aerodynamic pressure drag. Some previous research studies [48, 90] revealed that bluff body
wakes are predicted more reliable with unsteady methods. As shown in Figure 62 (right), this
might be the reason why the drag coefficients of our URANS agree better with those of the
measurements.
Another reason is the incapability of the used turbulence model to accurately capture the
near-wake vortical structures. Simplifications in the turbulence model significantly restrict the
predictability of this models.
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Though, the relative changes obtained for the considered modifications was well predicted. Thus,
CFD is valuable for qualifying design measures.

6.3 Discussion of the numerical results

After comparing the results of CFD simulations with those of scale model wind tunnel mea-
surements, the predicted three-dimensional flow field results were analysed to highlight the
drag-reducing mechanisms of the trailer underbody modifications (Section 6.3.1). One consid-
erable simplification of the wind tunnel investigations was that the model was mounted on a
stationary ground board neglecting the relative model-to-ground motion. Also, no wheel rotation
was simulated in the experiment. An advantage of numerical simulations is the opportunity for
an easy implementation of more realistic boundary conditions. Section 6.3.2 discusses the results
of the performed numerical investigations by simulating a moving ground.

6.3.1 Aerodynamic effects induced by the trailer underbody modifications

In Figure 63, the predicted overall pressure distribution on the model surface is presented
for the baseline (left) and the 25◦ rear diffuser configuration (right). The pressure was made
dimensionless with the freestream dynamic pressure Pdyn. Since the rear diffuser induced trailer
base pressures were already analysed in the previous sections, Figure 63 shows the pressure
distribution on the entire model geometry. A slight difference in the pressure field can be
observed on the trailer box side, whereas the upstream model region is almost unaffected. An

Figure 63. Distribution of the pressure coefficient on the model surface for the baseline (left) and the
25◦ rear diffuser configuration (right) predicted by means of CFD at a Reynolds number of
0.65 ·106.

interesting aspect is the pressure gradient at the outer diffuser side plate, which is induced by
a strong vortex. Contrary to the local low pressure regions between the trailer wheels and the
bottom side of the trailer box induced by flow acceleration, this flow region is strongly influenced
by the installed underbody full fairing. Additionally, first results of the pressure distribution
along the bottom surface of the underbody full fairing and the diffuser wall are presented.
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Underbody pressure distribution

A quantitative comparison of the obtained pressure distribution along the centreline of the under-
body fairing is presented in Figure 64 for the baseline case and the modified model at two diffuser
slant angles (10◦ and 25◦). The X-axis is based on the model length. Figure 64 reveals the typical
streamwise pressure distributions generated by a rear diffuser in ground proximity: decreasing
pressures in front of the diffuser, a negative pressure peak at the diffuser inlet and increasing pres-
sures along the diffuser wall. This corresponds to a flow acceleration in front and a deceleration

Figure 64. Pressure distribution along the trailer underbody
fairing and the rear diffuser wall for two different
diffuser slant angles (RD10 + RD25) compared to
that of the baseline configuration (BL) in the model
symmetry (Re = 0.65 ·106).

behind the diffuser inlet. The pres-
sure distribution at the diffuser out-
let is induced by the low-pressure
region in the trailer wake.
As presented in Section 5.2, the wind
tunnel measurements with the dif-
fuser configuration revealed a higher
reduction in base drag, predicted
by a pressure enhancement at the
trailer base, than of the total aero-
dynamic drag, which was measured
with the force transducer. The re-
sults therefore indicated a diffuser-
induced drag. As visualised in Fig-
ure 64, the pressure at the centreline
of the diffuser wall is below ambi-
ent conditions for both diffuser an-
gles. The predicted pressure distribu-
tions reveal a drag-increasing effect
of the rear diffuser on the total aero-

dynamic drag of the wind tunnel model and therefore confirm the observations in Section 5.2.
Furthermore, a higher diffuser angle is correlated with a further pressure reduction on the diffuser
wall (Figure 64) and thus a higher pressure drag.
For the baseline configuration (BL), higher pressure values are induced on the trailer underbody
due to lower flow velocities at the increased ground clearance of the trailer. The low pressure
peaks at X/Lm = 0.4 and 0.9 are a result of flow separation behind the two backward facing
steps of the underbody geometry (see Figure 63 (left)).
In this case, the CFD was used to analyse the pressure field on the trailer underbody for
the baseline and the rear diffuser configuration, which was not measured in the wind tunnel
experiments. The available three-dimensional results of the flow field provided by the CFD were
therefore used to investigate local flow regions below the trailer.

Streamwise flow structures

The experiments revealed streamwise vortices in the flow region behind the rear diffuser. Accord-
ing to previous research studies, these vortices are associated with a low pressure field on the
diffuser wall. An indicator for the existence of longitudinal vortex structures is the streamwise
component of the vorticity vector. Thus, in Figure 65, the lateral distribution of the vorticity
component ωX is presented at different streamwise positions at a height of Z/Hm = 0.1 above the
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ground for the baseline (BL) and the 25◦ rear diffuser configuration (RD25). The vorticity values
are presented in dimensionless form as defined in Equation 2.8, with the rear diffuser located
in the range of 0.88 ≤ X/Lm ≤ 1. The Y-axis spans over the rear diffuser width. Compared
to the baseline case, significantly increased values of the streamwise vorticity component can
be observed for the model configuration with the modified trailer underbody. This implies the
existence of a counter-rotating vortex pair, which is generated at the diffuser inlet and confirms
the negative contribution of the diffuser to the aerodynamic drag. Finally, the diffuser induces a
pressure rise at the vehicle base, which is the reason for the reduction of the total aerodynamic
drag.

Figure 65. Lateral distribution of the dimensionless streamwise vorticity at different streamwise positions
for the baseline (BL) and the 25◦ rear diffuser configuration (RD25) at a height of Z/Hm = 0.1
above the ground. Both coordinate axes are referred to the model dimensions with the Y-axis
representing the diffuser width.

In Figure 66, the two in-plane components of the velocity vector are presented in a vertical
cross-flow plane at the diffuser outlet and at three further positions downstream. The field of
view represents the model width in lateral and the flow region between the ground and the bottom
side of the trailer box in vertical direction. It is shown that the rear diffuser induces significantly
higher cross-flow velocities with a stronger flow upwash. The corresponding structures of two
counter-rotating vortices are visible in Figure 66 (right). For nearly the same lateral position of
both vortex cores, the interaction with the low-pressure region in the trailer wake results in an
upward deflection of the flow. Further, the wake structures behind the rear diffuser configuration
are characterised by high lateral flow velocities. Fluid moves from the sides into the near wake,
which can be the reason for the pressure rise at the trailer base.
It must be noted that the obtained CFD results can be used to analyse the diffuser-induced flow
structures in more detail than it could be done for the limited experimental data available from
the wind tunnel measurements.

Summary

The conclusions made through the analysis of the numerical results in Section 6.2 and 6.3 are
quite consistent with the observations in the experiment. For a high-angled diffuser, a counter-
rotating vortex pair is generated, which results in a stronger flow upwash and an upward moved
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(a) BL (b) RD25

Figure 66. Mean vector field presented by the two in-plane velocity components in four cross-sections
at different streamwise positions behind the model geometry for the baseline (left) and the
25◦ rear diffuser configuration (right). The coordinate axes were made dimensionless with the
model dimensions and the lower part of the trailer base is indicated in grey with the diffuser
side plates in blue.

recirculation region. The results of the three-dimensional flow field obtained by the CFD were
successfully used to investigate the distinct influence of the underbody modifications on local
flow regions around the model. Furthermore, the streamwise development of the diffuser-induced
flow structures was verified by the numerical results.

6.3.2 Moving ground effects

Modern wind tunnels which have been designed to study the aerodynamics of ground vehicles
are equipped with road simulation systems integrated into the test section floor. The simplest
approach is to install the wind tunnel model on a stationary ground board. This avoids an
interaction of the model aerodynamics with the test section boundary layer. The additional
installation of a blowing or suction device, which produces a constant flow through a single or
several evenly distributed slots on the ground board, allows to remove or significantly reduce the
momentum deficit and the boundary layer thickness. The most sophisticated approach for the
elimination of the test section boundary layer is to simulate the relative model-to-ground motion
with a moving belt. An example is the 5-belt road simulation system of FKFS [123]. It uses a
single moving belt to simulate the relative ground motion and four additional ones to simulate
wheel rotation. Additionally, the test section boundary layer around the model is removed with a
suction system providing a constant suction flow. Finally, the stationary ground effect behind
the wheels is compensated with a blowing device. This setup allows to eliminate the stationary
ground effect completely. Furthermore, a moving belt represents the only ground simulation
technique which takes wall adhesion into account. An overview of different approaches used to
consider the model-to-ground interaction in a wind tunnel experiment can be taken from [43, 45].
Varying ground conditions do not only affect the flow locally. They also influence aerodynamic
quantities such as the drag coefficient in various ways [122]. Different distinct effects must be
considered. According to [43], the momentum deficit of the inflow boundary layer reduces the
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pressure drag of a ground vehicle and the displacement effect results in a reduction of the induced
drag. Furthermore, the changed local inflow direction, e.g. on the front wheels, has a significant
impact on the induced drag [122], which is closely related to the specific vehicle geometry. In
general, ground flow effects are more critical if the vehicle ground clearance is low. In addition
to model-ground interactions, the simulation of wheel rotation is another important aspect for
the simulation of realistic boundary conditions in vehicle aerodynamics. For passenger cars, up
to 20 drag counts can be induced by stationary wheel conditions [123], whereas the larger wheel
dimensions of heavy-duty vehicles give reason to expect an even higher influence. As previously
discussed, very few studies have so far examined this topic in heavy vehicle aerodynamics [26].
An experimental study using a scale model to investigate the influence of a moving ground and
rotating wheels on the aerodynamic drag of a tractor-trailer is discussed in Lutz and Sayers [60].
They found that stationary ground and wheels induce a momentum deficit in the boundary layer
and therefore reduce the aerodynamic drag, which is in accordance with the observations made
for passenger cars. Furthermore, the results revealed an increasing influence for reducing ground
clearances.
Since the SWG wind tunnel is not equipped with a road simulation system, the focus of the
CFD simulations was the investigation of the influence of a moving ground on the flow field
around the tractor-trailer geometry and the aerodynamic drag. Thus, not only the baseline case,
but also the configuration with an underbody full fairing and a rear diffuser were considered
with CFD. Making use of the CFD approach discussed in Section 6.1, the boundary condition
at the floor was additionally defined as a moving surface with a tangential velocity equal to the
freestream velocity. The remaining computational setup such as the domain dimensions, the
model geometry and the discretisation mesh were retained unchanged.

Influence on the underbody flow

Figure 67. Mean velocity profiles of the trailer under-
body flow at the lateral centred position of
the diffuser inlet for the 25◦ rear diffuser
(RD25) and for the baseline configuration
(BL) at the same streamwise position pre-
dicted by CFD (Re = 0.65 ·106) with (MG)
and with no moving ground.

The effect of moving ground condition
(MG) on the streamwise velocity compo-
nent of the trailer underbody flow at the
lateral centred position of the diffuser in-
let (X/Lm = 0.88) is presented in Figure
67. The axis dimensions are referred to
the model height Hm and the freestream
velocity Uin f , respectively. The visible ve-
locity drop in the profile of the baseline
case (BL) at Z/Hm ∼= 0.15 is induced by
the trailer wheel axes. In the case of the dif-
fuser configuration (RD25), the trailer axes
are shielded by the full fairing. Since the
full fairing reduces the ground clearance of
the trailer to around 35% of that of the base-
line case, the velocity profiles in Figure 67
are only presented up to Z/Hm ≈ 0.1.
The comparison between both ground con-
ditions reveals a distinct influence on the
entire velocity profile. Energised by the
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changed ground condition, the volume flux
underneath the trailer increases at moving ground conditions for the baseline and the rear dif-
fuser configuration. Due to a ground clearance of more than twice of that of the rear diffuser
configurations, a less significant influence of the moving ground simulation on the underbody
flow is obtained for the baseline case. As presented in Figure 67, the effect of the moving ground
on the velocity of the underbody flow is stronger with full fairing. Even the shape of the velocity
profile is significantly changed.
The distinct influence of the moving ground on the flow field underneath the trailer was demon-
strated for the baseline and the 25◦ rear diffuser configuration.

Underbody pressure distribution

In Figure 68, the pressure coefficient is plotted along the bottom side of the fairing centreline
for the diffuser angles 10◦ (RD10) and 25◦ (RD25) at stationary and moving ground conditions
(MG). As can be observed, the induced pressure distribution depends on the diffuser slant angle.
At the diffuser inlet, the pressure coefficient CP of the 25◦ diffuser is around 0.05 below that of
the 10◦ diffuser. In addition to the diffuser wall, the pressure is also reduced at a part of the full
fairing.
Since the streamwise velocities at the inlet of the 25◦ rear diffuser are higher with moving ground
(Figure 67), lower pressures are expected underneath the fairing, which is confirmed by the
visualisations in Figure 68. In the case of the 25◦ rear diffuser, the pressure coefficient at the
diffuser inlet decreases by ∆CP ≈ 0.1. The results demonstrate the influence of the moving
ground on the local flow field underneath the trailer. The additional pressure reduction on the
diffuser wall indicates that the portion of the diffuser drag on the total aerodynamic drag increases
for moving ground conditions.

Figure 68. Pressure distribution along the trailer underbody fairing and the rear diffuser wall in the model
symmetry for two different rear diffuser (RD) slant angles (10◦ and 25◦) predicted by CFD at
stationary and at moving ground (MG) conditions (Re = 0.65 ·106).

In accordance to the observed acceleration of the flow underneath the trailer, the induced pressure
field of the trailer underbody is strongly affected by the changed ground condition. As already
demonstrated in the previous sections, the results of the CFD enabled a detailed insight into the
effects of the underbody modifications on local flow regions.
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Influence on the near wake

The effect of the ground simulation on the mean wake topology is visible in Figure 69, where
contours of the streamwise mean velocity component and the superimposed mean velocity vector
field in the model centreline are presented.

(a) BL (b) RD25

(c) BL (MG) (d) RD25 (MG)

Figure 69. Contour plot of the predicted streamwise velocity component superimposed by every 5th

vector of the mean velocity vector field in the trailer’s wake for the baseline (BL) and the
25◦ rear diffuser configuration (RD25) in the model’s plane of symmetry at stationary and
moving ground (MG) conditions for a Reynolds number of 0.65 ·106. The coordinate axes are
referred to the model dimensions and the trailer rear end is indicated as a black rectangle on
the left-hand side of the graphs.

The results obtained for the baseline (Figure 69 (c)) and the rear diffuser configuration (Figure
69 (d)) reveal higher streamwise velocities of the ground board boundary layer with moving
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ground, which has also a considerable effect on the near wake. For both configurations, the
near wake with moving ground is approximately 3.5% longer than for a stationary ground.
This observation is confirmed by Bayraktar et al. [5]. The results of a numerical study with a
geometry of a generic tractor-trailer revealed that a larger wake region is generated with moving
ground. For the stationary ground, the ground board boundary layer in the near wake separates,
which is indicated by reverse flow close to the ground at 1.12≤ X/Lm ≤ 1.22 in Figure 69 (a,b).
According to Hucho [45], flow separation can take place for stationary ground conditions due
to an adverse pressure gradient, e.g. in front of the wheels, or the pressure field induced by
the vehicle underbody. The separation bubble on the ground is a result of the reduced kinetic
energy level of the thicker boundary layer with stationary ground. The influence of the 25◦ rear
diffuser on the near wake is smaller for a moving ground (Figure 69 (c,d)) than in the case of a
stationary ground (Figure 69 (a,b)). This observation implies a lower drag-reducing effect of the
rear diffuser for a moving ground.
In Figure 70, the relative difference of the vertical velocity component for stationary and moving
ground conditions is presented using contours for the wake field in the model symmetry. The
axis dimensions were again made dimensionless as above and the relative difference, calculated
according to Equation 6.7, are referred to the freestream velocity.

∆W = |WMG|− |WnoMG| (6.7)

The moving ground increases the streamwise velocities of the underbody flow close to the trailer
rear end by around 20% for the baseline and between 30% to 40% for the 25◦ rear diffuser
configuration. Since, the streamwise velocity component close to the trailer base remains nearly
unchanged with a difference of less than 1% of the freestream velocity for both configurations,
the results are not presented here. Considering Figure 70, the maximum differences of the

(a) BL (b) RD25

Figure 70. Relative deviation of the predicted vertical velocity component with and without ground
simulation for the baseline (left) and the 25◦ rear diffuser configuration (right) in the model’s
plane of symmetry. The coordinate axes are based on the dimensions of the model geometry
with the trailer rear end indicated as a black rectangle on the left-hand side of the illustration.
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vertical flow velocities of approximately 15% for the baseline configuration and 20% with the
modified trailer underbody develop in the region of the flow upwash. This is associated with
an increase of the near wake length for moving ground conditions as discussed above based
on Figure 69. Therefore, the location of the flow upwash, indicated by strong upward flow
velocities, is shifted downstream. The pressure distribution at the trailer base induced by the
velocity field behind is essential for base drag. Considering the velocity field close to the base,
the results in Figure 70 reveal a stronger influence on the vertical flow velocity for the rear
diffuser configuration. For the baseline configuration, no significant changes are induced in the
lower base region. This also implies a smaller effect on the pressure field at the base, which will
be discussed in the following.
As indicated by the strong effects on the flow region underneath the trailer, the moving ground
also influences the lower part of the near wake, which is characterised by significantly higher
streamwise velocities. Contrary to the experimental setup in the SWG, the application of CFD
methods allowed for the easy implementation of a moving ground in the simulation. In the
case of this study, the results provided a first estimation of the efficiency of the underbody
modifications under real operating conditions.

Influence on the base pressure

In Figure 71, the pressure coefficient integrated along the centreline of the trailer base is plotted.
In addition to the numerical predictions for the baseline (BL) and the 25◦ rear diffuser configura-
tion (RD25) at stationary and moving ground (MG) conditions, the wind tunnel measurements in
the SWG (EXP) with the model installed on a stationary ground board are presented in Figure 71
for both configurations.

Figure 71. Numerical results of the pressure distribution in the centreline of the trailer base for the
baseline configuration (BL) and the modified trailer underbody with a 25◦ rear diffuser (RD25)
at stationary and at moving ground (MG) conditions as well as the experimental results of the
SWG wind tunnel measurements with a stationary ground (EXP) presented with the pressure
coefficient along the model height (Re = 0.65 ·106).

In accordance to the small observed differences for both configurations in the near wake, the
obtained pressure coefficient also reflect that the drag reduction of the 25◦ rear diffuser is smaller
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for moving ground conditions. As can be observed in Figure 71, for both configurations the
predicted pressure distribution is nearly the same in the upper base region for a moving ground.
For the 25◦ rear diffuser with moving ground, lower base pressures are induced at the lower base.
Furthermore, it is noteworthy that the mean base pressure coefficient (Equation 2.12) increases
through the underbody modifications by 19.8% at stationary ground conditions and by only 8.7%
for the moving ground. This confirms the lower drag-reducing effect of the 25◦ rear diffuser at
moving ground conditions.
This minor influence of changed ground conditions on the flow field quantities close to the
lower base region for the baseline configuration is in accordance with the consistent pressure
distribution. Also, higher vertical flow velocities (Figure 70) are associated with a pressure
reduction. As presented in Figure 71 and previously discussed in Section 6.2.3, the measured base
pressures are lower than the predicted ones. In accordance with the literature, the aerodynamic
drag of the tractor-trailer model increases if the relative model-to-ground motion is considered.
The drag coefficient is increased by approximately 1.8% for the baseline configuration and
by approximately 2.5% for the configuration with the underbody full fairing and the 25◦ rear
diffuser.
To sum up, the analyses demonstrated a reduced efficiency of the 25◦ rear diffuser for moving
ground conditions and the smaller base pressure rise induced by the rear diffuser reveals a
reduction of the drag-reducing effect for moving ground conditions.

Induced streamwise flow structures

Figure 72 presents the predicted flow fields in cross-sections perpendicular to the freestream
direction for the baseline (BL) and the 25◦ rear diffuser configuration (RD25) at different ground
conditions. It must be noted that the left visualisations in Figure 72 were already shown in Figure
59 in the comparison with the experiment.
As can be seen in Figure 72 (a) and (b), for the baseline configuration, the streamwise vortices
are nearly unchanged by the moving ground. A stronger influence can be observed for the
diffuser configuration (Figure 72 (c) and (d)). While the vorticity values in the region of
the diffuser-induced vortices are similar, the centres of the upper trailing vortices are shifted
upwards in the moving ground case. In accordance with the predicted base pressures presented
in Figure 71, the different results obtained for the baseline and the diffuser configuration are
more pronounced for stationary ground conditions (Figure 72 (a) and (c)). Considering the
moving ground in the simulation with diffuser in Figure 72 (b) and (d), the vorticity is similar,
which corresponds to the predicted base pressures especially at the upper base. Surprisingly, the
large-scale structures induced by the underbody modifications mainly influence the lower base
region and are less influenced by the changed ground condition. Nevertheless, the drag-reducing
effect of the underbody modifications on the tractor-trailer model decreases if the moving ground
is considered in the simulation.

Summary

From a methodological point of view, the three-dimensional flow field obtained from the nu-
merical simulations allow for a more detailed analysis of the physical mechanisms, which lead
to the drag reduction of the rear diffuser. Furthermore, the distinct influence of more realistic
ground conditions on the resultant flow field quantities was analysed. The additional information
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provided by CFD underlines it’s value for industrially relevant developments in heavy vehicle
aerodynamics.

(a) BL - stationary ground (b) BL - moving ground

(c) RD25 - stationary ground (d) RD25 - moving ground

Figure 72. Mean streamwise vorticity contour plot and every third vector of the normalised mean velocity
vector field at X/Lm = 1.136 for the baseline (BL) and the 25◦ rear diffuser configuration
(RD25) at stationary and moving ground conditions predicted by steady-state RANS simu-
lations at a Reynolds number of 0.65 · 106. The coordinate axes are referred to the model
dimensions.
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7 Road test experiments using a full-scale
tractor-trailer

The use of experimental and numerical methods such as wind tunnel experiments with scale
models allows for investigations in heavy vehicle aerodynamics. However, a fundamental
restriction of scale model testing is the maximum reachable Reynolds number. In the case of a
1/4th scale tractor-trailer, a freestream velocity of 340 km/h would be required to reach a Reynolds
number of around 4 milliom which is the characteristic value of a full-scale tractor-trailer under
real operating conditions. At an ambient temperature of 293.15 K, this velocity corresponds
to a Mach number of 0.275, a value where compressible effects already need to be taken into
account. As defined in SAE J1252 [103], a maximum freestream velocity of 92 m/s, which
corresponds to a critical Mach number of 0.268, should not be exceeded for investigations with
bluff bodies. Due to small curve radii at the model front, compressible effect can already be
expected at significantly lower Mach numbers. Therefore, contrary to investigations with a
streamlined body like a flat wing profile, a Mach number of 0.2 should not be exceeded in heavy
vehicle aerodynamics.
The Reynolds number range reachable with the 1/15th scale tractor-trailer model in the available
test facilities was previously discussed in Section 2.2 and is also illustrated in Figure 73, in
conjunction with the corresponding Mach number. As can be seen, the Reynolds numbers in
the SWG and the WSG are significantly below the characteristic value of a full-scale tractor-
trailer. In the DNW-KKK, it is principally possible to perform measurements at a realistic
Reynolds number of 4 million with a 1/15th scale model. However, in this case, the Mach
number significantly exceeds that of a full-scale tractor-trailer and compressible effects have to
be considered. At a realistic Mach number of 0.069, the temperature cool down allows for a
maximum Reynolds number of 1.25 ·106. In addition to the restricted Reynolds number range,
scale models are always simplified with respect to the realised geometrical details.
Full-scale wind tunnel measurements are not subjected to these restrictions, since they can
be conducted at realistic Reynolds and Mach numbers with no reduction of geometric model
details. Nevertheless, even in the largest European wind tunnel, the Large Low-Speed Facility
(DNW-LLF), which is comparable with the National Research Council of Canada (NRC), the
projected frontal area of a full-scale tractor-trailer of around 10 m2 results in a blockage ratio
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of more than 10% at zero yaw angle. In SAE J2084 [104], blockage corrections of more than
20% of the uncorrected measured loads are required for a full-scale truck. Though, blockage
corrections are usually applied for blockage ratios above 2% and they are useful up to 5%. At
higher blockages, the corrections are too large to ensure a high measurement accuracy. As a
result, accurate measurement of aerodynamic loads on a full-scale tractor-trailer are not possible
in the DNW-LLF and the NRC. In this respect, the NASA Ames 80- by 120-Foot Wind Tunnel
is the only suitable facility due to its large test section of 24.4 m × 36.6 m. In this case, wall
interferences can be ignored or their influence on the aerodynamic loads can be corrected.
Nevertheless, due to the large vehicle dimensions, simulating realistic ground conditions with
wheel rotation is also difficult to realise there with a full-scale setup. There are no studies so far
available that simulate a moving ground underneath a full-scale tractor-trailer in a wind tunnel
experiment [26]. Additionally, the operation of such large wind tunnels is very expensive, which
excludes time-consuming flow field measurements.

Figure 73. Maximum reachable Reynolds and Mach numbers with the 1/15th scale model in the available
test facilities compared to a full-scale tractor-trailer under typical operating conditions at a
driving speed of 85 km/h.

Due to the restrictions of wind tunnel testing as previously discussed and the incapability of
modern CFD tools to accurately predict the flow field around a tractor-trailer, road tests are the
only way to study the aerodynamics of heavy-vehicles under real operating conditions. Road
tests with tractor-trailers were already performed in the 1970s, mainly to quantify the achieved
reduction in fuel consumption applying newly developed drag-reducing methods, see for instance
[106, 121]. Section 1.4 provides an overview of the so far performed investigations with full-scale
heavy vehicles in wind tunnels [16, 56] and road test experiments [7, 35, 97, 118]. In summary,
the available experimental data of the flow field around a tractor-trailer under real operating
conditions is limited. Thus, to demonstrate the possibilities of modern optical measurement
techniques applied in a road test, the velocity field in the wake was measured by means of PIV
and the pressure distribution at the trailer base was recorded with unsteady pressure transducers.
To our knowledge, this was the first time that PIV was applied in a road test. Below, the obtained
results are compared to those of the scale model wind tunnel measurements and CFD predictions
to analyse the reliability of the latter.
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7.1 Road test investigation

7.1.1 Test vehicle and instrumentation

A standard tractor-trailer configuration with a two-axle cab-over-engine (COE) tractor and a
three-axle box trailer, as generally used in European road freight transportation, was employed
for the experimental investigations (Figure 74). The vehicle dimensions were 16.5 m × 2.55 m

Figure 74. Tractor-trailer configuration with a two-
axle COE tractor and a three-axle box
trailer as used in the road test.

× 4 m (L f s×Wf s×H f s), which is in accor-
dance with the specifications defined by the
European Community [75]. The tractor unit
was equipped with the current standard aero
package offered by OEMs, such as cabin roof
and side deflectors and rear and side bumpers
on the trailer underbody. The power supply
and the compressor system as well as all mea-
surement and data acquisition systems were
installed inside the trailer box.
For the measurement of the base pressures,
one tailgate of the trailer was equipped with
36 pressure transducers evenly distributed over
the entire surface area (see Figure 75 (right)).
These pressure transducers were also used in
the SWG wind tunnel experiment specified
in Section 3.4. Furthermore, the pressure tap
locations were chosen in accordance with the

distribution at the wind tunnel model (Figure 15 (right)). The pressure measurements were
performed at a sampling frequency of 2 kHz, and like in the wind tunnel experiment, the
transducers were installed in small cavities to protect the sensor’s diaphragms. Based on a
pressure tap diameter of 0.8 mm, the resonance frequency of the generated Helmholtz resonator,
calculated with Equation 3.2, was 4.7 kHz. The reference pressure sides of the transducers were
connected to a common reference volume located inside the trailer. Additionally, the reference
pressure was measured with a pressure transducer type 270 from Setra Systems, Inc. with a

Figure 75. Full-scale test vehicle with the illuminated PIV measurement plane in the centreline of the
trailer’s near wake (left) and vehicle rear end with instrumented trailer tailgate and installed
PIV camera system (right).
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measurement range of 800 to 1100 hPa and an accuracy of < ±0.05% of the full-scale output
considering non-linearity, hysteresis and non-repeatability. As part of the post-processing, the
pressure signals were referred to the atmospheric pressure measured close to the test track.
The laser light sheet in the symmetry plane of the trailer wake is illustrated in Figure 75 (left).
The 200 mJ air-cooled dual oscillator Nd:YAG laser [57], also used in the experiments in the
SWG wind tunnel, produced the laser light sheet in the road test. The light sheet was located in
the vehicle centreline adjusted to a thickness of around 2 mm. To avoid any displacement of the
laser head and the laser light sheet optics, both systems were installed on a common mounting
device inside the trailer. To generate a laser light sheet in the near wake, a gap of 40 mm closed
with acrylic glass was left between both tailgates.
The two thermoelectrically cooled CCD cameras, also used for planar PIV in the SWG (pco.2000
[81]), were installed on top of each other on a common support bar outside the trailer with
view direction from the side. The cameras were equipped with Zeiss Distagon T* 1.4/35 mm
camera lenses. At a distance of around 1.50 m between the camera image and the light sheet

Figure 76. Resultant field of view of the velocity
field in the vehicle symmetry measured
in the road test with the coordinate axes
referred to the vehicle dimensions.

plane, the resulting field of view of each cam-
era was around 0.8 m in both spatial dimen-
sions. By traversing the camera setup in
streamwise direction, the particle displace-
ments were measured for two different camera
positions. The resulting measurement plane of
1.53 m in freestream, and 1.55 m in vertical
direction (see Figure 76) was located on the
trailer base 0.9 m above the ground.
Prior to data processing, the measured veloc-
ity vector fields were transformed to the co-
ordinate system defined in Section 2.1.1 and
interpolated in the overlapping regions. Ad-
ditionally, the dimensions of the coordinate
axes were normalised with the vehicle dimen-
sions. In each case, the cameras were cali-
brated with a calibration grid aligned to the
laser light sheet. As previously mentioned, the
laser and camera systems of the wind tunnel experiments were used. Their specifications are
described in Section 3.5.1 and the setup as well as the illuminated light sheet plane are presented
in Figure 75.
The PIV evaluation was performed with the process described in Section 3.5.3. Thus, in the road
test a spatial resolution of 4.7 mm could be realised in both dimensions. The dual-frame particle
images were recorded with a sampling frequency of 5 Hz. To calculate the averaged velocity
field, 300 single images of the unsteady velocity field were recorded. Since the track length was
limited to 1.8 km, the number of images obtained in a single test run depended on the vehicle
speed. At the maximum driving speed of 85 km/h, 150 dual-frame images were recorded, which
required at least two test runs for the data averaging.
To inject tracer particles in the wake region turned out to be challenging. A large-volume Laskin
nozzle aerosol generator was required to atomise DEHS (Di-Ethyl-Hexyl-Sebacat), with a mean
particle diameter of 0.4-0.5 µm. Two pressure tanks with a total volume of 900 litres were
charged with compressed air to a maximum pressure of 8 bar to run the aerosol generator. In
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order to generate an uniform particle density in the near wake, the tracer particles were injected
at the rear of the trailer underbody using pipes.
Each test run consisted of an acceleration phase until a constant driving velocity was reached,
followed by a measurement and deceleration phase. All flow field measurements were performed
during darkness to avoid the need of camera bandpass filters. Additionally, the vehicle speed
was measured using a GPS and an infrared sensor, which was installed outside the trailer and
focused on a tyre wall. Three evenly distributed white markers on the tyre were used to reflect
the infrared light at distinct positions back to the sensor receiver. The resultant vehicle speed
was calculated, with the speed of rotation provided by the recorded trigger signal and the wheel
diameter.

7.1.2 Test track specifications

The road test took place on a taxiway of the Faßberg Air Base (Figure 77). The taxiway was 1.8
km in length and 15 m in width with no relevant altitude variations. As can be seen in Figure 77,

Figure 77. Test track on the Faßberg Air Base (dashed line) used for the road test investigations. The
position of the measuring probes for determining the ambient and wind conditions is marked
in red.

the main track orientation is from west to east, which is the predominant wind direction. This
reduced undesirable influences induced by cross-flow. The test track was characterised by a 14◦

curve after approximately half of the track length, and data recording always commenced after
this section of the track.

7.1.3 Local weather conditions

The ambient conditions in terms of outside temperature, atmospheric pressure and relative
humidity were measured halfway along the test track using a data logger type MSR 145 from
MSR Electronics GmbH. In Figure 77, the location of the data logger during the road test is
marked in red. The experimental results of the road test presented below have been obtained
in measurements conducted over a period of two testing days. For both testing periods, a
variation of the ambient conditions can be observed in Figure 78. Since the kinematic viscosity ν

depends on the properties of air, the ambient conditions were required to calculate the resulting
Reynolds number. Furthermore, the measured base pressures are influenced by the different
atmospheric pressure conditions because the pressure inside a sealed reservoir in the trailer was
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Figure 78. Local weather conditions during the first (left) and second testing day (right) of the road test
investigations measured halfway along test track.

used as reference for the differential pressure sensors. Therefore, the atmospheric pressure was
considered in the evaluation of the pressure measurements.

Figure 79. Local wind velocity and wind direction measured halfway along the test track length during
the first (top) and the second testing day (bottom) of the road test. The measuring position and
wind direction is defined as shown in Figure 77.

In addition to the ambient conditions, the wind velocity and direction were measured with a
hydrometric and a wind vane installed at a distances of 3 m above the ground and at a large
distance from other potentially influencing infrastructure (see red mark in Figure 77). Figure
79 (top) reflects that maximum wind velocities of 2 m/s were reached during the first testing
day, whereas the predominant wind direction corresponded to the driving direction. During
the second testing day, nearly no cross-wind appeared (Figure 79 (bottom)). To quantify the
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influence of cross-wind, the resulting yaw angle was calculated based on the vehicle speed and
the wind velocity vector. To fulfil the criterion specified in SAE J2084 [104] for wind tunnel
tests, which requires a flow angularity of less than ±0.5 degrees, any data obtained for larger
values was excluded from the evaluation process.
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7.1.4 Discussion of the road test results

In this section, the mean velocity wake and the base pressure distribution measured with a
full-scale tractor-trailer configuration under real operating conditions is presented. The velocity
wake was measured in one single section cut with PIV and the pressure distribution at one trailer
tailgate. The measurements were performed at four different vehicle speeds, which correspond
to the Reynolds numbers 1, 2, 3 and 4 million (see Equation 2.1). The largest Reynolds number
of 4 million reflects the conditions of a full-scale tractor-trailer at a typical highway cruising
speed of 85 km/h.

Measured flow fields

In Figure 80 (left), contours of the mean velocity magnitude superimposed with every tenth
vector of the mean velocity vector field in a streamwise section cut in the vehicle symmetry is
shown for the Reynolds number of 4 million. The velocity was made dimensionless with the
freestream velocity and both coordinate axes are referred to the dimensions of the test vehicle.
The trailer box is presented as a black rectangle on the left-hand side.

Figure 80. Results of PIV in the road test: Dimensionless mean velocity magnitude contour plot and
normalised mean velocity vector field at Re = 4 million (left) and streamwise velocity com-
ponent over the vehicle height at X/L f s = 1.03 for different Reynolds numbers (right) in the
vehicle symmetry (Y/Wm = 0). The coordinate axes were made dimensionless with the vehicle
dimensions.

The presented vector field in Figure 80 (left) reflects only a part of the near wake. The field of
view is smaller than the wind tunnel measurement planes. Nevertheless, due to the well-chosen
camera positions determined based on the experience made in the wind tunnel measurements,
the flow structures developing in the near wake close to the trailer base are visible. As indicated
by the velocity vectors, the flow underneath the trailer enters the near wake with a flow upwash
generated downstream the trailer base. The velocity vector field reveals a mean recirculation zone
with the centre of rotation at X/L f s ≈ 1.035 and Z/H f s ≈ 0.4, where the velocity magnitudes
reach their minimum. At the base, the flow is deflected downwards with vectors aligned parallel
to the base surface and a velocity of up to 30% of the vehicle speed. To quantify the influence of
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the Reynolds number on the flow velocities in the near wake, the streamwise velocity components
are presented in Figure 80 (right) in a vertical cut 0.5 m behind the trailer base (X/Lm = 1.03)
for the four investigated Reynolds numbers. At Reynolds numbers of 3 and 4 million, the flow
structures are similar, both from a qualitative and a quantitative point of view. Based on these
results, it is concluded that the flow characteristics are Reynolds number independent at high
Reynolds numbers. The streamwise flow velocities measured at the Reynolds numbers 1 and
2 million differ from those obtained for the higher Reynolds numbers. The higher velocities
obtained in the lower part of the near wake at 0.2≤ Z/H f s ≤ 0.3 in Figure 80 (right) are a results
of the momentum introduced by the seeding. At low vehicle speeds, it was necessary to inject the
seeding particles directly behind the rear bumper to ensure that enough tracer particles entered
into the near wake. Thus, the momentum of the seeding particles exceeded the flow velocities in
the near wake in the low Reynolds number cases and therefore influenced the velocity field.

Results of the pressure measurements

The base pressure distribution measured for two different Reynolds numbers is visualised in
Figure 81 with the pressure tap locations indicated as black dots and the coordinate axes based
on the dimensions of the trailer base. The results were interpolated and are shown in form
of coloured contours of the pressure coefficient CP. Initially, measurements with and without
installed camera mounting were performed. These test measurements revealed no influence on
the pressure signals. Figure 81 reveals pressure values below the ambient pressure and a pressure

Figure 81. Base pressure results of the road test: Pressure coefficient at the trailer base at a Reynolds
number of 3 million (left) and 4 million (right). The coordinate axes represent the trailer base
surface.

minimum at the lower base. The location of this minimum correlates well with the position of
the maximum vertical flow velocities close to the base as presented in Figure 80 (left). Similar to
the pressure gradient in the vertical direction, the base pressure increases to both sides. That the
pressure values are of the same order of magnitude in both cases with slightly lower values for
the Reynolds number of 4 million confirms that the flow is Reynolds number independent.
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Summary

In conclusion, the two velocity components measured with PIV give insight into the mean flow
structure in the symmetry plane of the near wake. A strong flow recirculation was detected in the
lower part of the trailer base with the recirculation centre located 0.58 m behind the base and 0.3
m above the trailer underbody. An influence of the Reynolds number on the velocity field could
not be observed, whereas the base pressures measured at a Reynolds number of 4 million are
slightly below that for the lower Reynolds number.

7.2 Comparison to scale model wind tunnel measurements

This section serves to compare the results of the velocity and pressure field of the road test with
those measured in the wind tunnel experiments in the SWG. It shall be clarified to what extent
experimental results of scale model testing in the SWG are a reliable estimation of the flow field
quantities behind a full-scale tractor-trailer configuration under real operating conditions. The
test setup in the SWG differs from the conditions in a road test. In addition to the specific flow
conditions in the SWG test section and the influence of wall interferences, a simplified scale
model geometry was used in the wind tunnel experiments. Furthermore, the maximum achievable
Reynolds number in the SWG is significantly below that of a full-scale tractor-trailer at highway
speed (see Figure 73) and the wind tunnel experiments were performed with a stationary ground
and both wheel rotation and motor cooling were not simulated.

7.2.1 Velocity field in the near wake

In Figure 82, the mean near wake in the model symmetry measured in the road test at a Reynolds
number of 4 million (left) is compared to the results of the wind tunnel experiments with the scale
model baseline configuration measured at a Reynolds number of 0.65 million (right). To compare
both data sets, the coordinate axes were referred to the model and the vehicle dimensions,

Figure 82. Contour plot of the dimensionless mean vertical velocity component superimposed by ev-
ery second vector of the normalised velocity vector field in the vehicle/model symmetry
(Y/Wf s,Y/Wm = 0) measured in the road test at Re = 4 million (left) and in the wind tunnel
experiment with the scale model baseline configuration at Re = 0.65 million (right).
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respectively. The trailer rear end is indicated as a black rectangle at the left-hand side. Figure 82
presents the mean vertical velocity component as a contour plot and the mean flow structures
with velocity vectors. To be able to directly compare to the wind tunnel measurements, the
velocity values determined in the road test were linearly interpolated to the grid used in the
post-processing of PIV in the SWG. For a better visibility, the velocity vectors were normalised
and only every second vector is plotted.
Both flow fields reflect a recirculation zone behind the base surface. While the centres of
rotation nearly appear at the same distance from the base, the vertical positions and therefore
also the mean flow structure in the near wake differs significantly. Compared to the wind tunnel
experiments (Figure 82 (right)), the mean recirculation zone is shifted downwards along the base
(Figure 82 (left)). As visualised by the contour plots, the vertical velocity components are of
the same order of magnitude with a maximum of 30% of the vehicle speed and the freestream
velocity in both cases. The downwash close to the base is significantly stronger under real flow
conditions, which suggest that the induced pressure distribution also differs. The stronger flow
upwash behind the wind tunnel model is induced by the high streamwise velocity component of
the underbody flow.

Figure 83. Geometry of the scale wind tunnel model with installed rear bumper (left), and the dimen-
sionless streamwise velocity component U/Uin f at X/Lm, X/L f s = 1.03 in the base centreline
(right) for the scale wind tunnel (WT) model with rear bumper at Re = 0.65 million (–), the
scale model baseline configuration (no rear bumper) at Re = 0.65 million (–), and the road test
(RT) at Re = 4 million (–).

As mentioned at the beginning of this section, the test setup in the SWG is a simplified repro-
duction of the road test configuration. The most significant difference is that the ground was
simulated by using a stationary ground board. In Section 6.3.2, the influence of the model-to-
ground interaction on the mean velocity wake was estimated by analysing numerical results.
There, a direct influence on the mean wake topology was detected, but the mean recirculation
centre was not affected. Since possible effects such as wind tunnel interferences, Reynolds
number or scaling effects are negligible in the SWG measurements, the simplified geometry
of the wind tunnel model is made responsible for the differences. The velocity vector field
presented in Figure 82 (right) belongs to the baseline configuration of the wind tunnel model.
To demonstrate the significant influence of trailer underbody modifications on the near wake
topology, the trailer was equipped with a rear bumper as visualised in Figure 83 (left). In Figure
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83 (right), the dimensionless streamwise velocity distribution is presented in the model symmetry
(Y/Wm = 0) about 3.3 cm behind the wind tunnel model (WT). As can be seen by comparing
the velocity distribution for the configuration with rear bumper (coloured in blue) with the
baseline configuration (coloured in green), the rear bumper strongly affects the mean streamwise
velocities in the near wake behind the wind tunnel model. In Figure 83 (right), the velocity
profiles measured in the wind tunnel experiments are compared to that measured behind the
tractor-trailer in the road test (RT).
As already observed in Figure 82 (right), significantly higher streamwise velocities are induced
into the near wake if no rear bumper is installed (showed in green in Figure 83 (right)). The
trailer rear bumper partially blocks the underbody flow, which even leads to negative streamwise
velocities in this region as visualised by the blue line plot in Figure 83 (right). In the area behind
the base, the velocity fields obtained for the configuration with rear bumper agree better with the
ones measured in the road test.
The near wake structures behind the wind tunnel model with and without rear bumper are
presented in Figure 84. Here, every sixth velocity vector is plotted in the symmetry section cut
colour-coded with the vertical velocity component. The presented mean velocity vectors reveal
a completely different wake topology for both configurations. In the case with rear bumper,
visualised in Figure 84 (left), the bumper increases the base surface, since it blocks the underbody
flow in this region and therefore shifts the recirculation process downwards. Compared to the
configuration without rear bumper (Figure 84 (right)), a stronger flow upwash and a reduced
downwash close to the trailer base is obtained. Further, the lower vertical flow velocities at the
base will probably induce a pressure rise which will reduce the base drag.

Figure 84. Contour plot of the dimensionless mean vertical velocity component superimposed by every
sixth vector of the normalised mean velocity vector field in the model symmetry of the trailer
wake (Y/Wm = 0) measured in the wind tunnel experiments using the scale tractor-trailer
model with installed trailer rear bumper (left) and without rear bumper (right) at a Reynolds
number of 0.65 million. The coordinate axes are based on the model dimensions.

The force measurements with the integrated transducer revealed an increase of the mean drag
coefficient of 1% to 1.5% with installed rear bumper which is mainly induced by flow stagnation
in front of the bumper. The significant influence of a blocked underbody rear end on the mean
flow structure behind a tractor-trailer was also reported by Mason and Beebe [64], who performed
scale model tests in a wind tunnel. Consequently, Frank [26] proposed to avoid blocking of
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the underbody flow to prevent this drag increase. He conducted model tests and measured an
increase of the drag coefficient of ∆CD = 0.102 for a blocked rear end.

7.2.2 Base pressure distribution

In Figure 85 (left), the pressure coefficients measured in the base centreline of the model and the
trailer are presented for comparison. Pressure sensors which did not function properly in the
road test were not considered in the evaluation, which is why the spatial resolution of the wind
tunnel and road test results are different.

Figure 85. Pressure coefficient (left) and standard deviation of the pressure coefficient (right) at the trailer
base centreline (Y/Wm = 0) measured in the wind tunnel experiment (WT) and the road test
(RT) (– scale wind tunnel model with rear bumper at Re = 0.65 million, – scale model baseline
configuration (no rear bumper) at Re = 0.65 million, – road test at Re = 3 and 4 million).

As shown in Figure 85 (left), the measured base pressures for both wind tunnel configurations
are of the same order of magnitude and correspond to the pressure level measured in the road
test. In general, the pressures induced at the base of the test vehicle are slightly above that of the
wind tunnel model. The pressure distribution at the vehicle base (shown in black) agrees better
with the ones of the wind tunnel model with rear bumper (shown in blue), from both a qualitative
and a quantitative point of view, while the mean flow structure of the near wake (Figure 84)
better agrees with the model configuration without bumper. The pressure results reveal a steady
increase of the pressure values from the bottom up and a comparable pressure range between the
upper and the lower trailing edge at the base centreline. The different vertical positions of the
recirculation centre presented in Section 7.2.1 lead to different positions of the minimum base
pressures. As pointed out in the previous section, the rear bumper increases the aerodynamic
drag of the wind tunnel model but also increases the pressures at the model base compared to
the configuration without bumper (shown in green). This is also presented in Figure 85 (left)
and underlines the significant effect of underbody modifications such as the installation of a rear
bumper on the near wake structure and the induced pressure values at the base.
The standard deviations of the recorded pressure signals are presented in Figure 85 (right). In
accordance to the mean pressure values, the pressure fluctuations at the base of the full-scale
tractor-trailer in the road test also agree with those measured in the SWG for the model configu-
ration with rear bumper. The same behaviour can be observed for the maximum fluctuations in
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the region of the base centre and the minimum fluctuations close to the trailing edges. Compared
to the full-scale results, the pressure fluctuations at the trailer base of the wind tunnel model
are significantly higher, which is a result of the different flow topology in the near wake. For
the model without rear bumper, the mean recirculation region close to the base (Figure 84
(right)) prevents strong fluctuations as shown in Figure 85 (right). Similar to the mean pressure
distribution, the characteristics of the pressure fluctuations are completely changed for the wind
tunnel model without a rear bumper.

7.2.3 Summary

In accordance to the results of the wind tunnel experiments, a mean recirculation region was
measured in the lower part of the base behind the full-scale tractor-trailer configuration in a road
test. It was shown that the location of the mean recirculation centre strongly depends on the
underbody geometry. The simplified geometry of the wind tunnel model, made a comparison
of the results obtained with the scale model and full-scale results difficult. Nevertheless, the
results reveal a similar mean pressure distribution. This qualifies the test setup in the SWG
as a reasonable good simulation of the real conditions around a tractor-trailer configuration.
Quantitative pressure differences are caused by the simplified test setup in the SWG, in particular
the simulation of the ground with a stationary ground board.

7.3 Computational simulation of the road test

CFD simulations of the flow around a full-scale tractor-trailer were performed with the commer-
cial software package STAR-CCM+, which is a common tool in industry. The objective was
to study the capabilities of numerical tools for the prediction of the velocity and pressure field
behind a tractor-trailer configuration under real operating conditions for a typical highway speed
of 85 km/h, which corresponds to a Reynolds number of 4 million.

7.3.1 Pre-processing

Model geometry

In order to achieve better compliance with the test vehicle of the road test, the underbody
geometry of the simplified model constructed for the wind tunnel experiments was modified by
implementing a more detailed trailer chassis including add-on parts such as rear bumper, mud
flaps and pressure reservoirs (see Figure 86). Further, the model geometry was upscaled to a
model length of 16.5 m, a width of 2.5 m and a height of 4 m, which is in accordance with the
dimensions of a standard European tractor-trailer configuration as specified by the European
Community [75, 76].

Computational domain

A computational domain of 170 m in length, 60 m in width and 20 m in height was defined with
a mass-flow inlet and a pressure outlet. The model geometry was placed at mid width of the
domain, three model length behind the domain inlet with a vertical offset of -40 mm between the
tread of the tyres and the bottom domain wall to simulate a realistic wheel-to-ground interaction.
The tyre geometry was subtracted from the bottom domain surface. As visualised in Figure 87,
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Figure 86. Zoomed view of the underbody rear end: Model geometry used in the computational study
(left) and test vehicle of the road test (right).

the distance from the model shape to the domain walls is more than ten times the model width to
both sides, four vehicle heights to the domain top, three model lengths in front and six behind.
In order to simulate the far field, the upper and lateral domain boundaries were defined as slip
surfaces. The bottom domain wall was set as moving, amounting to the freestream velocity, and
the wheel rotation was simulated by setting an angular velocity to the wheel axes as boundary
condition.

Figure 87. Physical dimensions and boundary conditions of the used computational domain including the
full-scale tractor-trailer geometry.

Discretisation grid

A hybrid structured/unstructured grid consisting of 35 million elements was generated for
discretising the computational domain as exemplarily presented in Figure 88 for a vertical
streamwise cut and the bottom domain wall. To reduce the computational effort, a structured
topology of the volume grid was realised by the use of hexahedrons. In order to locally refine the
flow region close to the model and in the wake region behind, a rectangular block was defined
around the model geometry consisting of an isotropic cell distribution with a cell size of 50 mm.
The block dimensions were 80 m in length, 8 m in width and 6 m in height with the frontal
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area located two vehicle width in front of the model geometry at mid width position on the
bottom domain wall. The model surface was discretised by means of an unstructured grid of
approximately 1.8 million cell faces as visualised in Figure 89. The size of the cell faces was in
the range of 5 to 30 mm and five near-wall prism layers were defined around the model shape
as presented in Figure 90 (left). The distance from the model shape to the first prism layer was
predefined by using a flat plate approach at half the length of the model length. To enable the
first grid cell to be within the logarithmic sublayer, a dimensionless wall distance of Y+= 60
(Equation 6.1) was set. Based on a stretching factor of 1.2, the total height of the prism layers
was 15 mm. As presented in Figure 90 (right), the dimensionless wall distances Y+ of the first
grid cells from the model contour are below 300 and therefore fulfil the wall function criterion of
being within the logarithmic sublayer.

Figure 88. Illustration of the structured volume grid in a streamwise section cut of the model symmetry
and surface grid of the bottom domain wall.

With regard to the entire computational grid, a sufficiently accurate mesh quality was verified
by analysing the main grid quality criteria (aspect ratio, expansion ratio and cell skewness). A
reduced grid quality was observed in regions of small geometry radii, especially in the contact
region of the tyres and the bottom domain wall.

Figure 89. Surface grid for the spatial discretisation of the full-scale model geometry: Zoomed view to
the left model front (left) and the underbody rear end (right).
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Flow solver and parameters

The discrete steady-state Reynolds-averaged Navier-Stokes (RANS) equations were solved
using the cell-centred finite volume (FVM) method in the software package STAR-CCM+.
The turbulence was modelled with the shear stress transport (SST) k-ω turbulence model, a
hybrid two-equation model which splits the near wake from the far wake region by the use of
a blending function. It combines the insensitivity of the k-ε model for simulating the far field
and the advantages of the standard k-ω model in the flow regions close to the wall. In order to
resolve the near-wall region, a hybrid wall function approach was used in STAR-CCM+, which
determines the streamwise velocity values in the grid points close to the wall from the log-law.
In finer mesh regions, the viscous sublayer was assumed to be resolved and no wall laws were
applied. Furthermore, this approach also provided reasonable results for intermediate grids at
1 <Y+< 30. To stabilise the convergence process, a first order upwind scheme was used during
the first 1000 iterations. To improve the accuracy, afterwards a second order scheme was applied.
The CFD simulations were conducted on the SCART cluster, a high-performance computing
cluster consisting of 1536 cores and 6 TByte RAM located at DLR Göttingen.

Figure 90. Illustration of the prism layers around the model contour (left) and distribution of the calcu-
lated dimensionless wall distance Y+ of the first prism layer along the model surface of the
converged RANS solution (right).

A zero yaw angle was simulated at a Reynolds number of 4 million, which corresponds to
a vehicle speed of 85 km/h which is the typical driving velocity of heavy-duty vehicles on
European highways. At a temperature of 293.15 K and an atmospheric pressure of 1050 hPa
the resultant density was 1.205 kg

m3 . A moving ground and wheel rotation were simulated using
corresponding boundary conditions.

7.3.2 Predicted flow fields

As previously discussed, significant differences were observed for the mean flow topology of
the near wake measured in the road test compared to the results of the wind tunnel experiments.
Simplifications of the used model geometry and the simplified experimental setup in the SWG
were identified as possible reasons. To investigate the reliability of CFD simulations in terms of
the accuracy of the predicted flow field around a full-scale tractor-trailer configuration under real
operating conditions, a computational study with a more detailed model geometry than used in
the previous studies was performed. In the following, the predictions of the velocity and pressure
field of the full-scale simulations are compared to those measured in the road test.
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Base pressure distributions

In Figure 91, the vertical distribution of the measured and predicted pressure coefficient is
presented for the base centreline (Y/Wf s = 0) and two further spanwise locations (Y/Wf s = 0.21,
0.43). The pressure tap locations of the experiments are indicated as coloured symbols. The
measured pressure distributions are characterised by a steady increase from the bottom upwards
and ambient conditions are nearly reached along the upper trailing edge. In the lateral direction,
the pressures tendentially increase. With regard to the CFD predictions, a different tendency can
be observed between the upper and the lower half of the base. The predicted pressure level in the
lower base region is in better agreement with the experimental data, whereas the pressure values
are overpredicted. This leads one to expect lower vertical velocity components close to the base
in the case of the simulation. The pressure increase toward the upper base is not reproduced
and a maximum difference of ∆CP ≈ 0.05 appears between the results of the simulation and that
measured in the experiments. In the case of CFD, the pressure maximum is located below the
upper trailing edge at 0.7≤ Z/H f s ≤ 0.8. The inaccurate prediction of the trailer base pressures
indicates that the flow structures in the near wake are not captured accurately in the steady-state
RANS simulation.

Figure 91. Pressure coefficient at the base centreline (Y/Wf s = 0) and at two further spanwise locations
(Y/Wf s = 0.21, 0.43) predicted by steady-state RANS simulations and measured in the road
test at a Reynolds number of 4 million. The ordinate is referred to the vehicle height and the
pressure tap locations in the experiment are indicated as coloured symbols.

The predicted base pressures are in qualitatively good agreement with results from Hyams et al.
[47] who performed numerical simulations with a full-scale tractor-trailer geometry solving the
unsteady Reynolds-averaged Navier-Stokes (RANS) equations. He predicted a similar pressure
distribution with a local pressure minimum close to the lower and a local maximum close to the
upper trailing edge. The development in spanwise direction also corresponds to that presented in
Figure 91. Nevertheless, the unsteady flow solver used in the simulations from Hyams et al. [47]
predicted a higher pressure level at the upper base region which is in better agreement with the
results of the road test. This underlines the demanding requirements for modern flow solvers to
compute the three-dimensional flow field around a bluff body such as a tractor-trailer.
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Velocity field in the near wake

In Figure 92, the colour-coded contour of the vertical velocity component superimposed by
velocity vectors illustrate the mean flow direction in the symmetry plane of the base (side view).
The flow direction is from left to right and the PIV measuring plane in the road test is given as
reference. The vector field visualises a spatially extended flow upwash with velocities of up to
15% of that of the freestream flow and a length of the near wake of around 0.3 of the vehicle
length. The calculated pressures revealed maximum values at the upper base at 0.7≤ Y+≤ 0.8,
which suggests that the flow stagnates at this location. The vector field in Figure 92 confirms the
expected flow stagnation and thus the predicted base pressures.

Figure 92. Results of CFD at a Reynolds number of 4 million: Vertical velocity component presented as
a coloured contour and the mean flow direction as velocity vectors with a normalised length in
the symmetry plane of the near wake (side view). The area framed in black represents the PIV
measuring plane of the road test.

To compare the predicted flow field results with the measured ones in the road test, Figure 93
presents the velocity field in the area where PIV was applied. The flow field prediction of the near
wake presented in Figure 93 (left) is in qualitatively good agreement with the experimental results
measured under real flow conditions in the road test (right). A comparable mean flow structure
is provided by the simulation, whereas the recirculation centre is slightly above that from the
experiments. The contour plots in Figure 93 highlight the different measured and predicted
velocity levels. Vertical flow velocities of about 25% of the vehicle speed are induced behind
the test vehicle, while CFD predicts significant lower velocities. The maximum differences of
the velocity values are of the order of 40%. The difficulty in predicting the velocity level in
separated flow regions in CFD simulations was already discussed in Section 6.2. The reasons are
the incapability of steady-state flow solvers to predict the periodic flow structures in the wake
[48, 53, 90, 93].
The vertical distribution of the streamwise velocity component in the near wake was presented in
Figure 83 (right) as representative to quantify the different velocity levels induced behind the
wind tunnel model compared to that behind the test vehicle. The velocity profiles in Figure 94
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correspond to those illustrated in Figure 83 (right) but also contain the CFD predictions as dashed
lines. The streamwise position is X/Lm, X/L f s = 1.03, which is 0.5 m behind the base of the
full-scale model geometry. As blue and green line plots, the velocity distributions are visualised
for the scale model geometry with and without rear bumper. The measured and predicted velocity
behind the full-scale geometry is colour-coded in black.

(a) CFD (b) EXP

Figure 93. Contour plot of the mean vertical velocity component normalised with the driving velocity
and superimposed by every tenth vector of the normalised mean velocity vector field in the
symmetry plane behind the trailer (Y/Wf s = 0) predicted by CFD (a) and measured in the road
test (b) at a Reynolds number of 4 million. The coordinate axes are referred to the vehicle
dimensions and the trailer rear end is indicated as a black rectangle.

As shown in Figure 94, the velocity values predicted behind the base in the road test (black
line plot) agree better with the scale model results of the configuration with rear bumper (blue
line plot). In the range of 0.4 ≤ Z/H f s ≤ 0.6, the velocity values are of the same order of
magnitude. Significant differences can be observed below, where the different geometry of the
rear bumper of the full-scale and the scale model strongly affects the flow structures in this region.
The fundamental differences of the velocity values behind the base, as presented in Figure 94,
underline the strong influence of the underbody geometry on the prediction of the aerodynamics
behind a tractor-trailer.

Summary

Finally, the simulations of the road test confirm the assumptions made through the analysis of
the experimental results in this thesis, that the changed flow physics in the near wake is mainly
associated with geometry simplifications of the model geometry. The numerical simulations
successfully predict the flow topology in the near wake behind the trailer but are limited in the
prediction of the absolute velocity values. Furthermore, the comparison with the results of the
road test underlines the possibilities of scale model testing for the prediction of the aerodynamics
of a tractor-trailer configuration under real conditions.
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Figure 94. Comparison of the measured and predicted dimensionless streamwise velocity component at
X/Lm, X/L f s = 1.03 in the model/vehicle symmetry (Y/Wm, Y/Wf s = 0) of the SWG wind
tunnel experiment for the scale model baseline configuration at stationary ground conditions
and a Reynolds number of 0.65 ·106 with installed rear bumper (–) and with no rear bumper (–)
as well as for the road test at a Reynolds number of 4 ·106 (–). The corresponding numerical
predictions are visualised as dashed lines in the same colour. The velocity was referred to the
freestream/driving velocity and the ordinate to the model/vehicle height.
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8 Conclusions

The selective use of different engineering methods suitable for the aerodynamic development
process of commercial vehicles was investigated by using the example of drag-reducing modifi-
cations for a tractor-trailer configuration. Special emphasis was also given to the practicability
and predictability of the applied approaches.
Wind tunnel measurements with scale model geometries established an essential basis for
initial investigations in vehicle aerodynamics. As representative of a cost-effective method to
investigate a wide range of different model configurations, this experimental method was applied
to the systematic development of a practicable drag-reducing device for the trailer underbody.
Additionally, specifically adjustable laboratory conditions and suitable conditions for applying
measuring techniques qualifies this engineering method for detailed investigations of the changed
flow physics induced by the modified model geometry.
In the case of this thesis, different test facilities suitable for experimental investigations with a
constructed 1/15th scale model of a tractor-trailer were used. The 1mG, a closed-loop wind tunnel
with an open test section, served as pre-test facility to develop and examine the functionality
of the model instrumentation such as the force measurement system. A maximum Reynolds
number of 0.63 ·106 could be reached there. In the closed test section of the DNW-KKK, the
flow-induced aerodynamic loads on the model were investigated regarding their dependence from
the Reynolds number as the fundamental parameter to ensure the portability of the measurement
results to real flow conditions. Measurements were performed in a range of 0.4 · 106 ≤ Re
≤ 1.0 · 106 realised by a temperature cool down inside the test section using liquid nitrogen.
As a result, a dependence of the measured drag coefficient from the specific flow conditions
could only be detected up to a Reynolds number of 0.4 ·106. Finally, the Side Wind Test Facility
Göttingen (SWG), a closed-loop subsonic wind tunnel with a closed test section finished in the
early stage of this thesis, has been mainly used for the scale model experiments performed in
this thesis, since it provides an excellent testing environment due to the high reachable Reynolds
number, the small blockage ratio of the model setup inside the test section and the easy optical
access for applying optical measurement techniques.
For the scale model experiments, a 1/15th scale model of a detailed today’s tractor-trailer geom-
etry was constructed from aluminium alloy. The model was instrumented with a piezo-electric
force transducer integrated into the vehicle architecture to measure the induced aerodynamic
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loads. Further, piezo-resistive pressure transducers were installed at the model rear end to deter-
mine the base pressure distribution. In addition to these measurement parameters, the velocity
field behind the wind tunnel model was also considered using the particle image velocimetry
(PIV). With planar PIV, the two in-plane velocity components in vertical streamwise cuts were
measured to investigate the specific influence of applied promising approaches for the reduction
of aerodynamic drag on the velocity field in the wake. Afterwards, the three velocity components
in a cross section behind the model were also measured by recording particle images with two
cameras from two different perspectives, known as stereoscopic PIV. The resultant velocity fields
were used to prove the existence of streamwise flow structures that were expected from the
results of planar PIV.
With the experimental setup in the SWG, a wide range of different model configurations was
investigated in terms of their aerodynamic efficiency and to study the working principle of
applied methods aimed at reducing the aerodynamic drag by analysing the induced flow physics.
Finally, a configuration with an underbody full fairing and a rear diffuser was identified as
practicable for an enhancement of the vehicle performance through the aerodynamics. This
configuration was used as a representative for reaching the objectives of this thesis. Diffuser
slant angles in the range of 0◦ ≤ θ ≤ 25◦ were studied in detail. A maximum reduction of
the aerodynamic drag coefficient of 3.3% at a diffuser slant angle of 25◦ through the direct
influence of the underbody flow on the near wake topology was demonstrated. The assumption
of a reduction in base drag, made by the analysis of the flow structures, was confirmed by the
increased pressures at the model base. In summary, a promising approach for the reduction of
the aerodynamic drag of a tractor-trailer was found by modifying the geometry of the trailer
underbody. It could be also shown that a scale model wind tunnel measurement is a suitable
engineering tool for comprehensive studies in heavy vehicle aerodynamics and that it is an
essential element in the aerodynamic development process. A prediction of the portability to a
real application is only possible to a limited extent due to the simplifications of the experimental
setup such as the stationary ground board, which is also summarised in Table 4.
Therefore, CFD simulations were used to fill the gap left by experiments, since they provide
the complete unsteady 3D flow field and allow for comprehensive parameter variations. The
steady-state and unsteady Reynolds-averaged Navier-Stokes (RANS, URANS) equations were
solved using the software package STAR-CCM+ with the turbulence modelled using the shear
stress transport (SST) k−ω turbulence model. The flow regions close to the walls were simulated
with a hybrid wall function approach which resolves the viscous sublayer in fine mesh regions
and uses the logarithmic law of the wall to calculate the velocity values for the wall mesh cells in
coarser mesh regions. The model geometry in the simulations corresponded to that of the wind
tunnel model but the computational domain was simplified after excluding an influence of the
test section boundaries on the flow field predictions.
The predicted velocity and pressure fields of the CFD were validated using those measured in
the wind tunnel experiments. A good correlation could be observed for the mean flow structures
in the wake, but the absolute velocity values were quantitatively underpredicted. The similar
observation could be made for the base pressure predictions with a comparable distribution
between high and low pressure regions at the trailer rear end but a significantly lower pressure
range in the case of the simulations. The predicted variation in base drag between the baseline
configuration and the configuration with the 25◦ rear diffuser, determined by spatial averaging
of the base pressures, was of the same order of magnitude as measured in the wind tunnel
experiments. However, the applied numerical methods did not allow for an accurate prediction
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of the aerodynamic drag coefficients of the simulated model configurations. The existence of
streamwise flow structures, as detected in the experiments, was confirmed by the simulations.
The diffuser inlet was detected as that region where the counter-rotating vortex pair starts to
develop and a stronger flow upwash indicated by an increased vertical velocity component was
predicted in the near wake. The pressure rise at the base is a results of the stronger upwash,
which induces additional fluid into the near wake. With regard to the aerodynamics of a diffuser
installed at the rear end of a tractor-trailer configurations, the CFD simulations also provided an
insight into the induced pressures characteristics at the trailer underbody. As well-known from a
rear diffuser in ground proximity and confirmed by the performed simulations, higher diffuser
slant angles are associated with reduced pressures at the diffuser wall.

Wind tunnel Numerical Road test
experiments simulations

Restrictions measuring errors physical model measuring errors
interferences numerical errors environment

boundary conditions
Reynolds number 0.1-1 M 0.65 M (scale 1:15) 1-4 M

4 M (full-scale)
Model geometry scale 1:15 scale 1:15

full-scale full-scale
simplifications simplifications
scaling effects

Ground/wheel not simulated boundary conditions
simulation
Data volume loads, pressures, flow 3D flow field pressures, flow
Preparation time high high high
Testing/Computing low low high
time

Table 4. Summarised evaluation of the engineering methods applied in this thesis.

Another reason for using numerical methods in this thesis is the possibility for an easy imple-
mentation of systematically relevant boundary conditions such as the interaction between the
model and the ground. Since the SWG is not equipped with a road simulation system, CFD was
used here to study the effects of a moving ground on the aerodynamics (see Table 4). It could
be demonstrated that the topology of the near wake and also the induced pressure distribution
at the base are directly influenced by the changed ground condition. In the case of the baseline
and the 25◦ rear diffuser configuration, the induced pressure rise at the base was around 40%
lower with a moving ground compared to that with a stationary ground. The numerical results
therefore predict a reduction of the efficiency of the rear diffuser at moving ground conditions.
In order to investigate the influence of the specific boundary conditions of the wind tunnel
experiments on the flow physics behind a tractor-trailer, flow and pressure field measurements
were performed behind a full-scale tractor-trailer under the real operating conditions of a road test.
Therefore, the test vehicle was instrumented with an on-board PIV system and piezo-resistive
pressure transducers were installed on one of the trailer tailgates to measure the velocity field
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in a single section cut behind the trailer and the pressure distribution at the trailer base. It was
shown that a wide region of the trailer near wake and the pressure distribution at the trailer base
can be measured for a full-scale tractor-trailer configuration while driving. To our knowledge,
the worldwide first laser-based optical measurement using the particle image velocimetry (PIV)
technique was performed in a road test. The road test took place on a test track of 1.8 km in
lengths with a maximum driving speed of 85 km/h, which corresponds to a Reynolds number
of around 4 million. The environmental conditions, such as the wind speed and direction, were
measured during the entire measurement time.
The absolute velocity values in the near wake measured in the road test and in the wind tunnel
experiments are comparable. With regard to the measured base pressures, the results of the road
test reveal a three-dimensional pressure distribution, which differs from that measured at the base
of the wind tunnel model. Obvious differences could be also shown for the topology of the mean
wake. The development of a mean recirculation region behind the trailer was also demonstrated,
the investigations however revealed that the recirculation centre is shifted downwards. The
reason therefore was assumed to be that, due to the different underbody geometry between
the wind tunnel model and the test vehicle, the underbody flow, mainly responsible for the
generation of the near wake, is significantly changed. The made assumption was confirmed by
the results of the solution of steady-state RANS simulations, that reproduced the tractor-trailer
road test. Therefore, the cleaned geometry used for simulating the wind tunnel experiments
was transformed into full-scale with ground motion and wheel rotation simulated as boundary
conditions. In this case, the simulated Reynolds number of around 4 million corresponded to
that reached at a driving velocity of 85 km/h in the road test (see also Table 4).In accordance to
the simulations of the wind tunnel experiments, the CFD is suitable to predict the flow structures
in the wake but provides no accurate prediction of the trailer base pressures.
From a methodological perspective, also described in Table 4, a major challenge of a road test is
the strong influence of environmental impacts, which is a major disadvantage in contrast to the
high reproducibility provided by a wind tunnel experiment. The challenging conditions of a road
test require a high degree of expertise in applied measurement techniques. Also, a road test can
be used only as a representative of the real flow conditions, and provides no opportunity for the
specific investigation of system parameters such as the moving ground effect.
Altogether, this thesis contributes to improve the understanding of the unsteady flow processes
in the flow field around bluff bodies and gives a deeper insight into the transferability of wind
tunnel results on the reality by comparing pressure and velocity field data measured in the wind
tunnel experiment and the road test. Furthermore, CFD methods, as typically used in industrial
development projects, were discussed regarding their predictability for the aerodynamic design
process. A summarised evaluation of the applied methods can be taken from Table 4.
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Appendix

Appendix A: Baseline Configuration
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Figure 95. Unsteady streamwise velocity component normalised with the freestream velocity and super-
imposed by every second vector of the unsteady velocity vector field in a streamwise section
cut of the near wake with view direction from the side for the baseline configuration measured
at a Reynolds number of 0.65 ·106 in the SWG.
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Appendix B: Rear Diffuser Configuration
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Figure 96. Unsteady streamwise velocity component normalised with the freestream velocity and super-
imposed by every second vector of the unsteady velocity vector field in a streamwise section
cut of the near wake with view direction from the side for the 25◦ rear diffuser configuration
measured at a Reynolds number of 0.65 ·106 in the SWG.
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