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Abstract  
 

Climatic wind tunnels (CWTs) are nowadays a fundamental part of the development of new vehicles, 

since they enable all weather simulations at all times of the year, latitudes, altitudes, etc. Vehicle 

development research can be performed more targeted and development time can be reduced 

significantly, as modern climatic wind tunnels allow reproducible heat transfer analyses at all locations 

of a vehicle.  

In this work the influence of the ambient conditions on the heat transfer processes for passenger cars 

that can be simulated in CWTs is analyzed for the CWTs of the BMW Group. The influences of relative 

humidity, ambient temperature and altitude are considered with the aim to establish the required 

accuracy level for setting these parameters in CWTs such that road similar results can be obtained 

during CWT testing. Furthermore an investigation is performed on the flow quality simulated in the 

CWT and its influence on the heat transfer relevant to vehicle components when compared to the on-

road conditions. Aspects which have been considered are the aerodynamic influences caused by the 

use of wheel fixation and the exhaust extraction system, as well as by the wind tunnel geometry and 

size. The aim was to establish the influence of these elements on the vehicle aerodynamics and 

consequently the different heat transfer rates on vehicle components induced when compared to the 

on-road conditions.  

The influences of both the ambient and aerodynamic parameters on the heat transfer have been 

studied by measuring the temperatures of vehicle components and cooling fluids throughout different 

vehicle zones, including components that act as heat sources, e.g. the engine and exhaust pipes, as 

well as those that are convectively heated. The analyses are performed at constant drive velocities and 

external temperatures on a standard, market-ready, BMW (F10 or F34) or Mini (R56). Depending on 

the investigation parameter, realistic and extreme conditions for relative humidity, altitude and 

temperature were set with high accuracy during CWT testing. The influence of the CWT hardware and 

geometry on the vehicle aerodynamics has been established by measuring the local surface pressures 

along the vehicle body in both the CWT as well as in a reference aerodynamic wind tunnel. As a 

comparison these effects are also studied trough CFD analyses.  

The analyses showed that for the tests performed within the conditions prescribed by the BMW 

operation envelope, changes in relative humidity have a negligible influence on the heat transfer 

process of the vehicle components and cooling fluids. On the contrary, small changes in ambient 

temperature were found to have a non-negligible effect on the component temperatures. 

Furthermore, no specific relations could be established between the changes in ambient and 

component temperatures, since actively and passively heated or cooled components showed different 

thermal behaviors. It was furthermore studied that altitude changes smaller than 500 m appear to 

have a negligibly small influence on the simulation quality of the tests. Instead, when the difference 

between local testing altitude and the desired ambient altitude is larger than 500 m then the altitude 

must be simulated at the correct altitude in order to have on-road realistic thermal behavior of the 

components and cooling fluids.  

The study of the pressure distributions along the vehicle body proved that both the vehicle fixation 

and the size and geometry of the wind tunnel have a strong influence on the vehicle aerodynamics and 

therefore the component cooling. These results have been confirmed by CFD analyses. As a 

consequence of the fixation or a smaller wind tunnel geometry the local pressure along the vehicle 
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underbody is increased. The pressure increment strongly depends on the type of (front or rear wheel) 

vehicle fixation and the size of the wind tunnel. The results indicate that for CWT testing lower local 

flow velocities, i.e. less cooling, occur along the underbody than during on-road testing. The results 

correlate with the higher temperatures measured for several vehicle components during CWT testing 

when compared to on-road testing results. The exhaust extraction system was found to have a similar, 

but less strong influence. 

The results achieved under realistic ambient conditions can be used as an optimization parameter in 

planning and operating climatic wind tunnels for future use. Furthermore, a solution for the vehicle 

fixation and the modification of the vehicle aerodynamics in the CWT in order to obtain road similar 

aerodynamic conditions along the vehicle underbody is recommend. 
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Zusammenfassung 
 

Klimatische Windkanäle sind heutzutage ein grundlegender Bestandteil bei der Entwicklung neuer 

Fahrzeuge, da sie die Simulation aller Wetterbedingungen zu allen Jahreszeiten, Breitengraden, 

Höhenlagen, usw. ermöglichen. Moderne Klimawindkanäle bieten die Möglichkeit, systematische 

Wärmeübertragungsmechanismen an allen Fahrzeugkomponenten mit hoher Reproduzierbarkeit 

analysieren zu können, wodurch eine geradlinigere Fahrzeugentwicklung mit erheblich reduzierten 

Entwicklungszeiten möglich wird. 

In dieser Arbeit wird in den Klimawindkanälen der BMW Group der Einfluss der 

Umgebungsbedingungen auf die in Klimawindkanälen nachstellbaren Wärmeübertragungsprozesse im 

Umfeld des Gesamtfahrzeuges analysiert. Dabei werden insbesondere die Einflüsse der relativen 

Luftfeuchtigkeit, der Umgebungstemperatur und der Höhe berücksichtigt, mit dem Ziel die 

erforderliche Genauigkeitsstufe für die Einstellung dieser Parameter festzulegen, sodass bei Tests in 

den klimatischen Windkanälen nahezu identische Ergebnisse als auf der Straße erzielt werden können. 

Des Weiteren werden die Qualität der im Klimawindkanal simulierten Strömungsbedingungen und 

deren Einfluss auf den für Fahrzeugkomponenten relevanten Wärmeübergang im Vergleich zu den 

Straßenbedingungen im Detail untersucht. Im Rahmen dieser Studie werden insbesondere die 

aerodynamischen Einflüsse, deren Ursprung sowohl im Einsatz von Radnabenfixierungen und der 

Abgasabsaugung, als auch in der Windkanalgeometrie selbst, analysiert. Ziel war es, den Einfluss dieser 

Elemente auf die Fahrzeugaerodynamik und damit auf die unterschiedlichen 

Wärmeübertragungsraten von Fahrzeugkomponenten im Vergleich zu den Straßenbedingungen zu 

ermitteln. 

Die Einflüsse von sowohl der Umgebungs- als auch der aerodynamischen Parameter auf die 

Wärmeübertragung wurden untersucht, indem die Temperaturen von Fahrzeugkomponenten und 

Kühlflüssigkeiten in verschiedenen Fahrzeugzonen gemessen wurden, einschließlich Komponenten, 

die als Wärmequellen wirken, z.B. die Motor- oder die Auspuffrohre, sowie diejenigen, die konvektiv 

erhitzt werden. Die Analysen wurden bei konstanten Fahrgeschwindigkeiten und Außentemperaturen 

mit einem serienmäßigen BMW (F10 oder F34) oder MINI (R56) durchgeführt. Abhängig von den zu 

untersuchenden Parametern wurden für die Tests in den Klimawindkanälen sowohl realistische, als 

auch extreme Bedingungen für relative Feuchte, Höhe und Temperatur mit hoher Genauigkeit 

eingestellt. Der Einfluss der Windkanal-Hardware und -Geometrie auf die Fahrzeugaerodynamik wurde 

durch Messen der lokalen Oberflächendrücke entlang der Fahrzeugkarosserie sowohl im klimatischen 

Windkanal als auch in einem Referenz-Aerodynamik-Windkanal ermittelt. Zum Vergleich sind diese 

Effekte auch durch CFD-Analysen untersucht worden. 

Die Analysen zeigten, dass Änderungen der relativen Feuchte bei den Tests, die unter den BMW-

Betriebsbedingungen durchgeführt werden, einen vernachlässigbaren Einfluss auf den 

Wärmeübertragungsprozess der Fahrzeugkomponenten und Kühlflüssigkeiten haben. Im Gegensatz 

dazu wurde festgestellt, dass kleine Änderungen der Umgebungstemperatur eine nicht 

vernachlässigbare Auswirkung auf die Komponententemperaturen haben. Darüber hinaus konnten 

keine spezifischen Beziehungen zwischen den Änderungen der Umgebungs- und 

Komponententemperaturen festgestellt werden, da aktiv und passiv beheizte oder gekühlte 

Komponenten unterschiedliche thermische Verhaltensweisen zeigten. Es wurde weiterhin untersucht, 

dass Höhenunterschiede von weniger als 500 m einen vernachlässigbaren Einfluss auf die 
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Simulationsqualität der Tests haben. Wenn die Differenz zwischen der lokalen Test Höhe und der 

gewünschten Umgebungshöhe größer als 500 m ist, muss die korrekten Höhe simuliert werden, um 

ein realistisches thermisches Verhalten der Komponenten und Kühlflüssigkeiten auf der Straße 

sicherzustellen. 

Die Untersuchung der Druckverteilungen entlang der Fahrzeugkarosserie hat gezeigt, dass sowohl die 

Radnabenfixierungen als auch die Größe und Geometrie des Windkanals einen starken Einfluss auf die 

Fahrzeugaerodynamik und damit auf die Bauteilkühlung haben. Diese Ergebnisse wurden durch CFD-

Analysen bestätigt. Als Folge der Fixierung bzw. einer kleineren Windkanalgeometrie wird der lokale 

Druck entlang des Fahrzeugunterbodens erhöht. Die Druckzunahme ist stark abhängig von der Art der 

(Vorder- oder Hinterrad-) Fahrzeugfixierung und der Größe des Windkanals. Die Ergebnisse zeigen, 

dass während Tests in den Klimawindkanälen niedrigere lokale Strömungsgeschwindigkeiten, d.h. eine 

geringere Abkühlung entlang des Unterbodens auftreten als während Tests auf der Straße. Die 

Ergebnisse korrelieren mit den höheren Temperaturen, die im Vergleich zu Testergebnissen auf der 

Straße während Tests in den Klimawindkanälen für mehrere Fahrzeugkomponenten gemessen 

wurden. Es wurde festgestellt, dass das Abgasabsaugsystem einen ähnlichen, aber weniger starken 

Einfluss hat. 

Das unter realistischen Umgebungsbedingungen erzielte Ergebnis kann als Optimierungsparameter bei 

der Planung und dem Betrieb von Klimawindkanälen für die zukünftige Nutzung genutzt werden. 

Weiterhin wird eine Lösung für die Fahrzeugfixierung und die Modifikation der Fahrzeugaerodynamik 

in den Klimawindkanälen empfohlen, um straßenähnliche aerodynamische Bedingungen entlang des 

Fahrzeugunterbodens zu erhalten. 
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Nomenclature 

 
ABR  Autobahn Ring 

ATC  Aerodynamic Test Center 

AWT   aerodynamic wind tunnel  

BMW  Bayerische Motoren Werke 

CFD  computational fluid dynamics 

CPU  central processing unit 

CWT  climatic wind tunnel 

ECE  Economic Commission for Europe 

EES  exhaust extraction system 

EES-L  exhaust extraction system with 1 m elongated pipes 

ETC  Energetic Test Center 

EVZ   Energetische Versuchszentrum 

F10   BMW 5 series limousine (2010 – 2017) 

F56   Mini vehicle model (2006 – 2013) 

F34  BMW 3 series Gran Turismo (2013 – 2017) 

HC trailer Hill-Climb trailer 

HW trailer Highway trailer 

MWT  model wind tunnel 

PO  Petit Oval 

OdM  Oval de Miramas 

OEM  Original Equipment Manufacture 

RANS  Reynolds Averaged Navier-Stokes 

SUV  Sport Utility Vehicle 

TOS  thermal operational safety 

 

Symbols in formulas 

A  area         [m2] 

�̅�  mean velocity of translation of molecules    [ms-1]  

Cp   pressure coefficient       [-] 

cp   specific heat capacity at constant pressure    [JK-1] 

cv   specific heat capacity at constant volume    [JK-1] 

D  drag resistance        [-] 

D  distance between two plates      [m] 

e  internal energy per unit mass in a fluid volume element   [Jkg-1] 

g  gravitational acceleration      [ms-2] 

h  altitude         [m] 

L  characteristic length        [m] 

�̅�   mean free path of molecules       [m] 

M  Mach number        [-]  

Pr  Prandtl number        [-] 

p  pressure        [Nm-2] 

p0  reference pressure at sea level      [Nm-2] 
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ptot  total pressure        [Nm-2] 

pref  reference pressure       [Nm-2] 

p∞  ambient pressure       [Nm-2] 

𝑄  total heat transfer       [J] 

�̇�  total heat transfer rate       [J] 

𝑞∞  dynamic pressure       [Nm-2] 

�̇�  heat transfer rate per unit area      [Wm-2] 

�̇�𝑛  rate of heat generated per unit volume     [Wm-3] 

Nu  Nusselt number       [-] 

R   specific gas constant       [-] 

Re  Reynolds number       [-] 

Rex  Reynolds number at distance x      [-] 

T  temperature (Ts,Tr, Tw, T∞, Tn)      [K] 

t  time         [s] 

U∞   flow velocity        [ms-1] 

u  uncertainty        [-] 

u  velocity component in x direction     [m/s] 

v  velocity component in y direction     [m/s] 

w  velocity component in z direction     [m/s] 

 

α  heat transfer coefficient      [Wm-2K-1] 

β  tangent angle of a streamline      [°] 

ГN  vortex strength at the nozzle edges     [m/s] 

ГC  vortex strength at the collector edges     [m/s] 

ρ   density          [kgm-3] 

δ  boundary layer thickness      [m] 

ε   emissivity        [-] 

1-2   emission factor exchanged from one body surfaces to another  [-] 

λ  material thermal conductivity      [Wm-1K-1]  

λ  coefficient of bulk viscosity      [kgm-1s-1] 

µ  dynamic viscosity       [kgm-1s-1] 

   kinematic viscosity       [m2s-1] 

  coverage factor        [-] 

s   Stefan-Boltzmann constant       [-] 

𝜑  relative humidity       [%] 

 

 



 

1 Introduction  

1.1 Interest of research topic 
 

Climatic wind tunnels (CWTs) take nowadays a fundamental part of the development of new vehicles. 

Due to their ability to simulate and control environmental conditions they serve as testing environment 

for achieving component and subsystem design targets and to ensure that the full-scale integration of 

the subsystems does not adversely affect performance. Typical investigations in CWTs include: interior 

climate control, engine cooling, heater performance, heat protection, cold start, idle, cruise, drivability, 

temperature or humidity influence in seals, defroster performance, snow ingestion and various tests 

performed on altitude. Furthermore various regularity tests, such as emission testing, can also be 

conducted in CWTs [1]. CWT testing is applied in many of above mentioned tests to analyze the thermal 

behavior of vehicle components and cooling fluids for e.g. the engine, gearbox and transmission under 

all kind of vehicle loads and at different weather conditions. These thermal analyses of components 

and fluids have mainly two goals; (I) to assure that the maximum temperatures do not exceed physical 

boundary values imposed by the manufacturer, since this would affect the life time durability or even 

induce a physical deformation of the specific component and by that reduce its operational 

effectiveness; (II) to develop an ideal cooling strategy for e.g. the engine, the (transfer) gearbox or the 

differential, such that drive comfort and quality remain as high as possible under all circumstances.  

The traditional approach to perform these analyses is on the road and still nowadays ad-hoc selected 

routes are driven at predefined velocity profiles and under critical weather conditions. These cycles 

are specifically chosen due to the high requirements posed on the vehicle technology. They can consist 

of long mountain hill climbs at low and moderate speeds, or braking or drivability tests under wet 

conditions or high speed testing at hot conditions as shown in figure 1. The critical weather conditions 

such as rain, snow and sunshine at dry high air temperatures required for specific tests are defined by 

the critical conditions a vehicle could encounter during his life time, when driving in specific geographic 

locations at a specific seasonal period. The complexity of testing for these conditions stems from the 

continuous movement of the earth, which rotates around itself and the sun at changing angle, implying 

therefore the well-known seasonal changes on each location. A main drawback of this approach is the 

reduced test timeframe that is offering the set of conditions of interest for the investigation. To this 

purpose the vehicles are transported around the world in the seasonal period that offers the critical 

conditions. Furthermore, since natural conditions are never reproducible, even within these periods, 

the weather conditions have a daily and hourly variation in terms of temperature, wind, sunlight and 

humidity. These fluctuations strongly affect the temperatures of vehicle components and would imply 

long test campaigns in order to have a valid amount of reproducible data. However, generally these 

are not affordable due to the restricted development times for a car. Many tests are therefore 

performed in (slightly) different conditions. This strongly reduces the research quality of the analysis 

when comparing the data for different vehicle configurations. In order to increase the research quality 

for the vehicle optimization within the short development timeframe of a vehicle, part of the 

development is nowadays shifted to CWTs, where stable experimental conditions can be set. 

In order to optimize both processes and vehicle development time during its design phase, CWTs have 

been introduced in the automotive industry. Thereby the primary goal of CWTs is not to reduce costs 

directly, but to reduce development time and increase the quality of reproducibility of the 

experiments, which is not found in nature. The two together improve the return on investment in time.  
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Figure 1: On-road vehicle testing.  

In the early stages of the simulations, open-jet wind tunnels with small nozzles, as shown in figure 2  

were used to design cooler packages and analyze engine component temperatures. These wind 

tunnels generally offered test conditions in a small specified temperature range, which depend on the 

local ambient air temperature, since the jet airstream is directly in contact with the open ambient in 

which the vehicle is situated. Soon closed loop wind tunnels with small nozzle areas were constructed 

in order to optimize energy expenses, but even more important, to perform experimental testing 

within a wider and better controlled temperature range. Figure 2 shows an example of a close loop 

test chamber at BMW, where the air temperature can be controlled easily due to the fact that most of 

the airstream is circulating continuously within the tunnel.  

        

Figure 2: Vehicle testing in a small open-jet wind tunnel (left), vehicle testing in a small closed loop test 

chamber (right).  
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Having small nozzles though, theses climatic chambers do not provide proper flow simulation around 

the full vehicle and in the underbody of the vehicle. The correct simulation of the flow conditions is 

limited to the front part of the vehicle, which satisfies the requirements set for the development of 

the engine and cooling system for vehicles with an engine mounted in the front. However, since the 

minimization of vehicle mass has become of increasing interest through the years in order to improve 

drivability and reduce both emissions and costs, nowadays, the amount of heat shielding materials is 

required to be kept as low as possible. Similarly cooling packages should not be over-dimensioned. For 

this purpose the development of closed loop CWTs (figure 3) offering better full-vehicle flow 

simulation became fundamental, especially in the car underbody region.  

        

Figure 3: Vehicle testing in large closed loop climatic wind tunnels. 

Through the years, these CWTs developed to sophisticated closed loop wind tunnels with large nozzles 

and collectors, allowing a complete simulation of the flow around and under the vehicle at a wide 

range of temperatures. The first large closed loop CWTs, for testing heat transfer components within 

operating vehicles, have seen their birth around the 1940s at e.g. at the Modine Manufactory Company 

[2]. However, it was not before the 1970s that several Original Equipment Manufacturers (OEMs) and 

design and research institutes started using CWTs for large scale research and development [1, 2]. 

Modern specialized CWTs can nowadays simulate snow and rain conditions, as well as sunshine. 

Furthermore high accuracy testing with temperature and humidity control became possible and wind 

tunnel calibration methods (see Chapter 2) are used to assure good simulation of the oncoming wind 

velocity in the frontal area of the vehicle, i.e. up to the A-Column [3, 4, 5]. For these CWTs a high level 

of similarity is achieved in the measurements of temperatures of both components and cooling fluids 

located in the frontal area of the vehicles in both the road and CWT environments. However, since 

nowadays part of the thermal behavior on the full vehicle is developed in CWTs, also temperatures of 

components in the underbody and the rear part of the vehicle are analyzed during the wind tunnel 

testing and therefore a correct simulation of the vehicle aerodynamics is of fundamental importance.  

In 2010 these type of large CWTs started their operational time at the BMW climatic wind tunnel 

facility (EVZ, German acronym for Energetisches Versuchszentrum, which will be addressed to as 

Energetic Test Center ETC). The ETC facility will be discussed in more detail in Chapter 2. At that time 

they represented the newest CWTs with highest state of the art technology in use. Several tests at the 

ETC showed that the thermal behavior obtained in the ETC for the large majority of the vehicle 

components and cooling fluids in the engine compartment is within the same accuracy band of 

temperatures obtained on the road. However, in the underbody part, and especially at the rear part 

of the vehicle this cannot be stated for all components. In these regions non-negligible temperature 

differences varying from 2 to 10 °C were found for component temperatures of about 100 °C. These 
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are not considered to be bias errors, since these values are exceeding the accuracy level of the sensors, 

which will be discussed in Chapter 3. Due to the short operative history of the application large CWTs 

for analyzing the thermal behavior of components over the whole vehicle, this phenomena is relatively 

new in the automotive industry and not broadly investigated.  

As far as it is known to the author, only a very limited amount of sensitivity analyses on the correctness 

of the vehicle aerodynamics simulated in CWTs and the influence of inaccurate simulations has been 

analyzed before this work. Some analyses on the effects of the vehicle-to-nozzle distance have been 

performed for providing correct flow simulations in the frontal region of the vehicle [3, 4, 5]. However, 

the influence of the wind tunnel geometry on the airflow around the whole vehicle, especially in the 

rear and underbody part of the vehicle, as well as the influences of the wind tunnel hardware, have 

not been investigated in detail yet. Similarly, the impact of environmental parameters on the heat 

transfer of several vehicle components has mostly been experimentally analyzed on singular 

components and only in a very limited amount in the full vehicle configuration under typical testing 

drive cycles as will be discussed in the next chapter.  

1.2 Aims and approach of thesis 
 

The specific objective of the present work is to investigate on the relevant parameters influencing the 

quality of the CWT simulation that leads to the discrepancies measured in the thermal behavior of 

several vehicle components and cooling fluids of a regular production vehicle. The goal to gain a full 

understanding of these phenomena is necessary in order to quantify and possibly correct the 

influencing parameters. This is of fundamental importance to better predict the life time of system 

components and at the same time improve the vehicle development process at BMW.  

The work is performed to optimize wind tunnel management in order to reduce both testing time and 

expenses, whilst maintaining high quality results during Thermal Operational Safety (TOS) testing in 

the CWTs of the ETC. It is aimed to achieve the goal set by simplifying the testing procedures and 

developing mathematical correction models or physical hardware modification to the BMW CWTs, 

which will reduce and possibly prevent the temperature differences with respect to the real road 

driven cases for future use.  

Based on the heat transfer physics it is suggested that these parameters could be caused by both 

environmental differences in ambient humidity, temperature and pressure compared to road 

measurements, as well as by different aerodynamic conditions between the two testing environments. 

The latter are supposed to be a consequence of e.g. the wind tunnel geometry and the use of wind 

tunnel support hardware, such as the exhaust suction system or the vehicle wheel hub fixation.  

The influence of each ambient and aerodynamic parameter on the heat transfer processes to 

passenger cars is analyzed in the CWTs of the ETC at the BMW Group. For this purpose the 

temperatures of vehicle components and fluids were studied in different zones during stationary drives 

at constant low, moderate or high velocities. Both vehicle components that act as heat sources, e.g. 

the engine and exhaust pipes, and those that are heated by means of convection due to transport of 

hot air were considered. The tests were performed under realistic road conditions and, for some 

specific investigation purposes, at extreme wind tunnel conditions. In order to establish the influence 

of the ETC CWTs on the airflow characteristics around the vehicle, aerodynamic comparison 

measurements have been performed in the large aerodynamic wind tunnel at BMW. 



1 Introduction 

5 
 

In order to perform clean analyses of the influencing parameters, the quality level of the wind tunnel 

simulations in terms of experimental repeatability needs to be investigated first; secondly, the 

influences of environmental parameters, i.e. the static ambient conditions such as temperature, 

humidity and geographical elevation on the thermal heating of the vehicle components and cooling 

fluids are analyzed and quantified; finally the influences of the wind tunnel geometry and its hardware 

on both the thermal heating of the vehicle components and cooling fluids and the vehicle 

aerodynamics is examined. With this set of information, thermodynamic relations are established with 

the goal to recommend a physical or mathematical correction of the CWT conditions such that its 

testing results will approach road testing results. The analysis process is sketched in figure 4. 

 

Figure 4: Goal set and investigation process for analyzing the influencing parameters affecting CWT 

testing results when compared to on-road results. 

1.3 Thesis outline 
 

After defining the objectives of the thesis, the historical background of the importance of CWTs as well 

as their development and the research performed on them through recent decades are discussed in 

Chapter 2. A thorough discussion on the influencing parameters that affect the quality of the results 

obtained in these wind tunnels when compared to on-road conditions is presented. This forms a 

structured outline for the investigation to be performed in this work in order to achieve the goals set. 

In the subsequent Chapter 3 the material used for the investigations as well as the methodology of 

investigations are discussed. A detailed description of the measurement set-up for the road and 

(climatic) wind tunnel as well as for the computational fluid dynamics (CFD) simulations is given in 

Chapter 4. Finally, the influences of environmental and aerodynamic parameters on the heat transfer 

of vehicle components will be discussed in Chapter 5 as well as its effects on the design and operation 

of CWTs. The work is concluded in Chapter 6 in which recommendations for future use of BMW’s 

climatic wind tunnels are given. 
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2 The influence of climatic wind tunnels on vehicle development  

2.1 Climatic wind tunnels in the system engineering development process 
 

Similar to other engineering fields, also in automotive development it is desired to simplify the project 

development lifecycle of a new product as much as possible. Ideally, the whole chain of processes from 

the start of design up to the end product acceptance, passing through research, development and 

testing phases, should be reduced to an approach which aims at minimizing resources consumption, 

in terms of time, energy and costs. A simplified system engineering model of this chain stemming from 

the 1980s is given in figure 5. Through the years the schematic diagram evolved to more detailed 

versions and it could be adopted for almost all fields of (software) engineering. This model will be used 

to understand the position of CWTs within the development process towards the end product [6].  

 

Figure 5: Simplified system engineering “V-model”, describing the typical four system engineering 

Phases of a product development process.  

The typical product development lifecycle mainly consists of 4 phases. The first phase is a conceptual 

design phase (Phase I), which is followed by a preliminary case study and pre-diagnostic research of 

the product possibilities in satisfying the design criteria and set boundaries for development limitations 

(Phase II). This phase can be seen as an analytical phase in which mathematical and empirical models 

are applied to satisfy the design criteria. As a last step, before the finished product will be built and 

marketed, a conceptual product or parts of the product will be developed, tested and validated for a 

predefined set of boundaries conditions imposed by quality requirements (Phase III). These boundary 

conditions represent the operation envelop in which the tested object should still be able to operate 

safely. These can be e.g. forces to withstand or environmental condition. This phase can be divided in 

two categories: (I) the development and testing of parts of the product and (II) the full product 

validation testing. Finally the product is ready for market (mass) production (Phase IV). 
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Within this chain a good and thorough pre-study, using both analytical and empirical models during 

the pre-design and research phase, should result in a minimum amount of component testing and, 

ideally, just one final test campaign for validation of the full prototype should be needed before it is 

mature for market production. This is for example a well-known design philosophy to the aeronautical 

and spacecraft industries. For the first one, only one testing of the full product is taken into account, 

due to its associate risks during its validation, whereas in the spacecraft industry an experimental 

testing campaign of for example the launcher does actually not exist, since this all occurs at the time 

of the Maiden Launch. For both industries the goal to perform as much as possible research is achieved 

in the second phase, since it strongly reduces costs in the development and testing phase. The third 

stage is, however, still strongly related to the research phase, since it is an iterative process between 

these two phases in order to find a solution for satisfying the product design and quality requirements. 

Herein the iterative process is actually the most important and nowadays the most time consuming 

part within the development of the product.  

In the automotive industry the full vehicle development undergoes a similar process as in the above 

mentioned industries. Also here the iterative process between Phases II and III is the most dominant 

and time absorbing work, which involves a complex interaction between several fields of engineering, 

see figure 6. The most present and well-known fields in this process involve the design of engine 

performance, the engine cooling system, the vehicle drivability, structural rigidity and weight and the 

vehicle aerodynamics. Through the years more sophisticated fields such as passenger comfort and 

safety as well as environmental pollution have gained importance in the more complex design of the 

full vehicle. However, as the scope of this work is to analyze and optimize the CWTs for the automotive 

industry, the discussion will be restricted from now on to fields of engineering that involve the use of 

the CWTs within the development chain. To be more specific, the discussion on the CWTs and their 

application is limited to the engineering fields that study the thermal behavior of the cooling fluids and 

vehicle components outside of the vehicle passenger area during predefined drive cycles. The first one 

is mainly related to the studies on engine and gearbox cooling system efficiencies and engine 

performance, whereas the latter regards the thermal safety management of vehicles. These represent 

the two main engineering fields of research considered in the large CWTs at BMW.  

 

Figure 6: A simplified model of the interaction between different fields of engineering in the 

automotive industry [7]. 
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Both research fields share the scope of optimizing the thermal control unit and the engine cooling in 

order to satisfy the requirements on thermal safety of the vehicles and its components, as well as its 

sustainability and its life-time expectation, within a predefined thermal load life-cycle, whilst 

maintaining high performance and low emissions at the same time. For this purpose a specific set of 

vehicle component and fluid temperatures are analyzed and validated for its thermal behavior, when 

excited under thermal loads that are experienced in real life driving at different ambient conditions. 

These drive cycles are generally defined in three major categories: (I) high load with low velocity, (II) 

moderate load with medium velocity and (III) moderate load at a high velocity, which are discussed in 

section 3.1. 

In assuring that the thermal requirements are met, both computer modeling and experimental work 

is performed during the development process. In the ideal development process the application of 

numerical models in Phase II should serve as a quantitatively predictive tool that provides the 

necessary information for the development of the vehicle and its components. For this ideal case there 

should be no necessity of component or vehicle testing, except for a single validation test before 

entering mass production. However, the limited analytical knowledge and computing power available 

in the early days restricted the application of numerical computing to simplified mathematical models 

only. As theoretical knowledge was gained through the years and computing power increased, complex 

1-D and 3-D numerical models were developed for the simulation of single vehicle components and 

full vehicle configurations subjected to operative conditions. Nowadays, these simulations are used as 

a predictive tool for the vehicle development. However, for full scale vehicle simulations that provide 

highly accurate data mapping of the component temperatures, high requirements need to be set to 

the mesh density and the computing models used. This means that the models should not only 

consider the external body aero-thermal interaction between fluid and the vehicle components 

themselves, but also the accurate modeling of engine combustion and the thermal propagation of the 

exhaust gases through the pipes. In order to achieve high accuracy, such ideal complex models require 

extremely fine meshing, implying extremely high computing power too. Unfortunately, even high 

performance computers are not able to perform simulations in a convenient time frame suitable for 

vehicle development requirements, posing its time ineffectiveness as limiting factor for pre-study 

design stage during the development process (e.g. sizing of components). Therefore simplifications 

achieved by means of semi-empirical approximations are applied on the models and aero-thermal 

decoupling programs are adopted. This allows to use different degree of mesh refinements in different 

regions, leading to time-affordable simulations for vehicle development. The simplified models provide 

a good quality simulation when considering it as a predictive tool for showing the effects of different 

configurations on the temperature development of components. Its overall quality as a simulative tool 

is, however, generally not accurate enough for estimating the exact absolute temperature values in 

operative conditions. For this reason most of the research in automotive design is still performed 

through experimental work on the open road, on special test tracks and laboratories. Different from 

the numerical analysis, this not only takes place during Phase II of the development chain, but is also 

part of Phase III.  

In contrast to aeronautical and spacecraft industry, in the automotive industry, the testing of full scale 

models is also possible in the final operative environment, since vehicles can be tested under safe 

conditions on special test tracks or large test benches. Initially most of the development regarding 

thermal analyses of vehicle components and fluids was initially dominated by road testing (Chapter 1). 

Special routes were driven at predefined velocity profiles and under critical weather conditions for this 

purpose. Still nowadays this approach is widely spread and used for final testing before starting market 
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production. However, as the test timeframes that offer the required environmental conditions for the 

investigation are limited and the reproducibility within these time frames is low, road testing is 

considered too time consuming and cost expensive for modern OEMs that have a development 

timeframe from concept to launch of about 14-24 months [1]. In order to satisfy these time goals and 

increase the research quality for the vehicle optimization, part of the development is nowadays shifted 

to CWTs, where stable experimental conditions can be set.  

Besides offering extremely stable environmental conditions, CWTs allow fast and easy sensitivity 

analyses of different environment conditions. The simulated conditions can be adapted in a short time 

to new settings and extreme cases can be reproduced. Furthermore, high flexibility in testing different 

vehicle configurations is possible due to the local availability of material and professional support for 

changing components. However, despite of the clear advantage of simulating stable conditions, even 

the newest and most high-tech CWTs suffer of not being able to simulate the exact same conditions of 

the natural environment on the road. Temperature and humidity can be controlled with high accuracy. 

Instead, the simulated airflow surrounding the vehicle differs from reality, due to the installed wind 

tunnel support hardware, such as the vehicle fixation and the system required for the removal of 

exhaust gases, and the different geometrical environment between the CWT and the road, which imply 

respectively flow deviation and a confined or free expansion of the air. Consequently, the heat transfer 

of specific components is strongly affected and a 1:1 translation of results obtained in the CWT to the 

real road conditions is not fully possible. In order to make wind tunnel test results valid or comparable 

to road validation, several approaches have been considered through the years. They vary from the 

above mentioned local aerodynamic correction methods to the use of relations that correlate the heat 

transfer of the components on the road to the heat transfer obtained in the wind tunnel. Nevertheless, 

it is supposed that the heat transfer correlation formulas cannot be automatically applied to all 

components, since the thermal management control unit actively influences the temperatures of these 

fluids and components.  

In the next section these two physical environments of development, i.e. road versus CWT, will be 

compared. The differences between these environments and the proposed (mapping) solutions to 

translate the results from the CWT to the real world case will be discussed. To this scope the concept 

of the CWT within its historical context is considered first.  

2.1.1 The climatic wind tunnels and its influence factors in automotive testing  

 

The first test benches for vehicles appeared in the early 1920s and were primary used for the 

development of the vehicle engine. Shortly before and during the Second World War, the drive for 

technological innovation was strongly increased and highly specialized laboratories were developed. 

Examples are aerodynamic and structural laboratories, which were used for performing analyses of 

e.g. the parts used in airplane development [8].  

In case of aerodynamic wind tunnels (AWTs) it took several years before they became operative for 

the automotive industry. As a consequence of the increasing driving velocities, aerodynamic conditions 

were recognized as important to the design of the total vehicle in the 1960s and AWTs have been 

adopted since to improve vehicle aerodynamics. Similarly, small test chambers were built in those 

same years in order to optimize the heat management of the engine and its compartment. These test 

chambers were primarily designed with a duct simulating an airstream in front of the vehicle as 

experienced during a road drive. Due to the restricted size of these ducts these chambers were mainly 

of interest for vehicles with engines mounted in the front. Through the years the chambers evolved 
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towards CWTs, by introducing temperature and humidity control of the ambient conditions within the 

chambers. As the requirement on e.g. TOS testing increased, the concepts of the small climatic 

chambers and AWTs merged into the typical large CWTs, which nowadays are strongly operative in the 

automotive industry. These CWTs, which are smaller than classical AWTs, took an increasing role for 

the single research and design of e.g. engine cooling, interior climatization, altitude, acoustic, emission 

testing and thermal safeguarding of vehicle components. More recently, facilities have been built or 

upgraded to combine several testing capabilities [9]. Furthermore, the size of CWTs increased through 

the years as the quality of the simulated airstream conditions became more important and blockage 

effects should be minimized (see section 2.2.3). In order to understand the full problematic of CWTs, 

the AWTs must be considered first.  

Aerodynamic wind tunnels 

The concept of aerodynamic wind tunnels originates from the idea of moving an airstream around an 

object instead of moving the object through the air, as it occurs in nature. Though this concept was 

already conceived by Leonardo da Vinci and Isaac Newton, it took several centuries before the first 

wind tunnels became operative for conducting aerodynamic research. The first enclosed wind tunnel 

was built for aeronautical purposes and was credited by the Aeronautical Society of Great Britain to 

Francis Herbert Wenham, who designed and operated it in 1871 [10, 11]. Even though the design of 

the wind tunnels has been optimized through the years in order to improve the air flow simulations, 

the basic design concept remained unchanged. Every wind tunnel consists of at least a test section, 

where a model can be mounted and observed whilst air is either blown or, more usually sucked, over 

it by a fan or number of fans. Through the years several types of wind tunnels have been developed. 

Basically, there are three types of (aerodynamic) wind tunnels: (I) open jet or Eiffel type, (II) closed 

loop or Göttingen type and (III) ¾ - closed loop wind tunnels, also called ¾ - open jet wind tunnels. 

Examples of these type of tunnels are shown in figure 7.  

The simplest type of wind tunnel is the so-called open jet wind tunnel. Two different approaches are 

applied when using open jet tunnels. In one case an underpressure is created by a fan at the end of 

the tunnel pipe. This working principle is shown schematically in figure 7  (top) and as a consequence 

the air is sucked in at the inlet. Due to the contraction beyond the inlet the flow is accelerated to a 

calibrated airstream velocity in the test section. The second type of open jet tunnel operates through 

the opposite working principle. Here air is sucked in directly by the fan which is at the inlet and is 

pushed through a restricted section with a defined contraction ratio, accelerating it up to the design 

velocity at the nozzle exit. The open jet wind tunnel has the advantage of its simple and straightforward 

design, which does not require high (maintenance) investments. However, its main drawbacks are its 

overall quality for simulating correct wind velocities in the test section and the high operative costs, 

which are related to the high energy consumptions needed for continuous testing when moving large 

mass flows of air.  

Closed loop wind tunnels have been developed both to improve the flow quality and reduce the energy 

consumption. In the closed loop wind tunnel the air is accelerated by a fan and is pushed through a 

long duct with corners as shown in figure 7. Special corner vanes and flow straighteners are adopted 

in order to assure good straight incoming flow conditions at the test section. The main drawback of 

this type of wind tunnel is that the cross-sectional area of the test section is kept generally constant 

when moving downstream. As a consequence of mass flow continuity, this implies incorrect velocity 

simulation around the object to be investigated. This error increases with increasing blockage ratio 
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(see section 2.2.3). In order to reduce the error caused by a high blockage ratio, the so-called ¾ - open 

jet wind tunnels were developed. These wind tunnels use the same working principle for accelerating 

the flow and conducting it through the ducts as standard closed loop wind tunnels, but differ from the 

classical closed loop wind tunnels by having a test section (so-called plenum), with an increased cross-

section, see figure 7 (bottom). In fact the air is blown into the test section through a nozzle, just like 

for open jet wind tunnels, and sucked in through a collector at the end of the test section. The 

advantage of this approach is that the air around the object can expand without immediately 

experiencing a confining wall, which would introduce erroneous accelerated flow velocities and bias 

the pressure distribution. However, also these type of wind tunnels affect the flow conditions around 

the object. This influence will be discussed in section 2.2.3. 

    

   

               

Figure 7: Types of aerodynamic wind tunnel; open loop or Eiffel type (top), closed loop or Göttingen 

type (center) and ¾ - open jet wind tunnels (bottom).   

Modern wind tunnels for aerodynamic analyses of cars are designed with a large nozzle, plenum and 

collector sizes. The largest wind tunnel used in the automotive was built in 1980 by General Motors. 

This closed loop wind tunnel is 304 m long and its impressive 13.1 m diameter fan is powered by an 

electrical DC engine producing 4,500 horsepower, which can move a volume of about 56,000 m3 of air 

up to 255 km/h in the test section. The test section has a constant height of 5.4 m and width of 10.4 

m. The length of the section is 21.3 m. In order to maintain a constant pressure gradient the side of 

the walls have a slight divergence [12].  
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Figure 8: GM Aerodynamic Laboratory [12]. 

The most advanced aerodynamic wind tunnel has been built in the first decade of the third millennium 

by BMW. The so called Aerodynamic Test Centre (ATC) of BMW is a building where the development 

of high efficiency vehicles is performed. It contains two ¾ - open jet wind tunnels with semi-open 

plenum that differ in size. The largest one is a vertically closed-loop wind tunnel, whereas the smaller 

one is a horizontally built closed-loop wind tunnel, which is integrated within the larger one. The 

largest one, designed for full-scale model and actual cars, can test aerodynamic behaviors at speeds 

up to 300 km/h. The second one is large enough to allow tests of full size models and cars and is 

specially equipped for scale models for advanced aerodynamic research. In order to have high quality 

flow simulation around and especially under the vehicle, both wind tunnels are equipped with a 

moving belt that simulates the road related velocity as well as the air speed [13]. 

Climatic wind tunnels 

The first CWTs for large scale research and development in the automotive industry were introduced 

as climatic chambers in the 1970s and the 1980s [1, 9]. An example of such a climatic chamber is shown 

in figure 2 in which a full scaled vehicle is tested. Initially the chambers were mainly constructed to 

improve cooler package efficiency and analyze the component temperatures in the engine 

compartment. Different from simple engine test benches, full scaled vehicles with their powertrain 

could be subjected to realistic drive cycles. The main improvements were the simulation of realistic 

airflow conditions through the cooler package and the possibility to set both temperature and 

humidity at the desired values. Through the years, test chambers were further developed to advanced 

test laboratories, enabling ambient pressure conditioning in order to simulate a realistic drive at 

altitude and increase accuracy levels on temperature and humidity control in order to satisfy new 

requirements for e.g. emission testing.  

As the automotive industry kept searching for further optimization of its design and development 

process, wind tunnel simulation quality was not restricted anymore to the heat transfers in the front 

part of the vehicle only: instead the desire was to induce realistic conditions around the full vehicle, 

also in the rear part. To this purpose the first climatic wind tunnels with large nozzle, collector and 

plenum sizes were built. The main goal of CWTs is to improve the quality of the convective airflow 

surrounding a full scale vehicle. By this means, thermodynamic interactions between vehicle 

components and convective air were simulated more realistically. In summary, modern CWTs are small 

wind tunnels for full scaled vehicles as is shown in figure 2 and are used for a large variety of testing 

scopes as mentioned in Chapter 1. The main goal is to evaluate vehicle systems in their fully integrated 

http://s1.cdn.autoevolution.com/images/news/nu-e-gata-automotive-wind-tunnel-testing-23250_6.jpeg
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conditions, where individual components, such as radiator fan, can be tested for both satisfy 

component and subsystem design targets as well as to ensure that the full-scale integration of the 

subsystems does not adversely affect performance. For the scope of this work the application of CWTs 

is only considered for TOS tests.  

In order to ensure a good simulation of realistic road conditions modern CWTs have the primary 

concern of correctly simulating (I) the loads applying on the vehicle during a drive cycle on the road, 

and (II) the heat transfer between the vehicle components and the surrounding air to which the 

components are subjected during road driving. The fundamentals for simulating these two load 

conditions, i.e. the application of road loads and the physical process of heat transfer and the various 

forms, will be discussed next within the context of the BMW CWTs and the typically used operational 

environment for TOS testing. 

BMW climatic wind tunnels in ETC 

The Energetic Environment Test Centre (ETC) is a complex comprising three large climatic wind tunnels, 

two smaller test chambers, nine soak rooms and support infrastructure shown in figure 9. The 

capabilities of the CWTs and chambers are varied, and as a whole give BMW the ability to test at 

practically all conditions experienced by its vehicles, worldwide [14]. 

The hot engine investigations on the thermal behavior of the vehicle parts are performed in the large 

BMW CWTs. All three wind tunnels are similarly built ¾ - open jet wind tunnels, with an identical airline 

and a compact design for its large 8.4 m2 nozzle and 10.14 m2 collector cross-sectional area and the 

9.8 m jet length (measured from the nozzle exit to the upstream edge of the collector). An airline 

drawing of the ETC CWT set-up is shown in figure 10. Except for some special feature for which each 

wind tunnel is specifically designed – testing at extremely high speeds (Thermal wind tunnel – KWK), 

at rain, snow and dry sunny desert conditions (Environmental wind tunnel – UWK) and for highly 

dynamic race track simulation (Climatic wind tunnel – EWK) – the working principle of each CWT is the 

same. These special design characteristics holding for a specific CWT only will not be discussed, since 

it is not relevant for the TOS tests considered in this work. A detailed discussing can be found in [14]. 

Instead the general working principle of the CWT as used during TOS testing is discussed next.  

 

Figure 9: The ETC test facility at BMW [14]. The wind tunnels from left to right: UWK, KWK and EWK. 

The test chambers in the lower left and right angles from left to right: KK and EK.  
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The real road loads to which a vehicle is subjected during a dynamic and constant drive cycles (on a 

mountain slope) are simulated using 4 state of the art wheel chassis dynamometer, manufactured by 

MAHA. These dynamometers are independent from each other and the total resistance applying on 

the vehicle is easily simulated through a mathematical model. For each vehicle the mathematical 

relation describing the road loads applying on the vehicle at a specific velocity is determined through 

a coast-down approach [15, 16]. The model is then converted to a CWT-model such that the 

dynamometers can correctly simulate the road loads by taking into account vehicle mass, inertia, air 

resistance and the specific internal friction for the power train, the transmission and vehicle rolling 

resistance [17, 18, 19]. 

The climatic conditions, temperature and humidity, are regulated as required for each investigation. 

The temperature is regulated through the heat exchanger in the airline, whereas the desired plenum 

humidity level is achieved by injecting water vapor in the airline behind the fan. The required water 

vapor injected for the humidification of the wind tunnel is heated in a steam boiler by burning natural 

gas at a rate of about 0.3 kg natural gas for 1 m³ of water vapor. To achieve dehumidification air from 

the environment is dried up through interaction with a silica gel that is maintained at dry conditions 

through heating. The dry make up air with a dew point of -40 °C is then exchanged at a rate of 4 times 

the plenum air volume. This (de)humidification process implies high energy consumption and high 

requirements for sufficient steam supply for all wind tunnels, as different humidity levels are desired 

on a single testing day [20]. The locations 6 and 7 in figure 10 indicate the locations of the heat 

exchanger and the steam grid for vapor injection in the climatic wind tunnel configuration. The wind 

tunnel allows for a temperature regulation between -30 °C and 45 °C at an accuracy of  0.5 K. Above 

5 °C temperature, the relative humidity can be varied from 10 % to 90 % with an accuracy of 5 %.  

 

1 Vehicle entrance       6 Heat exchanger 11 Idle City doors 
2 Chassis dynamometer 7 Steam grid 12 Central pit 
3 Fan 8 Solar simulation 13 Refueling station 
4 Nozzle  9 Flow straightener     14 Exhaust extraction 
5 Collector 10 Boundary layer reduction 

system 
 System 

Figure 10: Schematic airline drawing of the wind tunnel set-up.  
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From an aerodynamic point of view wind tunnel test section was designed to meet demanding 

specifications. This was achieved using full-scale testing in the ETC as well as testing in a scaled wind 

tunnel model and by using of computational fluid dynamics. The axial static pressure gradient (see 

section 2.2.2) has been practically reduced to zero by adopting fins at the end of the collector [14]. 

Furthermore typical low frequency static pressure fluctuations occurring in open jet wind tunnels [21], 

[22, 23, 24, 25, 26, 27] were studied using a scaled model wind tunnel and suppressed using so-called 

Helmholtz resonator in the first corner beyond the fan [14]. 

The wind velocity in the test chamber is set at the roller velocity with an accuracy of 1 km/h using 

plenum correction method for the pressure sensors that measure the difference in pressure in the 

plenum and in the settling chamber of the wind tunnel (see section 2.2.3). Efficient expending corners 

and a large contraction ratio is used to ensure high efficiency and a flow uniformity at the nozzle exit. 

To improve the simulated underbody mass flow a boundary suction system at the nozzle exit is applied 

to annihilate the boundary layer at the entrance of the plenum. Different then from aerodynamic wind 

tunnels no moving belt is used in the ETC due to its high complexity. Furthermore, the specific support 

hardware needed to perform tests are installed in the CWTs. These consist of solid elements, such as 

the vehicle (wheel hub) fixation, the exhaust extraction system (EES), protections shields and cables, 

which are situated close to the vehicle. The vehicle fixation and EES are required to ensure safe working 

conditions during the cycle by respectively keeping the vehicle on the dynamometers and avoid a high 

level of toxic gases in the CWT. Several methods can be adopted for both purposes. A standard vehicle 

fixation configuration used at BMW is shown in figure 3, where the vehicle is fixated through a hub 

fixation at the front wheels and a hook configuration in the rear of the vehicle. The application of the 

standard EES can also be noticed in this figure.  

Before continuing the discussion about the application of CWTs in vehicle testing and its influence in 

comparison to the real road testing, the fundamental physical phenomenon that imposes the necessity 

of TOS testing, i.e. the heat transfer between the components and its environment, will be explained, 

since it is exactly this process that needs to be simulated correctly in order to achieve equal test 

conditions as on the road. 

Heat transfer  

In nature any object at a temperature different from the local fluid temperature in which it is 

immersed, or from an element with which it has direct contact or which is at a close distance, is 

subjected to the process of heat transfer between the environment and the other bodies surrounding 

it. Heat transfer occurs by two means fundamental to the laws of thermodynamics: the first principle 

implies that the change in heat of an integral system equals the total change of the potential state of 

the system, the second principle implies a transfer of heat where heat propagates from a region of 

high temperature to a region of low temperature, i.e. in the direction of decreasing temperature, as it 

is shown in figure 11. In general the heat transfer always occurs through radiation, material conduction 

and natural or free convection. 
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Figure 11: Heat transfer between solid or fluid surfaces as a consequence of temperature differences, 

by conduction through a solid (left), convection from a surface to a moving fluid (center) and net 

radiation heat exchange between two surfaces (right).  

In case of conventional vehicles the change in potential state is mainly caused by the combustion 

process inside the engine that heats up the engine and the pipes transporting the exhaust gases into 

the freestream. Consequently, the vehicle is set into motion, where dissipative friction is causing 

several components to heat up. Together they represent the main active heat sources of the vehicle 

and the heat produced is transferred to other parts of the vehicle through radiation, convection and 

conduction. The total heat transferred, 𝑄, is given by  

𝑄 = ∫ �̇�𝑑𝑡
𝛥𝑡

0

 (1) 

 

with �̇� being the heat transfer rate between two systems at different temperatures. This heat 

exchange is a function of surface area exposed and is therefore regularly considered as the transfer 

rate �̇� per unit area 𝐴, 

�̇� =
�̇�

A
  (2) 

 

Each transfer mode will be described next.  

Radiation 

When considering thermal radiation, heat is irradiated from an element as a consequence of its 

temperature. This occurs for all solid bodies with a temperature above 0 K and the maximum emission 

is obtained for the ideal surface of the black body. The energy is emitted by the substance in the form 

of electromagnetic waves or photons, which is caused by the internal modification of the electric 

configuration of atoms or molecules. No interacting medium is needed for this transfer of heat and, as 

it occurs through electromagnetic waves, the heat transfer occurs at the speed of light. However, the 

radiation can be affected by the properties of the fluid between two solid bodies; for liquids the 

radiation is damped, since radiation is absorbed. Similarly, some gases, as for example ozone, strongly 

absorb radiation from determined wavelengths. Instead, most gases, such as air, are (almost) 

transparent to radiation. Contemporary to the energy loss due to emission, a solid can absorb heat 

and if the energy absorption is higher than the emission, than the body will heat up. The determination 

of the net energy exchanged through radiation is complex, since it is a function of the surface 

properties of the solids, the relative orientation of exposed surfaces towards each other and the 

characteristics of the fluid in between.   
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For the two surfaces, of which one has emissivity ε and area A, and is much smaller than the second 

(black) body, that are separated by a gas that does not interfere with the radiation, the radiation heat 

transfer is given by,  

�̇� =  s1−2 ∙ (𝑇s
4 − 𝑇4) (3) 

 

Where s represents the Stefan-Boltzmann constant and 1−2 the emission factor exchanged from one 

body surface to the other, with temperatures 𝑇s and 𝑇. Except for the case with large temperature 

differences between the surface of the solid and the ambient air or a second body, in general the heat 

transfer due to radiation is negligible compared to the amount transferred through forced convection.  

Conduction 

The thermal conduction is the heat transfer caused by the molecular interaction between molecules 

with higher thermal energy level and adjacent molecules at a lower energy level. This form of heat 

transfer can occur in solid, liquids and gasses. In liquids and gasses the transfer is caused by the collision 

between molecules, which have a random motion. In solids the conductive transfer is caused by 

internal vibrations of the molecules and the transport of energy of free electrons. The amount of heat 

transferred between two regions depends on the characteristics of the medium and its geometry as 

well as the temperature difference between the regions. For stationary thermal conduction through a 

material with thickness  𝑥 and a surface area 𝐴 that is subjected to a temperature difference of 𝑇 

which is normal to the surface area 𝐴, the conduction heat transfer is given by   

�̇� =  
𝜆

𝑥
∙ (𝑇w − 𝑇n) (4) 

 

Here 𝜆 is the thermal conductivity, which is a material constant that depends on the environmental 

parameters. In the limit case of an infinitely small thickness 𝑇/𝑥 reduces to 𝑑𝑇/𝑑𝑥, which 

represents the temperature gradient at the surface. In the general cases considered the temperature 

of the vehicle components not only changes with space, but is also a function of time, i.e. 𝑇(𝑥, 𝑡). For 

the non-stationary case equation (4) is still valid, though a more complex mathematical approach 

needs to be used for solving the equation.  

Convection  

Convection is the transfer of heat between a solid surface and a moving liquid or gas surrounding the 

surface and implies the combined effect of both conduction and the transport of mass. The convection 

is categorized as natural or free convection and as forced convection. The first occurs when the 

movement of the fluid is caused by local density changes in the fluid as a consequence of temperature 

change and the influence of the gravitational field where (low density) hot fluid moves vertically up 

and (high density) cold air moves in the opposite direction. In case of forced convection the fluid is set 

in motion by external means, as e.g. a fan or a pump system. In the process of convection the amount 

of heat transferred increases with the velocity and the heat transfer is given by Newton’s law for 

convection,  

�̇� =  𝛼 ∙ (𝑇w − 𝑇∞) (5) 
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With 𝛼 as the heat transfer coefficient for the fluid-structure configuration considered, 𝑇∞ as the fluid 

temperature and 𝑇w as the surface temperature of the solid. The heat transfer coefficient is an 

empirically determined parameter, which depends on the surface geometry of the solid, the type of 

fluid, the fluid state (laminar or turbulent) and velocity and will be discussed in section 2.1.2.  

The transfer of heat through convection is complex, since it involves both the motion of the fluid 

together with the conduction of heat through the fluid. The higher motion of the fluid increases the 

heat transfer, since the faster moving molecules will experience a more frequent contact of hot and 

cold fluid regions, leading to a more intense conductive interaction between the molecules. Generally 

it can be stated that the transmission is much higher for convection then for conduction. The difference 

raises with increasing fluid velocity. 

In air the heat transfer through radiation occurs contemporary to the conduction and is in the same 

direction. Generally, radiation through air dominates on conduction and natural convection, but is, in 

case of low temperature differences between the solid surface and the ambient air, negligible if 

compared to forced convection at high speeds. 

The heat transfer equation 

The relevance of each heat transfer mode strongly depends on the temperature differences between 

materials, the material properties and the type of fluid as well as its convective velocity. During a drive 

cycle the thermal behavior of vehicle components is affected by all three modes. By combining all three 

expressions above for heat transfer, the heat transfer rate on any location of the vehicle is given by 

expression (6), where the body of interest with temperature 𝑇w, interacts with a nearby body or fluid 

with temperature 𝑇r and the environment at temperature of 𝑇∞ [9].  

�̇� =  s1−2 ∙ (𝑇s
4 − 𝑇r

4) + 𝛼 ∙ (𝑇w − 𝑇∞) +
𝜆

𝑥
∙ (𝑇w − 𝑇n) (6) 

 
Within a solid the heat transfer is mainly caused by radiation and conduction rather than by 

convection. For a solid immersed in most still stationary fluids, heat is transferred through conduction 

mainly and less by radiation, whereas when immersed in a moving fluid the heat is transferred through 

convection and radiation. In order to perform tests, which resemble a realistic heat transfer as much 

as possible, all parameters should be simulated correctly in the CWT.  

Road versus CWTs 

Despite the improvements made on the flow conditions and the control of environmental parameters, 

experiments performed in modern CWTs lead to different results as obtained by means of road testing. 

This was recognized immediately during the first TOS tests at the BMW ETC. The tests demonstrated 

that different temperatures were measured for a certain amount of typical thermal safeguarding 

components when compared to the road testing results. Since the same vehicle and components were 

used, it can be deduced that the conduction between components did not change during testing in 

both environments. According to equation (6) the temperature differences measured can be caused 

by differences in radiation or convection only. In order to improve the quality of the CWT, such that 

road conditions are simulated at best and the results are matched, an investigation model is set up. 

The goal is to investigate on the relevance of different parameters that can be considered as a cause 

for the different radiation and/or convective heat transfer, which eventually lead to the temperature 

differences measured between these two environments. 
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For this purpose the investigation model is segmented in the following three categories:  

- The static and dynamic environmental parameters, 

- The aerodynamic interaction between wind tunnel geometry, (moving belt) and vehicle, 

- The aerodynamic interaction between the vehicle and the wind tunnel support hardware.  

The first category represents all environmental parameters that influence both radiation and 

convection terms in equation (6). These consists of both static and dynamic parameters. The static 

parameters consider the influence of a deviating temperature, pressure and the relative humidity on 

the heat transfer between two measurements. It is required that in CWTs the static parameters can 

easily be controlled within narrow tolerances. The dynamic environmental parameter is due to the 

instable wind conditions, such as e.g. gusts and lateral wind velocities, experienced during drive cycles. 

The presence of these weather instabilities are not predictable and cannot be represented in CWTs; 

however, they definitely influence the temperatures of several components, since the average 

convection of cold or hot air differs from the stable uniform wind conditions in the CWT. This will be 

briefly introduced in section 2.1.2.  

The second category considers the aerodynamic interaction between the vehicle and the wind tunnel, 

which is a consequence of the wind tunnel geometry and is obviously not present during driving on 

the road. Due to its geometry and the solid blockage effect of the vehicle, both small and large types 

of wind tunnels induce different convective flow conditions around the vehicle. It is found that the 

quality of the simulated wind speed strongly depends on the size and geometry of the wind tunnel 

compared to the vehicle and the distance of the vehicle with respect to the nozzle exit [3, 4]. By 

applying the so-called plenum or nozzle correction methods explained in Section 2.2.3. The flow 

simulation can be improved along (part of) the vehicle, as it will be discussed in section 2.2.3. Another 

parameter to be considered for the correct vehicle (underbody) flow simulation is the boundary layer 

growth along the wind tunnel floor below the vehicle, which is a consequence of the standing floor.  

Besides the attempt of simulating at best the aerodynamic conditions in the tunnels by optimizing the 

wind tunnel geometry, it must be recalled that CWTs always have other “internal hardware 

structures”, which might affect the test bench simulative quality. These CWT influencing parameters 

represent the third category to be studied. The two main wind tunnel support hardware for CWTs that 

disturb the flow conditions are the wheel fixation hubs and the exhaust extraction system (EES). They 

are respectively required for safety, to fixate the vehicle during its operational drive cycle and to 

prevent exhaust gases to diffuse in the plenum. So far no studies to the influences of these CWT 

hardware elements have been published. However, it is supposed that, depending on the configuration 

used, these elements are an obstacle to the airflow around and behind the vehicle. The presence of 

the vehicle mounting configuration induces a deflection of the local flow, whereas the EES might 

change the vehicle flow conditions due to both the blockage introduced by the construction and the 

suction of local air in the rear part of the vehicle. As a consequence of all aerodynamic parameters 

mentioned, it is suggested that the vehicle aero-thermodynamic relations are affected, implying a 

different heat transfer between components and the airflow. In investigating these influences, it is 

important to allocate the impact factor of the changes on the different areas of the vehicle, i.e. frontal 

and rear area as well as the upperbody and the underbody.  

Figure 12 shows the investigation model and segmentation of the three categories with the influencing 

parameters to be investigated. As far as it is known to the author only a very restricted amount of 

research has been performed so far to relate the influence of each parameter on the measurement 
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quality of the thermal behavior of components. The will be discussed in the follow part of this Chapter. 

It is the scope of this work to investigate the relations between the parameters and the thermal 

behavior for the ¾ - open jet loop wind tunnel type, since it represents the BMW climatic wind tunnel 

type. The studies performed on the influences of each of these factors will be discussed next.  

 

Figure 12: Investigation model of parameters that influence the simulative quality of a climatic wind 

tunnel. 

2.1.2 Theoretical background of the influencing parameters in the investigation model 

2.1.2.1 Environmental conditions: Static ambient parameters 

 

Being its primary concern, CWTs have been developed in order to control the static environmental 

parameters within the typical operational envelope for vehicles. Figure 13 shows the operational 

envelope in terms of temperature and relative humidity within which BMW cars are developed. There 

are three categories in which tests are performed: (I) cold conditions (II) ECE1, (III) hot conditions. The 

categories are selected such that cars can be optimized specifically for different geographic markets 

around the world. In order to perform quality tests in CWTs, high accuracy levels of the control 

parameters are required, making the CWTs a good test environment to perform studies on the 

influence of the ambient parameters.  

                                                           
1 The “UNECE Regulations” or, less formally, “ECE Regulations” in reference to the Economic Commission for 

Europe is a common set of technical prescriptions and protocols for type approval of vehicles and components, 

which are agreed on by a legal framework of participating countries (contracting parties). 

https://en.wikipedia.org/wiki/Type_approval
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Figure 13: Operational environment for TOS testing for BMW vehicles. 

The influences of the static ambient conditions, i.e. of pressure, temperature and humidity on the heat 

convection and conduction terms will be discussed from a theoretical point of view. The influence of 

each parameter on the radiation will not be considered, since radiation energy is transferred by 

electromagnetic waves or photons and therefore not affected by the pressure and humidity of the 

ambient fluid. It is instead strongly dependent on the temperatures of the radiating component and 

the ambient fluid or other components surrounding it (see equation (6)). This discussion will however 

not be pursued further, since the influence of the surrounding air temperature is straight forward. 

Humidity and temperature 

From a physical point of view the influence of humidity on the heat transfer should be considered in 

terms of relative humidity, which is defined as the ratio of the partial pressure of water vapor in the 

air to the saturation pressure at a given temperature, 𝜑(𝑇) = 𝑝𝑤/𝑝𝑠𝑎𝑡(𝑇). For the simplicity of writing 

relative humidity is addressed to as humidity in the rest of the following of the document.  

As already mentioned the influence of humidity does apply only to the convective and the conductive 

heat transfer terms. Furthermore, excluding any form of direct vaporization of a layer of ice or 

condensed water on the vehicle component, it is assumed that the conduction of energy through air 

can be neglected with respect to the convection, since thermal conductivity, λ, is negligibly affected by 

the relative humidity as will be shown in this section. Therefore it is presumed that the relative 

humidity affects convective heat transfer only, which is described by equation (5). The convective part 

is related to the heat transfer coefficient α and the temperature difference between the environment 

and component temperatures. The heat transfer coefficient, 𝛼, is a function of the Nusselt number, 

𝑁𝑢, and therefore of several fluid properties as shown in equation (7).  

𝛼 =
𝑁𝑢 ∙ 𝜆

𝐿
= (𝑈, 𝜆, , 𝜌, 𝑐p, 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐𝑎𝑙 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠) (7) 

 

Here 𝑈 represents the flow velocity,  the kinematic viscosity, 𝜌 the density and 𝑐p the specific heat 

capacity of air. For turbulent flows the Nusselt number is given by (8) 

𝑁𝑢 =
0,037 ∙ 𝑅𝑒0,8 ∙ 𝑃𝑟

1 + 2,443 ∙ 𝑅𝑒−0,1 ∙ (𝑃𝑟
2
3 − 1)

 (8) 

 

The Nusselt number is defined by the Reynolds number, 𝑅𝑒, and the Prandtl number, 𝑃𝑟. The first 

represents the ratio of inertial forces to viscous forces within a fluid which is subjected to relative 

https://en.wikipedia.org/wiki/Viscous
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internal movement due to different fluid velocities. The Prandtl number is a dimensionless number 

defined as the ratio of momentum diffusivity to thermal diffusivity. Both are expressed by equations 

(9) and (10), where 𝑈∞ is the flow velocity, 𝐿 the characteristic length and 𝜇 the dynamic viscosity. 

𝑅𝑒 =
𝜌𝑈∞𝐿

𝜇
 (9) 

 

𝑃𝑟 =
𝑐p𝜇

𝜆
 

(10) 

 

Empirical studies showed that fluid properties strongly depend on the environmental temperature, 

since the energetic state of the particles changes. In case of liquids the distances between particles 

increase with temperature leading to a fluid expansion, whereas for gases the particles will move faster 

and collision more often with each other as temperature increases [28]. A model resulting from 

empirical data and describing the influence of humidity on the fluid parameters , 𝜌, 𝜆 and 𝑐p at 

different temperatures, and at fixed pressure of 1 bar is proposed by Glück [28]. Its relations are shown 

in figure 14. At low temperatures a variation of humidity negligibly affects the fluid parameters, 

whereas at high temperatures, i.e. above 70 °C, its influence cannot be neglected anymore. At these 

temperatures a 50 % variation in relative humidity implies an error of more than 10 % for most of the 

parameters. Substitution of the empirical data for the fluid properties in expressions (5) and (7) shows 

that the heat transfer coefficient has a similar behavior with respect to the environmental 

temperature, as it reduces of more than 10 % between 0 °C and 50 °C, see figure 15. 

 

Figure 14: Dependence of density, ρ, (solid line) and specific heat capacity, cp, (dashed line) (top), and 

thermal conductivity, λ, (solid line) and kinematic viscosity, , (dashed line) (bottom) on relative 

humidity  and temperature at about 0.1 MPa [1]. 

https://en.wikipedia.org/wiki/Dimensionless_number
https://en.wikipedia.org/wiki/Viscosity#Kinematic_viscosity
https://en.wikipedia.org/wiki/Thermal_diffusivity
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Figure 15 shows the influence relative humidity on the heat transfer coefficient for two the two flat 

plate cases with unity length and at a flow velocity of 100 and 250 km/h, i.e. with 𝑅𝑒 = 1.9.106 and 

𝑅𝑒 = 4.6.106 calculated at 15 °C. It shows that ambient temperature strongly affects the heat transfer 

coefficient. This is to be expected, since this is directly related to the heat transfer coefficient and the 

temperature difference between the component and the ambient air surrounding it. However, an 

increase of the amount of water vapor in moist gas at temperatures within the BMW operational 

envelop, i.e. below 50 °C, does affect the heat transfer rate less than 0.3 % and 0.6 % at respectively, 

100 km/h and 250 km/h driving speed. Its influence is therefore expected to be negligible on heat 

transfer properties of vehicle components. This was confirmed by Wang and Chang [29] and Kim and 

Jacobi [30] who demonstrated by analyzing the cooling properties of heat exchangers that the heat 

transfer coefficient is negligibly affected by changes in relative humidity. Instead, humidity levels must 

be taken into account when considering the emissions of internal combustion, spark ignition, 

compression and diesel engines. This is because higher humidity levels imply lower NOx emissions [31] 

and for the design and optimization of air conditioning systems it indirectly contributes to the required 

vehicle power (up to 6 kW) [32].  

 

Figure 15: Heat transfer coefficient as a function of relative humidity  and temperature at about 

0.1 MPa and with 𝑅𝑒 = 1.9.106 (solid line, left y-axis) and 𝑅𝑒 = 4.6.106 (dashed line, right y-axis) 

calculated at 15 °C [28].  

 

Figure 16: Heat transfer as a function of free stream velocity and temperature at about 0.1 MPa [28]. 

Figure 16 shows the influence of humidity, temperature and velocity on the convective heat transfer 

of the component, which has a characteristic length of L = 1 m, a surface temperature of Tw = 100 °C 

and is moving at a constant velocity. The influence of a change of relative humidity on the convective 

heat transfer is clearly negligible when compared to a change in ambient temperature. Furthermore it 
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is supposed from equation (5) that the convective heat transfer linearly depends on the temperature 

difference between the component and the surrounding environment. This difference is strongly 

affected by the surrounding velocity. 

Elevation (ambient pressure)  

An important set of conditions in the car development activities is constituted by driving at elevation. 

Typical TOS tests on high mountain passes (up to 4000 m) subject the vehicles to rarified air conditions, 

i.e. low pressures and densities, at high temperatures and low humidity levels. The change of pressure 

with altitude, ℎ, is described by equation (11), where 𝑝0, 𝑔 and 𝑅 represent the reference pressure at 

sea level, the gravitational acceleration and the specific gas constant, respectively. The density 

reduction can be found through the ideal gas law expressed in equation (12).  

𝑝 = 𝑝0 ∙ 𝑒−
ℎ∙𝑔
𝑅∙𝑇 (11) 

 

𝑝 = 𝜌𝑅𝑇 
(12) 

 

The reduced pressure and density imply at the same time more critical engine operating conditions, 

due to the reduce oxygen level in air, a reduced air resistance and a change in heat transfer between 

the components and the airflow surrounding it. Due to the use of turbo engines and the regulating 

units of the ideal stoichiometric ratio inside the engine combustion chamber, the influence of the 

reduction of oxygen on the engine operational point is nowadays a complex discussion, which is 

beyond the scope of this work. Instead, for the scope of this work only the influences of pressure and 

consequent density changes on the air resistance and heat transfer will be discussed on a theoretical 

basis and further analyzed through CWT testing.  

From the definition of the air resistance as expressed in equation (13) it can be noted that the decrease 

in drag resistance, 𝐷, is directly proportional to density reduction. This yields for example a reduction 

of air resistance of about 18 % when comparing a drive at sea level to a drive at a 2000 m height. This 

effect is taken into account in the tests by changing the local resistance applied by the dynamometers.  

𝐷 =
1

2
𝜌𝐶d𝑆𝑈∞

2  (13) 

 

Based on theoretical grounds, Clerks Maxwell predicted in the second half of the 19th century that 

viscosity and thermal conductivity should be independent of pressure [33, 34]. According to the kinetic 

theory as derived by Maxwell, the thermal conductivity 𝜆 at a given temperature was expressed as, 

𝜆 =  
1

3
𝑐vρ�̅�𝑐̅ (14) 

 

in which 𝑐v is the specific heat at constant volume and �̅� and �̅� represent the mean free path of the 

molecules and their mean velocity of translation, respectively. It was suggested that the product of 

density and mean free path is independent of pressure, since they relate to pressure in opposite 

manner. As a result, a constant thermal conductivity for all pressures is expected. This prediction was 

confirmed experimentally by numerous investigators and the kinetic theory was accepted by many 

scientists, as e.g. by Gregory and Archer [34], who observed the heat loss from a current-heated 

filament along the axis of a tube containing air and related this loss to the thermal conductivity of the 

gas in the tube. They confirmed Maxwell’s prediction for a pressure range between 0.1 and 1 atm, 

where conductivity strongly decreases with pressures below 0.1 bar. Figure 17 shows a typical behavior 
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of the thermal conductivity of air as a function of pressure when the air is between two plates at a 

distance 𝐷 from each other [35], [36]. Considering normal driving conditions with the pressure levels 

(> 0.5 bar) and the distances between components (> 0.1 mm), it can be assumed that the pressure 

only affects the convective term in the heat transfer equation (6).  

 
 
Figure 17: Thermal conductivity of air between two plates at distance 𝐷 in [m] and pressure 𝑝 [36]. 

Contrary to the conductive part of the heat transfer, the convective part of the heat transfer expressed 

in equation (5) is strongly affected by altitude. Since thermal conductivity, specific heat capacity of air 

and kinematic viscosity are negligibly affected by a change in altitude the Prandtl number can be 

considered constant for a wide range of altitudes; it decreases about 1 % when increasing altitude from 

0 to 3000 m [37]. Therefore the heat transfer coefficient is affected only by changes in Reynolds 

number within the definition of the Nusselt number, see equation (8). When considering a constant 

Prandtl number a quasi-linear relation of 𝛼~𝑁𝑢~𝑅𝑒4/5~𝜌4/5 is found for turbulent flow conditions.  

2.2 Wind tunnel interference on vehicle aerodynamics  
 

This section treats the theoretical relevance of the aerodynamic parameters listed in figure 12, which 

supposedly affect the airflow around vehicle components and the associated convective term of the 

heat transfer equation (6). The background and the theoretical influence of each parameter on the 

heat transfer of vehicle components in the engine compartment and along the vehicle underbody are 

discussed. To this purpose the fundamentals of vehicle (underbody) aerodynamics is discussed first. 

2.2.1  Vehicle aerodynamics on the road 

 

In fluid mechanics the conservation of mass flow, momentum and energy of a fluid particle is described 

by the so-called Navier-Stokes equations; equations (15), (16) and (17) respectively [38]. In this set of 

non-linear partial differential equations the state variables are related to the volume, which, different 

to the mass of the cells, is considered to remain constant. Through these equations the fluid 

mechanical properties of a fluid particle can be described and together with the state equations a 

complete description of the flow can be provided. The state variables for compressible and 

incompressible flows, such as velocity, pressure, temperature and density, can be determined in 

dependence of space and time. The mass flow conservation rates of a volume element in its differential 

form with the terms defined as vectors is expressed by:  

𝜕𝜌

𝜕𝑡
+ �⃗� (𝜌 ∙ �⃗⃗� ) = 0 (15) 
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The momentum equation (16) describes the balance between the forces applied on a volume element 

and its associated dynamics. This is based on the second and third Newtonian axioms and on the 

condition that the total momentum is constant in a closed system. The change of momentum in the 

volume element results from the sum of volume, compressive and shear forces, applied to it.  

𝜌 ∙ (
𝜕�⃗⃗� 

𝜕𝑡
+ �⃗⃗� ∙ �⃗� �⃗⃗� ) = −�⃗� 𝑝 − 

2

3
�⃗� (𝜇�⃗� ∙ �⃗⃗� ) + �⃗� ∙ [𝜇 ∙ (�⃗� �⃗⃗� + (�⃗� �⃗⃗� )

𝑇
)] + 𝜌𝑔  (16) 

 

𝜌 ∙ (
𝜕𝑒

𝜕𝑡
+ (�⃗⃗� ∙ �⃗� ) ∙ 𝑒) = 𝜌 ∙

𝜕𝑞𝑛

𝜕𝑡
+ �⃗� ∙ (𝜆�⃗� 𝑇) − 𝑝 ∙ (�⃗� ∙ �⃗⃗� ) + 𝜇 ∙ ɸ 

(17) 

 

The rate of change of energy of a fluid as it flows through a control volume equals the sum of the heat 

added to the fluid and the work done by the forces applied on the fluid inside the volume. This is 

expressed by the energy equation (17). Here 𝑒 represents the internal energy per unit mass in the 

volume element, 𝜕𝑒/𝜕𝑡 the time-rate-of-change of this internal energy, 𝑞𝑛 the volumetric rate of heat 

addition per unit mass, 𝜆 the thermal conductivity and 𝜇 the kinematic viscosity. The dissipation 

function contained within the equation describes the friction losses in the flow field. Since it is 

composed of purely square terms, the irreversible transformation into heat energy is guaranteed. The 

nabla-operator �⃗�  is formally a vectorial partial derivative operator and represents, respectively, the 

divergence of an arbitrary vector or the gradient of the scalar field to which it is applied. 

Fundamental in vehicle dynamics is the flow around the vehicle, which is marked by detachments and 

different flow structures which occur depending on both body geometry and Reynolds number. The 

Reynolds number provides information on whether the flow has a laminar or turbulent character. Due 

to the small kinematic viscosity of air (1.5⋅10−5 m2s-1 at 20 °C) and the large characteristic length of 

vehicles, large Reynolds numbers result (O∿106). Therefore the vehicle aerodynamics can be 

considered to be in the fully turbulent range [38, 39]. This implies that the use of Reynolds Averaged 

Navier-Stokes (RANS) equations is allowed.  

General vehicle aerodynamics 

In vehicle design the aerodynamic design strongly depends on the functional shape (limousine, touring, 

hatch back or SUV) of an automobile. Nevertheless the goals for each model of aerodynamic design 

are always the same, i.e. reducing air resistance and noise, whilst at the same time allowing engine 

cooling and improving vehicle drivability. Furthermore, the general concept of a vehicle aerodynamics 

is basically the same for each model and is presented in figure 18. 

 

Figure 18: Schematic representation of the basics of vehicle aerodynamics [40].  

In general, vehicles are considered as a bluff body, where a stagnation point (high pressure) occurs at 

the front bumper of the vehicle and, as a consequence of the strong adverse pressure behind the 
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vehicle, the 3-D flow with turbulent boundary layers separates from the vehicle implying a so-called 

dead zone of recirculating air (base pressure area). As a result, a pressure difference between the front 

and rear part of the vehicle is experienced, which accounts for about 40 % of the vehicle air resistance. 

Another main cause of vehicle drag is caused by the interaction of the air with the rotating wheels and 

the cavity caused by the wheelhouses. Different studies showed this accounts for about 20 to 33 % of 

the total air resistance. A similar amount of pressure difference occurs along the underbody as a 

consequence of the cavities and aerodynamic obstructions such as the exhaust pipes [41, 42]. 

Furthermore, pressure is lost due to the pressure differences between the stagnation point and the 

underbody as well as underbody and the dead zone. In total the pressure differences on the vehicle 

are responsible for more than 80 % of the total air resistance [9]. The rest is related to skin friction 

drag. The strength of the pressure and friction forces applying on the vehicle are related to its shape, 

the ground clearance of the vehicle and its driving velocity. Limousines have compared to SUVs for 

example a smaller area of detached flow at the rear of the vehicle [43]. This not only implies smaller 

recirculation and wake area [9], but, as a consequence of the size of the area, also smaller vortices that 

detach with lower frequencies from the rear of the vehicle [39]. Consequently the area with low base 

pressure is smaller for limousines and the flow is more stable at the rear of the vehicle.  

In a simplified two dimensional potential model, a vehicle is simulated by a uniform flow coming in at 

constant velocity U∞ and a velocity source and sink Q at, respectively, the front and the rear half of the 

simulated vehicle. This results in a semi ellipse representing the vehicle which is surrounded by the 

incoming flow (streamlines in figure 19) [38, 44, 45]. By using more sources and sinks the simulation 

around the investigated model is improved. 

 

Figure 19: Two dimensional potential flow model of a vehicle modelled as an ellipse by a source and a 

sink (left) and the visualization of the streamlines in blue (right).  

Underbody and wheelhouse aerodynamics 

When considering vehicle aerodynamics for TOS testing, a specific attention is given to the underbody 

aerodynamics, since most thermally critical components are located in, or close to, the engine 

compartment and in the underbody area. This means that for climatic wind tunnel design it is of main 

interest to optimize at the same time both the incoming airstream impinging on the engine inlet and 

the underbody aerodynamics.  

A recent study on the underbody aerodynamics performed during on-road tests at constant speed was 

conducted by Sapranas and Dimitriou [46]. The pressure measurements revealed that from the front 

bumper to the C-Column the underbody can be divided in three aerodynamic distinct areas, which are 

shown in figure 20: (I) a small region of positive pressures at the very front of the underbody, (II) a 

much larger region of negative pressures starting on the engine shield and, covering the gearbox shield 

and almost the entire underside panels and (III) a small region of relatively low positive pressures just 

in front of the fuel tank. The highest pressure, i.e. lowest velocity, was found at the most upstream 

point of the underbody. Moving more downstream, pressure decreases to negative Cp values with the 
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strongest suction peak between the wheels, indicating strong overspeeds. The flow acceleration is 

caused in general by the contraction of the underbody channel flow in this area. Moving further 

downstream in the corridor below the vehicle and between the wheels the pressure coefficient 

increases, but remains negative. Furthermore, a suction peak was noted just behind the front wheels 

as a consequence of combined wakes of the front wheel and the wheel house, which induces a 

separated flow in this region. As the wake fades more downstream, the pressure increases again and 

reaches slight overpressures, due to the stagnation occurring close to the rear wheel spoilers. This 

trend was also found in the exhaust tunnel and there are no pressure discontinuities in span of 

longitudinal direction. These phenomena were not only observed for the reference road 

measurement, but also confirmed in two different wind tunnel test facilities. 

 

Figure 20: On-road Cp-distribution along the vehicle underbody of a BMW 3 series [46]. 

It was shown by Wickern et al. [41] that the flow distribution below the vehicle is not uniform. This 

holds especially in the front part of the vehicle as can be seen in figure 21. In this area the incoming 

flow is deflected laterally due to the vehicle body curvature at the front and the generated 

underpressure at the sides of the front bumper. Consequently the flow impinges with a lateral 

component on the front wheel. Behind the wheel a flow separation is experienced and the locally 

generated vortices will slow down the flow. At the same time, an entrainment with the outer flow 

occurs, which induces a flow parallel to the free stream direction as it moves more downstream. As a 

result the rear wheel is hit by the flow at a negligible incidence angle.  

 

Figure 21: Flow zone speed vectors below the vehicle in a plane parallel with the road surface at height 

Z = 100 mm from the road [42]. 

Fundamental flow characteristics regarding the aerodynamics around the wheel house and rim were 

observed by several studies. Mercker et al. [42] noticed that, depending on the vehicle height and 
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shape in front of the wheels, two main vortex structures occur at the rotating wheel as a consequence 

of its interaction with the incoming air. This was displayed through the clear non-uniform pressure 

distribution at the side of the front wheels, see figure 22. This non-uniformity was supposed to be a 

consequence of the Magnus effect, which implies an upward shift of the stagnation point at the front 

part of the wheel, i.e. a higher pressure at the top part of the wheel. Therefore less flow will escape 

from the top part and more is deflected towards the sides instead, feeding the vortical structures in 

the upper half. At the rear wheels a more uniform distribution was detected, which is displayed by the 

isobaric lines in figure 22. The more uniform distribution with less lateral flow ejection is explained by 

the presence of the wake of the front wheel generated vortices and by the fact that the underbody 

flow is moving straight through a channel with little lateral deflection.  

     

Figure 22: Total-pressure-deficit contour plots in Cp-values at the front wheels (left and center-left) and 

the rear wheels (center-right and right) for vehicle configurations with rolling wheels and the use of 

different spoilers upstream of the wheels [41]. 

Based on these investigations, Wickern et al. [42] introduced the concept of the “fan-blade effect” 

which explains that in case of an airflow passing through the wheel this air will be rotated by the wheel 

spokes as occurs at the blades of a fan. Dimitriou et al. [47] identified that for the freely rotating wheel 

the swirling motion of the air inside the rim increases the local pressure mainly in the rear upper 

quarter of the rim. In case of a closed rim the overall pressure inside the rim is found at a constant 

value, which is higher than for the open rim, as is shown in figure 23. The higher constant static 

pressure is explained by the fact that the flow inside tends to revolve with the rotatory motion of the 

rim, while being mostly separated from the outer free stream flow at the same time.  

 

Figure 23: Cp-distributions at the centerline of the rim for the isolated “open” wheel and “covered” 

wheel [47]. 
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In their studies Dimitriou et al. also investigated the pressure distribution along the centerlines of the 

wheel and the rim for the case in which a wheel was attached to a vehicle body. Again a higher pressure 

level was found in this quadrant. These results confirm the pressure field distribution found by Riederer 

[48] who measured similar higher pressure levels in this same quadrant inside the wheelhouse. It was 

suggested that the additional pressure increase in this area of both the rim and wheelhouse is caused 

by the interaction of the air rotated by the wheel and the oblique flow entering the front wheelhouse 

from the underbody. Being released at the back of the tire, across and beneath the body panel of the 

car as shown in figure 24, the oblique incoming flow interferes with the upwashed flow from the tire 

and induce a so-called “aft-wheel vortex”. A more detailed discussion on the underbody and 

wheelhouse aerodynamics will be continued in the next section where the possible influences of the 

wheel hub fixation on the underbody flow are considered.  

 

Figure 24: Vortex formation below the wheel’s rearmost point [47]. 

2.2.2 Simulation of environmental aerodynamic road conditions 

 

Turbulence level 

A critical property of the airflow is the turbulence intensity, since it affects both the aerodynamic forces 

applying on the vehicle as well as the heat transfer processes occurring at the components. Generally, 

when driving under stable wind conditions, i.e. without gusts, a vehicle is subjected to an airflow with 

low turbulence intensity, where the dimensions of the geometrical turbulent eddies (vertical 

structures) of the atmospheric boundary layer are orders of magnitude greater than the vehicle size. 

Watkins et al. [49] concluded that atmospheric turbulence intensity varies typically between 2 % and 

10 % and is non-homogeneous due to the surface roughness of the earth. These values were confirmed 

by Saunders and Mansour [50], who also found that when driving in the wake of an upstream vehicle 

the recorded turbulence intensity increases to as much as 20 % at a vehicle separation of 3 car lengths 

and that the turbulence length scales were very much greater than those that occur in wind tunnels.  

In wind tunnels a discrete amount of turbulence is always present in its test section. This is produced 

by the several air ducts installed (e.g. corner vanes, flow straighteners and fan) as well as by the test 

vehicle or on the fan. Typically wind tunnels for analyzing vehicle aerodynamics have homogeneous 

turbulence level of less than 0.5 %. In case of the heat transfer the turbulence level affects the 

convective part only; in turbulent boundary layer heat is transferred through the movement of 

particles and their accompanying exchange of internal energy. The intensity of this movement is 

characterized by the boundary layer turbulence. The higher the turbulence level, the higher the heat 

transfer. Depending on the turbulence level, the thermal boundary layer of an object can be affected 

by the increased exchange of kinetic energy between the outer flow and the flow inside the thermal 

boundary layer.  
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The effects of free stream turbulence on the flow along a flat plate and past a circular cylinder have 

been subjected to many investigations. Experimental investigations by Kestin [51] proved that up to a 

turbulence intensity of 3.8 % the freestream turbulence does not affect the local heat transfer 

coefficient across both a laminar as well as a turbulent boundary layer on a flat plate. A significant 

influence of the freestream turbulence was only found in the transition zone between the laminar and 

the turbulent boundary layer. Similarly, Bott and Bradshaw [52] analyzed the influence of free stream 

turbulence on the wall shear stress and the heat transfer on a flat plate with constant pressure. It was 

measured that both are only affected when the so-called Hancock-Bradshaw-Blair (HBB) parameter is 

higher than 0.5 %, which corresponds to a turbulence level greater than 3 %. These results suggested 

that up to a freestream turbulence of approximately 3 % the heat transfer of vehicle components is 

negligibly affected as long as a vehicle with moderate pressure gradient drives in the turbulent flow 

regime (i.e. above 10 km/h). This prediction was acknowledged by Schwabe et al. [53]. Using 

mathematical simulations it was proven that, with the exception of the stagnation point, the local 

turbulence level along the body is lower than the freestream turbulence. For the specific body used 

this implied that until a freestream turbulence of 2.8 % locally the critical 0.5 % HBB value was not 

reached. Based on these results it was confirmed that for a freestream turbulence intensity below 3 % 

no corrections are necessary for simulating the heat transfer in CWTs.  

Side wind and gusts 

When testing on a test track it must be considered that side winds are present. Especially on the oval 

test tracks (see section 4.1) side winds are strongly felt; this wind component changes direction 

relatively to the car movement, implying head wind, side winds from the left and right and wind from 

behind, during each single round driven. This can strongly affect the heat transfer for some 

components. Examples are shown in figure 25, where the temperature of vehicle components which 

are convectively heated or cooled is represented. The wind direction clearly changes the amount of 

hot or cold air transported to these components. Cooling fluids are instead less affected by this 

unstable environmental conditions, since they are actively controlled by a heat management control 

unit. Strong gusts are supposed to have a similar temporal influence. Due to its high complexity the 

influence of different winds cannot be simulated in CWTs. Important is to take the differences 

introduced by the unstable conditions into account when comparing the data obtained on the road 

and in CWTs.  

 

Figure 25: Influence of side wind on the thermal heating of a component displayed by heating curves 

as obtained on an oval test track with periodical side winds from four directions (red and black lines) 

and in the ETC climatic wind tunnel with wind coming from the front (purple and magenta lines). 
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2.2.3 Wind tunnel interference effects  

 

In order to simulate the road conditions for TOS testing of the vehicle, CWTs should ideally be of 

infinitely large size as is the case on the road. Unfortunately their size is limited by other requirements, 

such as logistic and costs. This especially holds for CWTs for which in the past the simulated flow quality 

was not considered as fundamentally important as for the aerodynamic wind tunnel [43]. In wind 

tunnel design it is well-known that the wind tunnel shape and dimensions introduce several 

aerodynamic interference effects between the vehicle and the wind tunnel. As a consequence, a 

different airstream is observed around the vehicle than on the open road. For each type of wind tunnel 

the type of the flow disturbances introduced and their influencing factors are generally different. In 

contrast to a closed test section where the boundary conditions can be considered exact – except for 

any effects due to the frictional boundary layer along the walls – the boundary conditions for a free jet 

are only approximate. Furthermore, a closed test section usually extends for a considerable length, 

with a constant cross-section before and behind a model; a free jet usually expands from a nozzle 

immediately in front of the model and is received into a collector only a moderate distance behind it. 

In the automotive industry the ¾ - open jet wind tunnels are preferred above a closed loop wind tunnel 

with closed test section, since the blockage effect is larger for the latter. Despite the flow boundary 

conditions are better defined for a closed test section and may possibly be easier to correct for, the 

correction of the larger blockage effect will generally lead to higher deviations of the flow field around 

the front or the rear part of the vehicle, since both areas cannot be corrected for at the same time.  

Since the BMW CWTs represent the ¾ - open jet wind tunnels, only the interference effects for this 

wind tunnel type will be discussed.  

Aerodynamic Interference effects for open jet wind tunnels 

In general for open jet wind tunnels five interference effects are identified [54]. These are (I) the jet 

expansion, (II) the nozzle blockage, (III) jet deflection, (IV) collector blockage and (V) horizontal 

buoyancy and can be described by physical models. The study of these effects was started in order to 

correct for the pressure distributions measured during aerodynamic wind tunnel testing.  The 

corrections are performed through a mathematical model based on the imaging technique within the 

potential flow theory. A detailed discussion of the application of the interference effects and the 

mathematical models applied can be found in [54]. A brief summary of the effects is given here.  

Jet-expansion 

For many years the only correction applied to measured aerodynamic quantities in open jet wind 

tunnels might have been for jet-expansion. This compensates for the different expansion of the airflow 

around the model occurring in a tunnel stream of finite cross-section compared to one of infinite 

dimensions (road condition). For a closed wind tunnel of continuous finite cross-sectional area 

throughout the tunnel the flow will experience a reduced area when moving along the model. As a 

results of mass flow continuity the flow is locally accelerated, yielding less expansion of the streamlines 

and increased speeds around the model when compared to the “open air” conditions. In aerodynamic 

measurements this would account for an increased drag, whereas for TOS testing in CWTs this would 

imply higher convective cooling of the components. This effect is also referred to as “solid blockage” 

in literature [43]. The opposite effect occurs instead for wind tunnels with an open test section and a 

finite cross-section of the jet. In this case the physical boundary condition for the jet is imposed by the 

static pressure along its boundary streamline, which confines with the “non-moving” plenum air. This 

is constant and equals the ambient pressure p∞ in the plenum. Figure 26 shows the concavely curved 
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streamlines around the vehicle due to the expansion of the freestream (nozzle) flow. For the infinite 

jet the ambient pressure p∞ is obtained at an infinitely large distance from the model, whereas this 

distance is clearly confined for the finite jet expanding in an open test section. As a consequence, in 

order to balance the ambient pressure at the boundary, a stronger expansion curvature of the 

streamlines is induced for a finite jet, increasing the distance between the model and the jet boundary. 

Therefore the local static pressure measured at the same distance r’ from the model is higher for the 

finite jet when compared to the infinite jet condition. Continuity of the flow implies a decrease in 

average velocity around the model in order to sustain this condition. For aerodynamic measurements 

this means lower drag coefficients and an increased lift, whereas for CWTs this might result in higher 

temperatures of the components due to less convective cooling.  

      

Figure 26: Jet-expansion effect in a finite wind tunnel stream. 

Nozzle blockage  

In case of an ideal wind tunnel design the distance between the vehicle model and both the nozzle and 

collector should be maximized in order to reduce the interference effects which affect the flow around 

the model. If a model is placed too close by the nozzle of an open-jet tunnel the model will interfere 

with the flow exiting the nozzle. This is shown in figure 27, where the positive pressure region which 

occurs in front of the model extends upstream into the nozzle. As a consequence, a solid wall blockage 

is experienced inside the nozzle and the flow is displaced within it. This causes the velocity (and 

pressure) distribution upstream of a vehicle in an infinite stream (solid lines) to differ from that for a 

car that is placed in front of a nozzle (dashed lines). In order to satisfy mass flow continuity, the velocity 

distribution inside the nozzle and at the nozzle exit will be modified, implying a higher flow velocity at 

the exit of the nozzle when compared to a flow exiting without a model in the tunnel. This yields that 

compared to the real road conditions of infinite stream, a model placed in front of a nozzle is subjected 

to a higher volume flux through the same cross-sectional area of the nozzle. Furthermore a solid-wall 

blockage effect occurs within the nozzle of the wind tunnel and therefore this interaction is considered 

a far field effect for a model, which is located further downstream from the nozzle.  

 

Figure 27:  Nozzle blockage effect due to the proximity of a vehicle, with the solid streamlines 

representing the on-road condition for an infinite flow and the dashed streamlines representing the 

finite flow expansion in a wind tunnel.  
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Jet deflection  

This represents the change of the flow curvature inside the nozzle caused by the presence of the 

model. The effect of flow deflection is illustrated in figure 28 showing a model at two different 

distances in front of a nozzle. If the distance between the model and the nozzle is large enough and at 

the same time the nozzle size is significantly larger than the model then the influence of the nozzle, 

interfering with the flow around the model, is negligible. If, however, the latter does not hold then the 

presence of the nozzle will interfere with the vehicle aerodynamics due to the increasing thickness of 

both the boundary layer on the floor and the shear layer that sheds from the nozzles edges. Especially 

the shear layer may cause a strong interference due to the entrainment of local flow. If the model is 

moved forward the curvature of the jet boundary streamline exiting the nozzle is stronger. Therefore, 

at the model’s leading edge, the tangent angle of this streamline is increased (𝛽2 > 𝛽1) as a result of 

the confinement of the flow in the nozzle. Due to the increment of the angle the flow distribution 

inside the nozzle is changed, between the extrapolated boundary streamlines a higher velocity is 

reached in order to satisfy mass continuity. As a consequence the local velocity over the model is 

reduced as are drag and convective cooling. It is, however, noteworthy that jet deflection is to be seen 

in connection with the above described nozzle blockage effect, which yielded higher velocities. 

Therefore it might be that the net result of nozzle interference increases drag.  

    

Figure 28: Jet deflection effect due to the proximity of a model in front of a nozzle for a model at (left) 
a long and (right) a short distance from the nozzle. 

Collector blockage  

An additional interference effect that alters the flow around the vehicle occurs due to the presence of 

a flow collector in an open test section. Similarly to the nozzle solid blockage interference, the wake of 

the model that is received by the collector deflects the flow inside the collector and the vehicle 

experiences the solid-blockage from the collector. Figure 29 shows this principle schematically where 

a vehicle’s wake extends into the entrance of an open jet collector. Similarly to the nozzle solid 

blockage interference, the wake of the model that is received by the collector deflects the flow at the 

collector entrance and simultaneously the vehicle experiences the solid-blockage from the collector. 

The effect is a superposition of both the near-field wake, directly behind the vehicle, and the far-field 

wake. For the first one it may be argued that this is not relevant for a solid blockage effect at the 

collector for wind tunnels with a very long test section. However, since CWTs are relatively short and 

the near-wake of a passenger car extends to approximately two to three times the characteristic model 

dimension (height or width), the near-field wake generally expands into the collector for CWTs. The 

far-field wake interference is instead considered to be present in all types of wind tunnels, with its 

influence depending on the distance between the vehicle and collector. An exception may be the case 

of a fast back car, where the wake flow is often considerably small. In this case the far-field wake effect 
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might be neglected, since the collector size is much larger than the characteristic dimension of the 

vehicle. It can furthermore be noted that an additional flow deflection is caused by flow impinging on 

the collector in case the collector is finding itself within the boundary streamline coming from the 

nozzle that expands around the model. 

 

Figure 29: Blockage effect in the collector of an open-jet wind tunnel causing a downward deflection 

of the solid infinite flow streamlines towards the dashed streamlines. 

2-D potential flow model 

The interference effects can be described by a simplified physical two dimensional model based on the 

potential flow theory, where the presence of the vehicle is simulated by a source and a sink. The flow 

deflections caused by the wind tunnel nozzle and collector are simulated by the superposition of the 

free jet and two vortex rings with a circulation strength 𝛤N and 𝛤C at the height of the nozzle exit and 

collector entrance, respectively. This model is sketched in figure 30. The strength of the circulations at 

the nozzle and collector are defined by the additional velocities at the model position as a consequence 

of respectively the nozzle-model and the collector-model-interaction and can be calculated by Biot-

Savart law. These modeling methods are described in literature [54] and [55], but its mathematical 

decomposition will not be discussed in further detail as it is not the scope of this work. It is noted that 

both types of interaction reduce in strength with increasing distance between the vehicle and 

respectively the nozzle or collector. Consequently also the strength of the circulation reduces with 

distance, since a model, which is located further from the disturbance inside the open jet, experiences 

the interaction as a far-field interference effect.  

 

Figure 30 Potential flow model with a freestream and vortices 𝛤N and 𝛤C at the height of the nozzle exit 

and collector entrance edges, representing a wind tunnel condition. 

As can be seen in figure 31, this model not only accounts for the non-uniform velocity distribution at 

the nozzle and collector, but also implies that an upwash of the flow is expected as the flow expands 

out of the nozzle. At the collector entrance the opposite effect is simulated, i.e. a flow downwash is 

expected to occur. The upwash is additional to the jet-expansion effect, leading to an even stronger 

upward deflection of the air around the frontal part of the vehicle. Being modelled as 3-D annular rings, 

both the up- and downwash effects will affect the flow field both in the vertical direction along the 
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upper and under body of the vehicle as well as in the horizontal direction at the sides of the vehicle. 

Furthermore as a consequence of the stronger expansion for the wind tunnel, the airflow around the 

vehicle is altered, yielding lower local velocities at the vehicle when compared with an open road 

condition with the same stagnation pressure value at the front of the vehicle. 

 

Figure 31: Potential flow model showing streamlines around a vehicle model (black half ellipse) in free 

stream conditions (red) and in wind tunnel conditions (blue) with the nozzle and collector vortices 

placed at the location of the crosses. 

Pressure gradients due to buoyancy forces 

An important phenomenon in wind tunnel design is the pressure gradient, 𝑑𝐶p/𝑑𝑥, of the static 

pressure that develops in axial direction between the nozzle and the collector in the plenum. The 

pressure gradient is defined in the empty test section, since it is a consequence of natural flow 

resistance or acceleration occurring in empty wind tunnels, where the resistance is caused by the 

development of a boundary layer on the wind tunnel floor and walls. In the specific case of ¾ - open 

jet wind tunnels, both nozzle and collector contribute to this pressure gradient [54]. The nozzle-

gradient is caused by the difference in the static pressure between the nozzle exit and the ambient 

pressure in the plenum chamber; the collector-gradient is generated by flow retardation in front of the 

collector due to shear-layer effects. Depending on the designs of both nozzle and collector, different 

local pressure gradients can be generated by them. These gradients are superimposed in the test 

section; a negative gradient may come from the nozzle, whereas a positive gradient is often 

experienced in front of the collector. Accordingly, the resulting pressure gradient may be fully positive, 

negative or have a parabolic shape. Ideally a zero pressure gradient, 𝑑𝑝/𝑑𝑥 = 0, is desired, since this 

is the case occurring in nature. The case of a positive pressure gradient, 𝑑𝑝/𝑑𝑥 > 0, also called adverse 

pressure gradient, is most common, since the pressure builds up naturally due to internal resistance 

from the boundary layer or flow stagnation in the wind tunnel, see figure 32. Depending on the 

strength of this gradient a body experiences a modified aerodynamic flow field due to the varying static 

pressure from nose to tail. As a consequence of the positive pressure gradient the flow in the vehicle 

underbody is reduced and higher pressures occur both in the rear part of the vehicle and directly 

beyond. A negative pressure gradient in general only occurs in wind tunnels when special 

measurements are taken in the design, e.g. flap adjustments in the wind tunnel, boundary layer suction 

or tangential blowing beyond the wind tunnel [9]. The favorable pressure gradient induces higher 

overspeed conditions in the vehicle underbody, since the pressure resistance is reduced throughout 

the vehicle length. Several ways to reduce the pressure gradient in wind tunnel design have been 

discussed in [9]. For the CWTs of BMW an adverse pressure gradient was detected in the standard 

design. It was proven that the pressure gradient has been reduced to nearly zero by using adjustable 

flaps at the rear part of the collector. As a consequence the flow surrounding the vehicle is negligibly 

influenced by the pressure gradient [14].  
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Figure 32: Resulting force acting on a body as consequence of a positive pressure gradient. 

Wind speed correction method 

In wind tunnels the biased volume flux coming out of the nozzle is generally corrected for by applying 

velocity calibration methods. The primary goal is to simulate during wind tunnel testing a mass flow in 

front of the vehicle which represents the same conditions as it would occur in nature under zero-wind 

conditions [54, 55]. The most commonly applied methods are the so-called “Nozzle-method” and the 

“Plenum-method”. In both approaches static pressures are measured at two different locations inside 

the wind tunnel nozzle or plenum. These differences are used to determine the average nozzle exit 

velocity for the empty wind tunnel. The empty-tunnel calibration is used to set correctly the average 

velocity and total volume flux through the nozzle when a model is installed. This approach is 

independent of the size and position of the model in the test section as long as the adverse pressure 

gradient generated upstream by a model does not contaminate the reference pressure taps in the 

contraction of the nozzle. Therefore, the position of the reference pressure sensors and the vehicle 

distance to the nozzle have to be chosen carefully during win tunnel design. In general the plenum 

correction method is chosen above the nozzle correction method, since it allows a higher simulation 

accuracy and is independent of the vehicle under investigation if the location of the pressure sensors 

is chosen correctly. The specific application and sensitivity of both correction methods will not be 

considered further, since it has already been broadly discussed in literature [4, 5, 44]. 

Despite correcting for the volume flux impinging on the vehicle these calibration methods do not 

correct for the modified velocity distribution and angle at the nozzle exit, which are caused by the 

presence of the model. A method to correct for this deflection is not analyzed up to this date. Instead, 

the induced velocity differences can be theoretically modelled by using simple potential flow theory, 

which will be discussed at the end of this section [45, 56]. Furthermore, all correction methods have 

the drawback that they cannot, contemporarily, impose realistic flow conditions in the frontal area of 

the vehicle as well as along the upper- or underbody of the vehicle and in its rear area [45, 56]. As a 

consequence of the reduced flow expansion in the wind tunnel, lower velocities occur for the 

underbody part and in the rear part of the vehicle of the wind tunnel. 

Boundary layer growth  

The above mentioned interference effects are all related to the wind tunnel geometry, which is 

different to what is experienced on the road. Furthermore, wind tunnels imply another modification 

in the vehicle aerodynamics due to the fact that the vehicle is standing and the flow is moving, which 

is in contrast to reality. As a consequence of the no-slip condition, this leads to a growing boundary 

layer throughout the whole wind tunnel floor, which is not present on the road if 𝑈∞ = 0. Since the 

boundary layer affects aerodynamic performance of the vehicle in terms of both lift and drag, its 
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influence should be ideally zeroed. To this purpose, the boundary layer is removed at the nozzle exit 

of the wind tunnel, i.e. at the start of the test section. This is achieved by boundary layer suction or 

displacement of the wind tunnel at the nozzle outlet [9]. After elimination of the boundary layer at the 

nozzle exit, a new boundary layer develops which grows while moving downstream. The boundary 

layer thickness, 𝛿, over a flat plate directly relates to the local Reynolds number 𝑅𝑒𝑥 and the distance 

𝑥 from the starting point and is expressed for laminar and turbulent flow condition, respectively by  

𝛿lam =
4.91𝑥

√𝑅𝑒𝑥

,       𝛿turb =
0.382𝑥

√𝑅𝑒𝑥
5

 (18) 

 

Options to reduce or even avoid the growing layer are the use of tangential blowing or a moving belt. 

The latter is most commonly used, since it simulates the real road condition best. Its working principle 

is based on the no-slip condition, which implies that the moving belt drags the air particles directly 

above it at the velocity of rotation [9]. If this velocity equals the freestream velocity, then a uniform 

wind distribution, without boundary layer occurs in front of the vehicle and below the vehicle an 

incoming mass flow is simulated, which emulates the flow in reality. However, being this a delicate 

system, it is expensive and requires maintenance intensive solutions and is therefore generally not 

applied in CWTs. 

2.2.4 Comparison of measurements in the wind tunnel and on the real road  

 

The influences of wind tunnels on the underbody aerodynamics were investigated by Sapranas and 

Dimitriou [46] by comparing the pressure distribution along the underbody of a BMW 3-series. Real 

on-road tests as well as wind tunnel experiments were carried out at a constant velocity of 140 km/h 

and the static pressures were measured along the underbody, which was equipped with over 120 

surface pressure sensors. The distributions obtained in the wind tunnel setups with rotating wheels 

and the use of a moving belt were compared to the road driven case. In general higher pressures were 

encountered in the wind tunnel environment. Nevertheless, the same flow topology was found on 

both the road environments as well as for two different wind tunnel environments with and without 

an activated moving belt. The pressure offset measured appeared to be nearly the same all over the 

underbody area. This constant offset, implied approximately equal pressure gradients in these areas. 

This indicates the similar flow topology in the environments, but at the same time a reduced mass flow 

occuring in the underbody area for the wind tunnel measurements. To the writer’s opinion the reduced 

mass flow is thought to be a consequence of wind tunnel interference effects discussed previously and 

the wind tunnel size. The influence of the boundary layer as well as the geometrical modifications in 

the vicinity of the front wheels and the wheelhouse on the pressure field will be discussed next.  

 

Figure 33: 𝐶p-distribution along the underbody of a BMW 3-series measured on-road (left) and in the 

FKFS wind tunnel (center) and BMW AWT wind tunnel (right) [46]. 
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Boundary layer growth 

Among others, Lawson et al. [57] investigated the influence of the boundary layer growth on the 

vehicle underbody aerodynamics by measuring the local surface pressures occurring on a compact SUV 

during on-road and wind tunnel testing. Despite the complete lack of ground simulation, no moving 

belt was used, surprisingly little pressure differences were detected along the underbody. It was 

suggested that this was caused by high ground clearance of the vehicle. Similarly Sapranas [46] 

investigated on the underbody aerodynamics by testing with and without a running moving belt below 

the vehicle. The results were compared to on-road measurement data. It was revealed that greater 

pressure differences between the on-road and the wind tunnel testing were found for a vehicle 

operating with rotating wheels and without a moving ground simulation. Up to the A-Pillar of a BMW 

3 series a negligible influence of the boundary layer growth was found in the underbody pressure field. 

Instead, downstream of the front wheels discernable changes occur. A small, but noticeable, pressure 

increase was measured due to the presence of the boundary layer, leading to slightly reduced flow 

acceleration along the underbody which affects lift and drag. The measured pressure offset was 

constant, yielding almost identical gradients. These small pressure deviations argument for the general 

application of boundary layer removal systems at both the nozzle exit and along the wind tunnel length 

during AWT testing, such that the need of correction models for lift and drag in aerodynamic studies 

is minimized. For CWTs the ground floor simulation is, contrary to AWTs, restricted to a suction system 

at the nozzle exit only, as a consequence of the high complexity and costs of the removal systems. 

Furthermore, as far as it is known to the author, the influence of a growing boundary layer, i.e. the 

percentage of mass flow reduction, on the heat transfer of the vehicle underbody components has not 

been studied yet. This influence was studied in one of the BMW CWTs, which is equipped with a small 

conveyor belt in between the wheels of the vehicle. The results showed a negligible influence of the 

moving belt on the thermal heating of vehicle components.  This is accordance with general vehicle 

aerodynamics, where the boundary layer does not reach close to the thermal layer along the 

underbody and therefore the heat transfer on the vehicle underbody is not affected.  

2.2.5 Influences of wind tunnel support hardware  

 

The main support hardware elements in the ETC CWTs which possibly introduce flow disturbances in 

the airstream around the vehicle and thereby the local convective heat transfer, are (I) the vehicle 

wheel hub fixation and (II) the exhaust suction system. These are essential for safety reasons during 

testing and cannot be eliminated. The influences of the wheel hub fixation on the flow conditions have 

not been investigated for the time being, and is analyzed experimentally and numerically in this work. 

However, studies performed on similar topics will be discussed next, since they form a fundamental 

basis for the cases studied. The influence of the EES has been investigated within the context of this 

work by Pappelau [58]. Its numerical results relevant to this work will be shortly introduced.  

Wheel hub fixation  

In addition of the effect of the moving belt, Sapranas and Dimitriou [46] investigated the aerodynamic 

influence of the non-rotating wheels and of the wheel-rim closure level on lift and drag in the wind 

tunnel. During these measurements the moving belt was always activated. The pressure differences 

measured for the non-rotating wheels when compared to the rotating wheel case is shown in figure 

34. It was noted that shutting down the wheel rotation implied stronger effects on the underbody flow 

topology than switching of a boundary layer removal system. The stationary wheels not only caused a 
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general increase of the absolute pressure values, but also altered the pressure gradients strongly along 

the underbody and especially in front and behind the wheels. In front of the wheels and between them 

the underbody pressure is elevated, whereas at the side panels downstream of the wheelhouses the 

pressure is reduced. This behavior was explained by the suppression of the “fan-blade effect” occurring 

for the non-rotating wheels, i.e. the air, which otherwise passes through the rims is blocked. As a 

consequence the rotational component to the flow through the rim is reduced and the diminishing of 

this flow exchange from the inner to the outer side of the car causes the pressure to rise in the area 

between the wheels. The strong pressure decrease on the side panels behind the wheels is instead 

seen as a consequence of the decreased base pressure of the stationary wheels [41]. These 

investigations suggested that for an accurate representation of the underbody aerodynamic 

conditions, the wheel rotation is far more important than the moving belt. It could be stated that wheel 

rotation dictates the shape of the 𝐶p-distributions, whereas the moving belt defines its level. 

   

Figure 34: Difference in pressure coefficient, 𝛥𝐶p, measured along the vehicle underbody when 

comparing the case with non-rotating wheels with respect to rotating wheels (left), and covered rim 

configuration with respect to a 19” rim configuration (right) [46]. 

In their parametric studies on the influences of the degree of closure of the wheel rim-tire 

configuration on the underbody mass flow a BMW 3-series was set-up with 19-inch, 17-inch and closed 

covered wheels [46]. It was shown that the underbody pressure field was clearly affected by the type 

of wheel rims used. For a higher closure level of the rims higher pressures were detected in the region 

between the tires. The differences in 𝐶p-distributions shown in the right hand side of figure 34 

represent the difference of 𝐶p measured between the case with covered the wheels with respect to 

19-inch open rims case.  A general increase in static pressure for the forward sections of the underbody 

is found for the covered wheels when compared to the more open 19” reference rim configuration 

which was measured on the road. The greatest differences are concentrated in two regions: (I) the 

areas in front of the front wheel spoilers and (II) in the forward sections of the underbody side panels, 

right behind the wheel houses. The left hand side of figure 35 reveals that for the first area the gradient 

of the coefficients are similar for all cases, whilst the pressure level increases with increasing degree 

of closure. This indicates that there is only a reduction in air mass flow across this underbody area and 

the flow topology is not changed. In the underbody side panels the influence of the wheel closure is 

highest directly behind the wheels (right hand side of figure 35). Further downstream the pressure 

coefficients reach a plateau indicating a negligible influence on the mass flow change in this area. 

Except for the wake region behind the frontal wheels, a less apparent but similar effects of the wheel 

closure levels were measured by experiments conducted in different wind tunnels. The less apparent 

effects were assumed to be a consequence of the road simulation techniques used.  

ΔCp ΔCp 
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Figure 35: Pressure distribution along the centerline of the vehicle underbody in the area ranging from 

the front bumper up to just beyond the front wheels (left) and behind the front wheels moving 

downstream towards the rear wheels (right) as measured for the 19” (reference), the 17” open wheel 

and the covered wheel configurations [46]. 

Similarly to the standing wheel case, it was suggested that the pressure increase in the region between 

the front tires is a consequence of the oblique flow entering the wheelhouse from the underbody. Due 

to a wheel closure this flow is generally trapped at the back of the wheel, leading to a stagnation region 

inside the rim [47, 48]. With an increasing degree of closure the stagnation region is enlarged and the 

crossflow through the rim is reduced. Consequently the overall pressure in the wheel house increases, 

yielding a higher blockage that causes a reduction in mass flow through the underbody.  

As a last remark to studies on the sensitivity of correct flow simulation close to the wheel area the 

studies performed by Dimitriou and Klussmann [47] are mentioned. By introducing a small spoiler just 

in front of the wheel as shown in figure 36 it was noticed that the flow in this area was strongly 

deflected and vortical structures were induced just in front of the wheels (see figure 37). As a 

consequence less flow is passing through the wheelhouse and trapped in the rim and therefore the 

pressure level is reduced along the centerline of the wheel and inside the rim. It is supposed that a 

similar reduction occurs inside the wheelhouse. 

   

Figure 36: Model vehicle without (left) and with (right) wheel spoiler [47].  

      

Figure 37: Flow defection and vortical structures caused by a wheel spoiler [47]. 
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The correlation between the above mentioned studies and wheel hub fixation system is shown in 

figure 38, where the bottom view of a F10 vehicle fixated at the front wheels is considered. On the left 

hand side it is shown that due to a closure of the wheel a stagnation inside the wheel rim occurs, which 

eventually leads to an increase of the local underbody pressure and a reduction in mass flow. To the 

writer’s opinion it is expected that the shape, position and angle of the wheel hubs will deflect the flow 

into the wheel and by that a stagnation point will form inside the wheelhouse. Similar to the case of 

increasing wheel-rim closure level, this will induce higher pressure levels between the front wheels 

when compared to the free vehicle configuration where no wheel hubs are mounted. As a 

consequence a decrease in underbody mass flow is expected. This phenomenon is shown on the right 

hand side. From a thermal point of view it is suggested that the cooling performance of the 

environmental air is reduced with the reduction of the incoming mass flow. Therefore it is expected 

that the component temperatures at the end of a TOS test cycle will be higher: 

1. When using wheel rims with a higher closure level or when using wheel hub fixation at the 

front wheels.  

2. When comparing the front mounted configuration to the rear mounted configuration.  

The latter is expected because the increment in the underbody pressure that occurs between the 

wheels at which the vehicle is fixated, will be more downstream for the rear wheel fixated 

configuration and will therefore have a minor influence on the incoming underbody mass flow in the 

frontal part of the vehicle. Secondly, a lower pressure increment is expected at the rear wheels for the 

rear wheel fixated vehicle when compared to the pressure increment occurring between the front 

wheels for the front fixated configuration. This is suggested since the wheel hubs are fixated at the 

wheels with opposed angle of attack α for the front and rear mounted configurations. Furthermore, 

being more turbulent, the incoming flow at the rear wheels is more uniformly distributed and has a 

flow direction which is close to the free stream direction [41]. Therefore less outer flow is expected to 

be pushed inside the rim at the rear wheels and consequently the rear wheel hub fixation will induce 

a smaller stagnation region inside the rim than for the front wheel fixation configuration.  

           

Figure 38: Schematic model describing the reduced underbody mass flow as a consequence of a closed 

rims [46] (left) and vehicle fixation at the front wheels (right).  

Exhaust extraction system 

In literature just a small amount of studies is found on the influence of exhaust extractions systems on 

both the vehicle aerodynamics and on the thermodynamic behavior of the components in the rear 

part of the vehicle. Pappelau showed through CFD simulations that the application of the standard EES 

configuration at the BMW CWTs influences the local flow and thermal field [58]. In his work three 

vehicle-EES configurations were compared: (I) vehicle without EES, (II) vehicle with standard EES 

configuration used in the BMW ETC and (III) the vehicle with the EES placed 1 m behind the tail pipes, 

i.e. the EES-L configuration. These configurations are shown in figure 39. 
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Figure 39: Simulated vehicle-EES configurations: on-road vehicle configuration (left), vehicle with the 

BMW ETC configuration with the EES directly at the exhaust pipes (center) and with the EES at 1 m 

distance from the exhaust pipes (right) [58]. 

It was found that the standard EES, which is positioned closely to the vehicle, strongly changed the 

vehicle aerodynamics and consequently the air temperatures in the rear part of the vehicle. This is 

shown in figure 40 and figure 41. Due to the EES part of the rear and underbody flow and heat is 

directly sucked away from the vehicle, avoiding heating of the surrounding air. By positioning the EES 

more downstream the vehicle this effect is avoided and more road-similar vehicle aerodynamics as 

well as air temperature distribution result.  

 

Figure 40: Influence of the use of the EES on the vehicle aerodynamics in the rear part of the vehicle. 

Velocity field in the vehicle rear body for the on-road vehicle configuration (left). Velocity-differences 

obtained in the vehicle rear body between the on-road configuration and the vehicle with BMW ETC 

configurations with the EES, respectively, directly at the exhaust pipes (center) and at 1 m distance 

from the exhaust pipes (right) [58].  

 

Figure 41: Influence of the use of the EES on temperature field in the rear part of the vehicle. 

Temperature field in the vehicle rear body for the on-road vehicle configuration (left). Temperature-

differences obtained in the vehicle rear body between the on-road configuration and the vehicle with 

BMW ETC configurations with the EES, respectively, directly at the exhaust pipes (center) and at 1 m 

distance from the exhaust pipes (right) [58].  
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2.3 Thesis – Prediction of aero-thermal influences in CWT operation 
 

The comparison of TOS tests performed on the road and in the climatic wind tunnels of the BMW 

Group showed differences in the thermal behavior of several vehicle components and the cooling 

fluids of the engine and gearbox. From theory it is expected that the quality of simulation of both 

ambient conditions as well as the correct vehicle aerodynamics do affect the heat transfer at these 

components and fluids. The main goal of this work is to correlate the influence of each of the 

investigation parameters listed in figure 12 to the differences in component temperatures found when 

performing on-road test and testing in the CWT. For this purpose the influence of (small) changes in 

the ambient conditions on the thermal behavior of the vehicle components and fluids is investigated. 

Similarly, the influences of the wheel hub fixation as well as the wind tunnel geometry on the general 

vehicle aerodynamics are analyzed in order to correlate the thermal differences of each parameter to 

the changes in the flow field around the vehicle. Based on the presented theory the thesis – prediction 

for the influence of these environmental and aerodynamic parameters on the thermal behavior of 

vehicle components is presented next. 

Environmental parameters  

In case of the relative humidity it is expected that only the convective part of the heat transfer is 

affected by changes in the level of relative humidity. However, when performing tests within the BMW 

testing envelope, which is at relatively low ambient temperatures, it is predicted that this heat transfer 

term is negligibly affected by changes in humidity level.  

Instead, according to theory even small changes in the ambient temperature are expected to affect 

the heat transfer through both radiation and convection. The effect on the radiation is only expected 

to be felt for components that strongly differ from the ambient temperature. Those are e.g. 

components in the exhaust system. For all other components their temperature will mainly be affected 

by the changes caused in the convective term which is linearly depended on changes in ambient 

temperature. Especially at high velocities the convective heat transfer term is expected to dominate, 

since it increases strongly with velocity. It is therefore predicted that during CWT testing the ambient 

temperature should be set within small tolerances from on-road conditions in order to simulate these 

conditions at best. 

Similarly to the ambient temperature, it is expected that for a correct simulation of drive cycles 

performed at difference elevation levels ambient pressure should be set correctly, i.e. within narrow 

bands from the real value measured during on-road testing. The change in pressure, i.e. in density 

almost linearly affects the heat transfer coefficient and therefore the convective part of the heat 

transfer. Therefore the influence of elevation cannot be neglected. 

Flow simulation (local) – support effects  

From an aerodynamic point of view it is expected that both the standard wheel hub fixation and the 

exhaust extraction system will affect the vehicle aerodynamics by the flow disturbance and, 

respectively, the additional convective flow or heat extraction which these hardware elements cause. 

It is predicted that the application of the wheel hub fixation at the front wheel will cause higher static 

pressure levels throughout the underbody and especially in between the front wheels when compared 

to the on-road condition. This might lead to a flow blockage which will reduce the transfer of heat by 

convection, implying eventually higher temperatures in some components along the underbody. 
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Instead, when fixating the vehicle through wheel hubs at the rear wheels this higher pressure level in 

the underbody is not expected in the front part of the vehicle, or at least to a lower extend, since the 

wheel hubs disturb the flow more downstream. The quantitative influence of the vehicle fixation 

compared to the on-road condition cannot be predicted yet based on the theory.  

The application of the EES is expected to influence the airflow mainly at the rear part of the vehicle, 

since the EES is placed behind the vehicle. As a consequence of the suction of the flow surrounding the 

tailpipes, an additional convective cooling or extraction of the heat occurs for the components in this 

area and therefore their temperatures are expected to be reduced when compared to the case when 

no EES is applied.  

Flow simulation (global) - wind tunnel geometry effects 

The last influence parameter to be analyzed is the size of the wind tunnel geometry. Basically no 

predictions can be made to what extend its size will affect the flow conditions. It is, though, suggested 

that compared to on-road conditions, the interference effects, which are caused by the relatively small 

CWT geometry, will deflect the flow and increase the local pressure level around and under the vehicle 

between the A-Pillar and the rear part of the vehicle. Consequently, lower velocities are expected to 

occur in these areas when testing in the CWT and therefore the convective transfer of heat is reduced, 

which will lead to higher component temperatures in the CWT environment than during on-road 

testing conditions.  

  

 



 

3 Investigation Methodology 

3.1 General configuration 
 

In the previous chapter a set of parameters which possibly affect the thermal behavior of vehicle 

components during testing in the different real road and CWT environments were discussed. Two 

analysis tools have been used to study the differences induced by testing in these environments: (I) 

experimental testing in wind tunnels and on the test track and (II) numerical CFD simulations. The 

experimental testing has been adopted to perform the parameter studies on the thermal behavior of 

the vehicle components. These experimental campaigns have been performed both in the CWTs and 

on road tests tracks. Furthermore experimental investigations studying the aerodynamic influences of 

the CWT geometry, the mounting struts and the EES took place through campaigns in both the BMW 

AWT and the CWTs. In total three different carriers have been subjected to specific thermal and 

aerodynamic load cases and the influences were detected by adequate thermal and airflow measuring 

sensors installed along the vehicles. Furthermore numerical CFD analysis have been performed to 

visualize the modifications induced by the wind tunnel geometry and support equipment on a vehicle 

airflow.  

Both experimental and numerical methodology applied for these investigations, i.e. the experimental 

carriers itself and the load cases to which they have been subjected, will be discussed in this section as 

well as the measurement equipment and software tools applied to acquire investigative data. The 

analysis methodology of the data and its quality will be discussed in the subsequent chapter together 

with the specific testing environments and set-ups used.  

3.1.1 Experimental Carriers 

 

The three experimental carriers used in this work for determining the influences on the thermal 

behavior of the components and cooling fluids are two conventional BMW five series limousine (F10), 

a three series (F34) and a Mini (R56) shown in figure 42. These three vehicles represent two different 

vehicle categories, both with front engine, but with different sizes and transmission. The F10 is a long, 

rear wheel drive limousine, whereas the R56 is a short, truncated vehicle and is set into motion through 

a front wheel drive traction. 

The F10 model (2010 – 2017) chosen for the investigation is equipped with a V8-Biturbo engine (N63) 

that produces a torque of 600 Nm in the range of 1750 to 4500 rpm and a maximum power of 300 kW 

between 5500 to 6400 rpm, which are transmitted to the wheel through an automatic gearbox. The 

test vehicle is equipped with a conventional thermal controlling unit for the regulation of both engine 

and gearbox temperatures. For measuring the influence of altitude a F34, a Gran Turismo 3 series 

(2013 – 2017) with a N20 4-cylinder engine and an automatic gearbox has been used. The engine 

delivers torque of 350 Nm between 1250 and 4800 rpm and a peak power of 180 kW between 5000 

and 6500 rpm. The vehicle has been chosen for the altitude tests, since it was applied with an “open 

thermostat” and a heat management control unit which is activated in the same condition during all 

tests. The chosen R56 Mini (2006 – 2013) has a 4-cylinder 1.6 L (N12B16) engine producing a peak 

torque of 160 Nm at 4250 rpm and a maximum power of 88 kW at 6000 rpm. This test vehicle has a 

manual gearbox and is equipped with a conventional thermal controlling unit for the regulation of both 

engine and gearbox temperatures. 
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Figure 42: Reference investigation models used - BMW F10, F34 and MINI R56 (left to right). 

The R56 has only been used for analyzing the influence of the wheel hubs fixation system on the 

thermal behavior of the components and cooling fluids. The F10 is considered as the main reference 

vehicle in this work. It has been used for the investigation of all environmental and the aerodynamic 

influencing parameters on the thermal behavior of the vehicle shown in figure 12. Both experimental 

carriers have been equipped with thermal sensors, whereas aerodynamics sensors have been installed 

only on the F10. Furthermore special BMW standardized trailers have been used for testing the vehicle-

trailer configuration and a mountain climb simulation on specialized test tracks.  

Trailer 

Two different trailers are used: (I) one for the simulation of the hill climb at low and moderate speeds 

and (II) a second one for the highway drive with a trailer. The hill climb is simulated using the small 

Hill-Climb trailer (HC trailer) shown in figure 43. This trailer has an incorporated gear box which is 

coupled to an internal electrical engine. The mechanical resistance to be simulated at the trailer’s 

wheels can be adjusted by selecting the gear box ratio such that the load caused by a slope during a 

hill climb can be simulated. The small size of the trailer is designed such that the aerodynamic flow 

around the vehicle is disturbed as little as possible. This is important when considering the hill climb at 

moderate velocity, which is the real case for the single vehicle without a trailer. During a customer-

oriented hill climb with a trailer the case is considered at extremely low driving speeds. Therefore it is 

supposed that the vehicle (underbody) aerodynamics and the associated heat transfer to the 

components are not strongly affected by the different trailer shape used during track testing.  

 

Figure 43: F10 set-up with the Hill-Climb trailer (top) and the Highway trailer (bottom).  
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For the simulated highway drive with a trailer at moderate velocity both the aerodynamics and weight 

of the trailer are fundamental to the performance of the vehicle. Besides increasing the vehicle air 

resistance, the aerodynamic shape of the trailer also affects the flow conditions in the rear part and 

the underbody of the vehicle. Part of the airflow is slowed down and deflected in the rear part of the 

vehicle, causing a slight pressure increase in this area. As a consequence the heat transfer of the vehicle 

components in the underbody and the rear part will be affected by the shape and size of the trailer. In 

order to simulate the large majority of different types of trailer load cases applied to BMW vehicles a 

standardized trailer, the Highway trailer (HW trailer), is applied for TOS investigations at the BMW test 

track. This trailer is shown in the lower images of figure 43. In order to be independent from the type 

of trailer used for the simulation both weight and aerodynamic disturbance of the trailer can be 

adjusted to the values required for the simulations. The weight is adjusted by adding the required 

amount of weight canisters, whereas the correct aerodynamic disturbance is simulated by changing 

the height of the flexible white plate at the front part of the trailer.  

3.1.2 Load cases 

 

Each parameter listed in figure 12 is investigated singularly in order to establish the influence of each 

parameter, neither to induce multiple effects at the same time nor to risk coupling effects. Each specific 

load case was investigated at least twice at the same ambient conditions in order to establish the level 

of repeatability. This is a necessary step in order to quantify the quality of the results and define their 

validity when comparing the data obtained at different conditions. The approach to define the quality 

will be discussed in the next chapter.  

The investigations are generally divided into two categories, (I) the influences caused by the 

environmental parameters and (II) those caused by the CWT geometry. The influencing parameters of 

the first category have been analyzed in the CWT only through vehicle testing with running engine. 

Similar thermal experimental campaigns in CWTs and on the road have also been performed for the 

second category. Obviously for a general comparison of the sensors’ thermal behavior occurring on 

the road and in the CWT tests were performed at the same conditions to define quantitatively the 

differences measured to be solved in this work. For this purpose also purely aerodynamic testing in 

both the CWTs and the aerodynamic wind tunnel was performed. In addition CFD simulations have 

been applied for visualizing these effects in the second category.  

3.1.2.1 Environmental parameters 

 

The analysis of the influences of environmental parameters consists of studying the effects of (small) 

changes) in relative humidity, ambient temperature changes or altitude on the thermal behavior of 

the vehicle components and cooling fluids. These influences are investigated on the F10 only. Since 

the heat transfer depends on the convective velocity of the air passing through the components, the 

ambient conditions and component temperatures (equation (6)), the following three different thermal 

load cases considering all factors are applied for the analysis of the environmental parameters:  

(I) hill climb simulation for a vehicle-trailer configuration at low drive velocity with high 

thermal loading;  

(II) two load cases at moderate velocity and with a moderate thermal loading simulating 

a single vehicle hill climb at constant velocity and a vehicle-trailer configuration on the 

highway; 

(III) high velocity drive case with medium to high thermal loading.  
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All three cases are performed under stationary drive conditions, i.e. at constant velocities. The drive-

cycles of the first two load cases consist of a pre-conditioning part and a main part of the test. For the 

third case the preconditioning phase and main part are integrated and are performed at the same 

ambient and velocity conditions.  

The influence of the humidity level on the thermal behavior of vehicle components and fluids was 

studied by subjecting the vehicle to a total of 15 different investigation cycles. All three load cases were 

investigated at 25 °C and 45 °C and with several humidity levels. The blue box in Table 1 summarizes 

the temperatures and humidity levels at which the cases were studied. The specific condition of 90 % 

relative humidity at 45 °C rarely occurs in nature and is furthermore difficult to maintain stable during 

wind tunnel operation. This condition is only taken into account for scientific interest, since it is not 

considered in the BMW drive envelop of TOS testing. Temperatures lower than 25 °C are not 

considered, since in this range a large variation of relative humidity only yields a small change in the 

absolute humidity as was outlined in the section 2.1.2.  

Furthermore the influence of humidity is also analyzed under hot idle conditions. This condition is 

typically considered at the end of a stationary TOS drive cycle. During hot idle testing, the vehicle 

engine has been kept running for 40 minutes at 35 °C ambient temperature and with relative humidity 

levels of 10 % and 50 %. During the test the air conditioning was set at a fixed temperature of 18 °C, 

since humid air does affect the power required on the climatic control, in both the stationary drive and 

the hot idle investigations. 

Table 1: Applied load cases for the investigation of the environmental influences on the thermal 

behavior of the vehicle components and fluids.  

Environmental influences 
investigated  

Load case 

Investigation parameter I, II, III I, II, III I, II III I, II, III Hot idle 

Temperature [°C] 
(r. H. 50 %) 

−5 5 25 45 35 

Humidity [%]  50 50 25, 75 10, 50, 90 10, 50 

Elevation [m] 
(r. H. 25 %) 

- - 0, 500, 
1500, 3000 

- - - 

 

The influence of ambient temperature on the thermal heating of the vehicle components is established 

by driving the three load cases at four different temperatures and a constant relative humidity of 50 %. 

The specific ambient temperatures of investigation can be seen in the green box in Table 1. 

In order to investigate the influences of the altitude, “high load – low velocity” and “medium load – 

medium velocity” cycles are driven. Both cycles represent a constant hill climb with constant slope. 

Prior to the hill climbs the vehicle is preconditioned by driving for 30 minutes at a medium constant 

velocity without a slope. The measurements are performed with a regulating control unit and cooling 

system and at 4 altitudes each at a relative humidity of 25 % as shown by the yellow box in Table 1. 

The measurements are performed in two vehicle configuration: (I) with regulating control unit and 

cooling system and (II) with open cooling system, i.e. the circulation of the cooling liquid is constant at 

maximum set-up. The first analyses are performed all with the petrol engine F10 (N63) at 4 different 

altitudes and at a relative humidity of 25 % shown by the yellow box in Table 1. For the second type of 

analyses this also holds for the F34 (N20), but no test has been performed at 3000 m altitude.  
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Aerodynamic influencing parameters of the CWT 

Two different types of experimental campaigns have been performed in order to establish the 

differences induced by both CWT’s geometry and hardware on the vehicle thermal behavior. A 

comparison between the data measured on the road and those in the CWT using its standard CWT set-

up is performed. For this purpose all three thermal load cases have been driven with running engine 

on both the road and in the CWT. The tests were performed on both the F10 and the R56. For a proper 

comparison each specific test case performed in the CWT was set at the same ambient temperature 

and humidity experienced during road tests, see Table 2.  

Table 2: Applied load cases used for investigating the influence of the CWT geometry, the type of 

vehicle fixation and the EES configurations on the thermal behavior of vehicle components and fluids.  

Investigation parameter Vehicle Load cases Temp. 

Road vs CWT F10 I, II, III 25 to 35 °C 

Wheel hub fixation F10, R56 I, II, III 30 °C 

EES F10 II, III 30 °C 

 

Comparison between the road and CWT test cases 

In order to correlate the measured temperature differences to the different vehicle aerodynamics 

occurring in both on-road and CWT environments the F10 has been subjected to a set of aerodynamic 

load cases. The tests were performed in the BMW CWT and AWT. The latter is used as reference 

representing the ideal on-road vehicle aerodynamic condition. This assumption is made, since the 

vehicle aerodynamics in the AWT is close to that experienced on the road. At the same time the AWT 

provides more stable conditions. The tests were performed with rotating wheels, but without running 

engine. The latter is chosen in order to avoid heating of the pressure tubes, which would falsify the 

pressure values. The aerodynamic load cases are given in Table 3. The differences between the road 

and wind tunnel configurations are also investigated through CFD simulations. Table 3 shows the load 

cases that have been applied for the CFD simulations of both a real road and a CWT environment.  

Table 3: Aerodynamic load cases applied for the investigation of the vehicle aerodynamics in the AWT 

and the CWT under standard configurations, and for the analyses of the aerodynamic influences of the 

vehicle fixation and EES used in the CWT.  

Aerodynamic 
Investigations F10 

Load cases – Velocities at 20 °C 

Investigation parameter 35, 60, 100, 140, 210, 250 35, 100, 210  

Road vs CWT         Experimental  CFD 

Vehicle fixation     Experimental CFD 

EES                          Experimental  -  

 

Wheel hub fixation  

The influence of the wheel fixation hubs on the thermal behavior of the vehicle components is 

investigated for all three load cases on both carriers. Each case is investigated for two configurations: 

(I) front wheel hub fixation with vehicle hooked at the rear bumper; 

(II) rear wheel hub fixation with a front mounted hook, see Section 4.2.2.  
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Both configurations are tested at equal ambient temperature for each load case and their thermal 

behaviors are compared to each other.  

The aerodynamic influence of the fixation configurations is investigated by subjecting the vehicle to 

the aerodynamic loads shown in Table 3. These results are compared to the CWT reference 

aerodynamic field obtained for the case in which the F10 has been fixated with the least intrusive 

fixation, i.e. the vehicle was hooked up at the front and rear bumper only. In addition CFD simulations 

are used to visualize and quantify the influences of the fixation configurations. For this purpose only 

three aerodynamic load cases are applied on the F10 for which the following configurations of fixation 

are compared to each other: (I) a free standing vehicle, (II) a vehicle setup with a front mounted wheel 

hub fixation and (III) a setup where the vehicle is fixated through wheel hubs at the rear wheels. The 

applied load cases are shown in Table 3.  

Exhaust Extraction System (EES) 

The influences of the EES on the vehicle temperatures are investigated on the F10 only by using two 

different EES configurations. First the standard configuration used in the ETC CWTs is considered as 

the reference set-up. This case will be compared to the case for which the exhaust pipes are extended 

by one meter. At the end of these pipes the standard EES extracts the gases from the pipes as is shown 

in Section 4.2.3.  

It is expected that the extended EES configuration has a strongly reduced influence on the underbody 

flow, since the suction power of the EES is not strong enough to affect the convective airflow more 

than one meter upstream of it. It is, however, expected that the extension pipes will slightly affect the 

underbody aerodynamics, since the presence of the pipes might affect the flow in the recirculation 

area behind the vehicle. Furthermore, it must be taken into account that any form of convection of 

hot gases towards body parts at the rear of the vehicle is eliminated when using the extended pipes.  

The influences of both EES configurations on the thermal behavior of the components are analyzed by 

submitting the vehicle to three thermal load cases shown in Table 2. During testing the external 

temperature was held constant at 30 °C. The influence of these configuration on the vehicle 

aerodynamics is experimentally investigated by applying the 7 aerodynamic load cases to the vehicle 

in Table 3. No CFD investigations have been used for this purpose. 

3.2 Experimental testing 
 

The thermal investigations represent real BMW TOS tests and are therefore performed by submitting 

the vehicles to TOS drive cycles with running engine and with realistic test track and CWT setups. The 

tests are performed at the same ambient conditions for a proper comparison of the results. As a testing 

procedure, first the impact of changes in ambient humidity and temperature on the thermal behavior 

of the components has been studied in the CWT only. Once this knowledge was achieved, the 

comparison analyses between the road and the CWT are performed on specialized BMW test tracks 

and in the CWT, under the same climatic conditions. During each specific test type several vehicle drive 

parameters, such as gear, torque, power, engine and cooling fan revs, were kept at the same values 

on the road and in the CWT. The equal environmental and vehicle conditions are a necessary 

requirement for a correct comparison of the acquired data. 



3 Investigation Methodology 

53 
 

The aerodynamic flow analyses are performed in order to correlate the different thermal behaviors of 

the components measured during drive cycle on the road and in the CWT. Similar analyses have also 

been performed to investigate on the aero-thermal correlations for thermal loading with different 

vehicle – CWT configurations. The aerodynamic load cases at constant velocities have been applied on 

a standing vehicle with rotating wheels, but without running engine in the AWT and CWT. The wheel 

rotation is given by the rotation of the rollers, which is set to the same velocity of the wind speed.  

3.2.1 Thermal analyses  

 

The thermal analyses are performed by measuring the thermal behavior of several vehicle components 

and cooling fluids. All three experimental carriers, the R56, F34 and the F10, are equipped with thermal 

sensors to measure surface, fluid and air temperatures of respectively the vehicle components, cooling 

fluids and the local air. The sensors are installed in the vehicle engine compartment and along the 

underbody at locations, which are typically analyzed during TOS testing.  

3.2.1.1 Thermocouples  

 

The local temperatures of components and fluids on both carriers have been analyzed using K-Type 

thermocouples. The working principle of these NiCr-NiAl sensors is according to the Seebeck effect, 

which is a thermoelectric effect where heat is directly converted into electricity at the junction of 

conductors of different materials and vice-versa. The sensors benefit of a high sensitivity coupled with 

a low heat capacity and have a static uncertainty of less than 1.5 K within a temperature range varying 

from -200 to 1300 °C. These sensors are broadly used in several industries for measurements up to 

1000 °C. Before being installed on the vehicles, these sensors are calibrated under laboratory 

conditions. The response times of each sensor strongly depend on its application. Thin thermal sensors 

measuring surface or air temperatures typically have fast response times varying from 10-1 to 4 s, 

whereas those installed to measure temperatures of liquids have response times smaller than 1 s. The 

sensor response time has been chosen such that it is faster than the expected temperature changes of 

the material under investigation. A typical display of these thermal sensors is shown in figure 44.  

  

Figure 44: Thermal sensor for measuring air temperature above the engine (left) and thermomodules 

SIM-THERMO K16 (blue), M-THERMO K8 (red) (right). 

The R56 is equipped with a total of 80 temperature sensors, most of which located between the front 

bumper and the cowl. The distribution of the sensors is shown in figure 45. This vehicle has an open 

underbody, which makes the thermal behavior of the underbody components more sensitive to 

changes in the underbody flow. The F10 is equipped with a total of 110 temperature sensors to 

measure air, surface and fluid temperatures of vehicle components and fluids. Figure 45 shows a 

schematic representation of the allocation of sensors with similar aero-thermal load. Except for region 

9, each region is equipped with more than 10 sensors. With this array of sensors the temperatures of 

both actively heated fluids and components and of convectively heated components are analyzed.          
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1 Engine cooling system 6 Rear tunnel area and tank 
2 Engine compartment (and transmission for the R56) 7 Rear axle (and transmission for the F10) 
3 Engine 8 Exhaust system 
4 Cowl 9 Multifunction tray and bumper 
5 Front tunnel area (and transmission for the F10)   

Figure 45: Schematic representation of the allocation of sensors with similar aero-thermal load for the 

R56 (left) and the F10 (right). 

Data acquisition 

The measured data is acquired through Type M-THERMO K8 and Type SIM-THERMO K16 

thermomodules of IPETRONIK, see on the right side of figure 44. Each K8 and K16 module can acquire 

signals up to 8 or 16 sensors respectively, and convert those signal within a calibrated temperature 

range varying from −60 °C to 1370 °C [59].  The modules are connected through a CAN (Capture Card) 

and Ethernet connection to a laptop. The data from the thermomodules and the engine control unit 

are recorded at a rate of 1 Hz through the INCA 5.4 software.  

3.2.2 Airflow analyses 

 

The experimental part of the aerodynamic analyses was performed by measuring the static pressure 

distribution along the vehicle. The properties and geometric location along the vehicle body will be 

discussed next as well as the measurement methodology.  

3.2.2.1 Pressure measurement technique 

 

The static pressure distribution along the vehicle upperbody, its right side and underbody is measured 

using so-called static pressure tabs. A total of 74 pressure tabs are installed at the locations shown in 

figure 46.  

 

Figure 46: Pressure tab distribution along the vehicle upperbody (top-left), underbody (top-right), rear 

part of the vehicle (bottom-left) and the right side of the vehicle (bottom-right). 
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The use of pressure tabs is common in aerodynamic investigations, since it allows to determine the 

non-dimensional pressure coefficient 𝐶p distribution around an object. For incompressible flows this 

is defined by 

𝐶p =
(𝑝s − 𝑝∞)

𝑞∞

= 1 − (
𝑈

𝑈∞

)
2

 (19) 

 

Traditionally, in wind tunnels the reference dynamic pressure, 𝑞∞, is determined by application of 

either the nozzle or the plenum method. For on-road testing the reference dynamic pressure is 

obtained by subtracting the reference static pressure from the total pressure, 𝑝tot, which can be 

obtained from a probe mounted on the vehicle located in the free stream [60]. During the 

investigations the pressure difference is always chosen as the difference between the ambient 

pressure in the wind tunnel plenum and the local pressure at the sensor location. In order to control 

the stability of this method two other approaches was used. A Prandtl tube, which was installed above 

the front bumper (figure 43), was used to measure both total and static pressures of the free stream 

air flowing towards the vehicle. The static and total pressure measured at the tube should equal 

respectively the ambient plenum pressure and the pressure measured at the stagnation point on the 

front bumper of the vehicle. The pressure difference measured by the Prandtl tube can also be taken 

as the reference dynamic pressure during both wind tunnel and road testing. Small errors might occur 

as a consequence of the nozzle-model interaction which yields a flow deflection and therefore a 

pressure change. This methodology can furthermore be used to correlate the simulation quality of the 

incoming flow velocity at the location of the tube in the CWT. A third method to determine a reference 

dynamic pressure was proposed by Estrada et al. [60]. In this approach the reference pressure 𝑝ref to 

be subtracted from the total pressure measured at the vehicle stagnation point is acquired on the 

engine hood. Ideally it should be located at a position where the local pressure equals the ambient 

pressure within the full range of testing velocities. Figure 47 shows a schematic representation of this 

method with the pressure coefficient defined as. 

𝐶p
∗ =

(𝑝s − 𝑝∞
∗ )

𝑞∞
∗

=
(𝑝s − 𝑝ref)

(𝑝t − 𝑝ref)
 (20) 

 

 

Figure 47: Definition of the vehicle based reference dynamic pressure as the pressure difference 

measured between the stagnation pressure at the front bumper and a vehicle reference static pressure 

point [46].  

Data acquisition and methodology 

The pressure difference measured is chosen as the difference between the local ambient pressure in 

the wind tunnel and the pressure at the sensor location. This value is furthermore counterchecked 

with the static reference pressures measured at the Prandtl tube and the method proposed by Estrada 

et al. [60]. All measurements were taken at the set nozzle exit velocity which was determined by the 

wind tunnel plenum method.  
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In order to digitalize the pressure differences measured, the pressure tabs are connected through PVC 

hoses to two electronic differential scanners, consisting of an array of 64 silicon piezo-resistive 

pressure sensors, which are installed in the passenger compartment of the vehicle. Since the 

aerodynamic measurements were performed without running engine there was no need to thermally 

shield the hoses for high temperatures. The pressure data was recorded through an Ethernet port 

connection to a laptop. The software was triggered manually in order to initiate the pressure 

measurements and the recording time of each measurement was set at 30 seconds. The resulting time-

averaged pressure value is extracted to a laptop. The velocity of the test vehicle was extracted via the 

control area network data bus system (CANbus) from the vehicle data controller. 

3.3 CFD simulations 
 

In this work CFD simulations were adopted with the scope to support the data measured by the 

pressure tabs. A qualitative comparison is performed between the pressure and velocity fields as 

obtained from both CFD and the wind tunnel measurements for the different vehicle configurations 

and load cases. For this purpose the commercial CFD software package StarCCM+ from Siemens was 

used. This software environment allows the full process phases from pre-processing, solving to post-

processing of the case. The CFD-Modelling method and the assumptions made for the simulations will 

be discussed next, as well as the comparison and visualization tools used for investigations.  

3.3.1 CFD Modelling: Assumptions and constraints 

 

Due to the low flow velocities (M < 0.3) the flow is considered in a low-subsonic regime in which 

density is constant, i.e. incompressible flow, and the continuity equation simplifies to 𝛻 · 𝑈 = 0. 

Furthermore it is assumed that the temporal changes are considered zero, i.e. 𝑑𝑢/𝑑𝑡 = 0. This 

assumption is applied for the CFD since only stationary drive cycles and therefore constant 

aerodynamic conditions are considered in this work. In order to solve for the complex flows around 

the vehicle in a wind tunnel with high resolution and within a relatively short time period, simplified 

Reynolds averaged Navier-Stokes (RANS) equations were used. The simplification is allowed since the 

flow around the vehicle is in low subsonic conditions and can be considered fully turbulent [39]. The 

RANS are based on the stochastic description of the flow quantities given by 𝜃 = �̅� + 𝜃′. Here 𝜃 

represents the different flow quantities, which are described by a mean value �̅� and a fluctuation term 

𝜃′representing the turbulent flow fluctuations. By applying the concept of the stochastic description 

of the flow quantities to the Navier-Stokes equations the RANS equations result after averaging. 

Through these equations the physics of a turbulent flow can be described accurately enough without 

needing to solve for the smallest fluctuations. However, in both the impulse as well as the energy 

equation, additional terms, the so-called Reynolds stresses or fluxes, appear through the averaging. 

This expansion of the initial equations leads to a closure problem, which is solved using a turbulence 

modeling.  

Turbulence modeling 

Most turbulence models are based on the Boussinesq approach, which introduces the concept of 

turbulent eddy viscosity. This concept relates the turbulent stresses caused by the turbulent eddies to 

the mean flow by substituting the six independent Reynolds stress terms by a turbulent vortex viscosity 

𝜇t, which is modeled by turbulence modeling [39]. A well-known turbulence model is the so-called 

standard K - ε model. It solves a transport equation for both the turbulent kinetic energy K and the 
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turbulent dissipation rate in a fully turbulent flow where the influences of the molecular viscosity are 

negligible [39]. In this work the realizable K-epsilon model is used. In this model the vortex viscosity is 

described more accurately by calculating the vortex viscosity coefficient 𝐶𝜇 instead of considering it a 

constant as in the standard K - ε model. Both models are not suitable for solving turbulent flows in the 

region close to the wall, since the viscous forces dominate the turbulent forces in lower part of the 

viscous wall boundary layer. The flow field close to the wall is modelled by applying the logarithmic 

law of the wall [61] and the two-layer-Model. The first one describes a non-linear relation between the 

velocity gradient and the velocity in this area. This allows to solve for the strong velocity gradients 

close to the wall without using a detailed mesh grid in this area. When using the two-layer model the 

boundary layer is divided in two layers. This model allows solving for the boundary layer without being 

strongly depended of the mesh grid and avoids numerical problems when solving the equations in this 

area.  

Discretization 

In order to solve numerically the fluid mechanic conservation equations the partial differential 

equations are transformed from a continuous description into a discrete form, where the flow 

variables only apply to discrete points (grid nodes) in space and time. In this process of discretization 

the flow area is divided into individual control volumes and the quality of the grid defines the 

convergence behavior of the calculation, the accuracy of the solution and the computing time [62]. In 

this work the flow field discretization is performed according to the finite volume method due to its 

high flexibility and precision [62], [63]. According to this method the conservation equations are 

fulfilled over the respective control volume in an integral form [61]. Since this work considers 

stationary problems only, no temporal discretization is needed. In order to ensure a high resolution, 

the StarCCM+ software used provides either hexahedron, tetrahedron or polyhedron cells for the 

generation of three-dimensional mesh grids. In addition, the entire volume network can be divided in 

different ways with the aid of refining stages of the respective cells or control volumes.  

3.4 Data analysis 

3.4.1 Post-processing  

 

All tests for the determination of the influence of the several parameters have been carried out in the 

large CWTs of the ETC. To increase the quality of data comparison for the parameter studies the 

influence of each specific investigation parameter was always tested in the same CWT. Within the 

framework of the validation it was furthermore established that under equal ambient conditions 

comparable data are obtained between the different wind tunnels.  

The thermal behavior of the vehicle fluids and components is analyzed using the TurboLab 6.0 software 

from MDZ Bührer & Partner. This software allows graphical and tabular display of the data enabling a 

direct comparison for different configuration. Furthermore Excel and MATLAB 2013b software tools 

were used for the post-processing. Through the Turbolab software the average sensor temperature is 

determined at the end of a test cycle during an averaging time interval, t, of 100 s, as is illustrated in 

figure 48. At this stage of the drive cycle the large majority of the components and fluids achieved 

steady state temperatures. During hot idle testing, the maximum sensor temperature reached is 

considered as the critical thermal parameter instead. The influence of the several investigation 

parameters on the vehicle components and fluids is determined by comparing the average steady state 

and maximum temperatures obtained under the specific research conditions.  
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Figure 48: Temperature data curve of a vehicle component measured during a test cycle.  

Post-processing comparison tools for the aerodynamic load cases 

The primary goal of the CFD simulations is to perform a qualitative comparison between the velocity 

and pressure fields which are obtained for different vehicle configurations. Two comparison cases are 

studied. The first analysis case compares the flow field properties around an F10 in a free road 

environment with that obtained in a BMW CWT environment. Second, the flow field properties are 

compared for the configurations in which the vehicle is fixed at the front and respectively the rear 

wheels and the configuration in which the vehicle is not fixed. All three simulations are in CWT 

environment. 

Two methods are applied to analyze the influence of each configuration:  

(I) 2-D in plane flow field comparison;  

(II) underbody mass flow through specified cross-sections along the underbody; 

The first two methods allow a quantitative parameter study, since local numerical data of the flow field 

properties is compared.  

The 2-D planes of research are four and are shown in figure 49. The vertical plane through the center 

of the vehicle is defined as the y0-plane. This plane is used first, because the pressure tabs along the 

upperbody are placed along the vehicle center line. This allows a quantitative comparison of the 

simulated data at the locations of pressure tabs and is used to establish the quality of the simulation 

results. Secondly, this plane is also useful to visualize and compare the flow fields in order to 

investigate on the influence of the CWT nozzle and collector on the vehicle aerodynamics. The 2-D 

planes cutting through the z-plane are mainly used to investigate on the influences of the CWT 

geometry and the wheel fixation hubs on underbody aerodynamics. These are in the center between 

the road tarmac and the underbody (z-230-plane), at the height of the underbody (z-15-plane) and at the 

upper edge of the wheel (z300-plane). The flow field properties, pressure and velocity, are compared 

by analyzing the original velocity and pressure fields obtained and by considering a “Δ-field” of these 

properties for two specific configurations. The Δ-fields represent the local differences in each CFD 

plane as obtained for obtained for two different configurations and are calculated by mathematical 

subtraction through a MATLAB routine.   
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Figure 49: CFD investigation planes around the vehicle body shown in the wind tunnel set-up.  

The second investigation tool for analyzing the underbody flow characteristics in the different 

geometrical environments uses the quantitative mass flow data that is passing through predefined 

cross-sections in the vehicle underbody, see figure 50. The mass flows through the sections are 

calculated in the CFD software and are numerically compared for the different configurations.  

 

Figure 50: CFD planes used for investigation of the mass flow along the vehicle underbody. 

3.4.2 Uncertainty analysis 

 

Since each measurement is prone to errors, it is fundamental not only to describe the physical 

properties of the measuring system, but also to consider the error produced by the system. Errors are 

typically caused by changes of the measurement objects in time, imperfection of the measurement 

objects, environmental influences or mistakes in the observation and reading.  

According to statistical mathematics the measured variable can be considered a random variable, 

where the measured values and measuring errors are subject to the Gaussian normal distribution. The 

errors that occur can be either systematic or random errors. Systematic errors can be partially 

compensated for by taking into account the imperfections of the measured objects, since the 

deviations found are known in terms of amount and direction, and they act in an approximately 

constant manner. Random errors are the statistical differences in measurement results that occur 

when performing the same measurements in a repeated and systematic way. They result from 

unpredictable, accidental events that cannot be influenced; for this reason they cannot be recorded in 

detail. In order to establish the random error, the value of interest is measured several times under 

the same conditions in the test setup. The arithmetic mean of a large number of individual 

measurement values approximates the true value according to the empirical rule. 

To determine the measurement error, the measurement uncertainty of the integral measuring system 

must be observed. The simplified uncertainty 𝑢(𝑦) of the entire measuring chain can be calculated 
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according to the simplified Gaussian error propagation law (21), where 𝑢𝑖(𝑦)  stands for the 

measurement uncertainty of the individual components. 

𝑢(𝑦) = √𝑢1
2(𝑦) + 𝑢2

2(𝑦) + ⋯+ 𝑢𝑛
2(𝑦) (21) 

𝑢𝑒𝑥 = 𝜎 ∗  𝑢(𝑦) (22) 

 

To achieve a high probability of overlap of the measured value with the true value, the expanded 

measurement uncertainty uex must be considered according to equation (24). The coverage factor σ is 

chosen on the basis of the desired level of confidence to be associated with the interval defined by 𝜎 ∗

 𝑢(𝑦) which results from the normal distribution of the deviations of the measured values. Figure 51 

illustrates that for a level of confidence of 95 % a coverage factor of σ = 2 is required.  

 

Figure 51: Gaussian normal distribution with standard deviation σ. 

To determine the measurement error, the measurement uncertainty of the integral measuring system 

must be observed; e.g., in case of the thermal analyses this system consists of the thermocouples, 

thermomodules and a measuring computer. The used thermocouples have an uncertainty of ± 1.5 K 

between – 40 °C and 375 °C. Above 375 °C the uncertainty decreases to ± 0.004∙T of the measured 

value. The maximum measurement uncertainty of the thermomodules occurs in the lower 

temperature range and has a statistical value of ± 1.89 K [59]. For the temperature analyses the 

uncertainty level for the temperature sensors is chosen ± 2 K. However, as will be shown in the Chapter 

5 the accuracy in terms of repeatability can be considered higher. For the pressure sensors the 

accuracy of the full chain is equal to the accuracy of the electronic pressure scanner (ESP) transducer. 

In the chosen measurement range of 5 kPa the accuracy is 0.06 % of the full spectrum, meaning a 3 Pa 

uncertainty.  



 

4 Measurement set-up 
 

As already discussed in the previous chapters investigations were performed in both experimental and 

numerical environments. Measurements are performed on special road test facilities and in the large 

ETC CWTs and the AWT. In the CWT different vehicle - wind tunnel hardware configurations are 

adopted. The measurement set-ups, consisting of its test facilities, the test carriers and the 

measurement equipment used, are discussed next as well as the set-ups and settings applied for the 

numerical investigations. 

4.1 On-road test configuration 
 

Historically, thermal testing of BMW cars has been performed on the open road and on specialized 

road test facilities around the world. One of the main test facilities can be found in the south of France. 

This facility consists of three ovals, intended for low, middle and high speed testing and 2 race tracks 

for the dynamic drive vehicle testing. Figure 52 shows a helicopter view of the several test tracks. As it 

can be seen, all three ovals consist of two curved and two straight parts. For the scope of this work 

only the specifics of the three ovals are discussed shortly, since the investigations were performed at 

low, middle and high constant velocities. A detailed description is intentionally omitted due to 

professional confidentiality.  

 

Figure 52: Top view of the BMW test area in Miramas consisting of 3 oval test tracks, Petit Oval (1), 

Oval de Miramas (2) and Autobahn Ring (3) and several handling tracks contained between the Oval 

de Miramas and the Autobahn Ring. 
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Petit oval (PO) 

The Petit Oval test track is an oval with a total length of 1365 m. It is constituted by two inclined curves 

with a radius of 86 m and two straights. Though having a small radius the high inclination in the curves 

allows velocities up to 80 km/h in curve. The test track is designed for tests up to 80 km/h, but is mainly 

used for testing drive cycles at extremely low velocities. These cycles can be at constant velocity, as 

e.g. simulating a hill climb, as well as the simulation of a dynamic city drive. In this work the track is 

adopted for hill climbs only. A special trailer is hitched to the vehicle in order to simulate the level of 

the additional gravitational load due to the slope of the mountain.  

Oval de Miramas (OdM) 

This test track is used for medium velocities. It consist of flat curves with radius 488 m and two straights 

of about 1000 m length, on which the vehicle can typically achieve peak velocities up to 200 km/h. This 

track has a total length of about 5000 m and was used for measuring the thermal behavior of vehicle 

fluids and components during a simulated high way drive of a vehicle trailer configuration at medium 

velocity.  

Autobahn Ring (ABR) 

The ABR allows testing at constant high speeds and for dynamic velocity profiles with high maximum 

velocities. In this work it is used for testing at high constant velocities only. It has a total length of 

6152 m and adopts a track inclination over its full length, with peaks values over 35 ° in the curves, to 

allow high velocities above 250 km/h. The track has three lanes in order to allow secure drives on three 

different velocity ranges. 

4.2 Wind tunnel configurations 

4.2.1 General 

 

The investigations were performed experimentally in three different wind tunnels. Except for the tests 

at different ambient pressure (altitude), all hot engine tests used for analyzing the thermal behavior 

of the vehicle parts are performed in the large BMW CWTs. The reference CWT-vehicle set-up used in 

the ETC for TOS testing is shown in figure 53. The vehicle is fixated in by the wheel hub fixation at the 

front wheels and a single hook-strut configuration at the rear bumper. The EES is placed directly behind 

the exhaust pipes. Since this is the reference configuration it is used for the comparison of the data 

obtained in the CWT and during road testing. This represents furthermore also the base configuration 

to which all ambient and aerodynamic influencing parameter studies on the thermal behavior of 

vehicle components are compared.  

The tests at different ambient pressure levels were performed in a special small chamber where 

pressure can be varied from 0 to 4200 m. Its set-up is shown in figure 53. The small size of the chamber 

implies that the simulated wind velocity is only stable up to the A-Pillar. Therefore the influence of 

ambient pressure on the thermal behavior of the components and fluid can only be analyzed for the 

sensors in front of the A-Pillar.  
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Figure 53: Standard ETC CWT vehicle set-up through front wheel hub fixation (left and center-left), rear 

wheel hub fixated vehicle (center-right) and standard set-up in the ETC altitude chamber (right). 

The aerodynamic influences of the wind tunnel geometry and support hardware are analyzed in the 

large Aerodynamic Wind Tunnel (AWT) and midsized Model Wind Tunnel (MWT) of the ATC and in the 

ECT CWT. In order to determine the influence of the CWT geometry on the vehicle aerodynamics the 

vehicle has been set-up with two hooks only in the CWT. This configuration introduces as little as 

possible flow disturbances to the local flow. Its data are compared to the surface pressure distribution 

measured in the large aerodynamic wind tunnels of BMW, AWT and the MWT. In the AWT the vehicle 

is kept into position through a strut connection directly behind the front wheels and in front of the 

rear wheels as is shown in figure 54. This set-up introduces a negligibly small flow disturbance of the 

local flow. The large nozzle, collector and plenum sizes of the AWT imply very similar aerodynamic 

conditions as on the real road. Therefore the pressure distribution measured in the AWT was used as 

the reference to which the CWT configurations are compared. The measurements performed in the 

MWT, which is smaller than the AWT but larger than the CWT, are used to analyze the influence level 

of the wind tunnel characteristic dimensions. In the MWT the vehicle is set-up through a front wheel 

hub fixation, which is aerodynamically shaped in order to minimize any form of flow distortion. This 

set-up is shown below in figure 54. 

                    

Figure 54: Standard vehicle set-up in the ATC wind tunnels: AWT (left) and MWT (right). 

4.2.2 Wheel fixation hubs 

 

For both the F10 and the R56 the influence of the vehicle fixation is studied for a vehicle setup with 

(I) front wheel hub fixation and the vehicle hooked at the rear bumper; 

(II) rear wheel hub fixation with a front mounted hook. 

Both configurations are shown in figure 53 and are tested at equal ambient temperature for each load 

case and their thermal behaviors obtained are compared to each other.  
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The experimental aerodynamic investigations on the influence of the wheel hub fixation was studied 

on the F10 only. These results are compared to the reference aerodynamic field obtained for the CWT 

configuration in which the F10 has been fixed with the least intrusive fixation, i.e. where the vehicle 

was fixated through the hooks at the front and rear bumper only. 

4.2.3 Exhaust extraction system 

 

The influence of the EES on the temperatures of the vehicle components and on the vehicle 

aerodynamics was investigated on the F10 only in a CWT. As discussed in the previous Chapter the 

standard configuration shown in figure 53 was used as a reference and its results were compared to 

the results obtained for a vehicle-EES configuration for which the exhaust pipes are elongated by 1 m 

and the EES is placed at the end of the elongated pipes. This configuration is shown in figure 55. These 

two configurations have furthermore been used for the flow analyses around the EES system.  

       
 
Figure 55: Standard EES configurations applied in the ETC CWT (left) and with 1 m elongated pipes 

directly attached to the tail pipes (right). 

4.3 Numerical investigations 
 

For the numerical analyses the F10 vehicle model is set up in two CFD environments; a real road 

environment and within a realistic ETC CWT environment (with and without wheel hub fixation). The 

numerical model is set-up first in terms of the geometry and the mesh grid. These will be described 

generally for the cases considered, together with the various boundary conditions used.  

4.3.1 Model geometries - wind tunnel and road configurations 

 

The vehicle model is the same conventional BMW 5 series as used for the experimental campaigns. 

Figure 56 shows the model geometry, which has the original vehicle dimensions of approximately 

5 m by 2 m by 1.5 m in terms of length, width and height. The figure also shows the set-up models of 

the road and CWT used for the simulations. The real road environment is simulated by placing the 

vehicle in a large control volume measuring 57 m by 11.6 m by 11 m. The CWT model has the original 

dimensions of the BMW CWTs. The single influence of the CWT geometry on the vehicle aerodynamics 

is studied using a set-up without CWT hardware shown in figure 56. 
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Figure 56: CAD models of the F10 (left) as set-up in the CFD test benches for the CWT (center) and the 

on-road configurations (right). 

The influence of the wheel hub fixation investigated using three different fixation configuration in the 

CWT environment: (I) a free standing vehicle, (II) a vehicle setup with a front mounted wheel vehicle 

and (III) a setup where the vehicle is fixated through wheel hubs at the rear wheels. These are shown 

in figure 56 and figure 57, respectively. For simplicity of the calculations no exhaust gases are 

simulated. Furthermore it is assumed that its influence on the vehicle aerodynamics is negligible.  

 

Figure 57: CWT vehicle fixation set-ups used for CFD with the F10 fixed through the front wheel-hub 

(left) and the rear wheel-hub fixation (right). 

4.3.2 Settings 

 

The CAD geometry provides a surface mesh, which is first checked for its quality in order to ensure 

high accuracy in solving the numerical model. Based on this mesh, the volume mesh is generated in 

StarCCM+. For this purpose the Trimmer1 function and a Prism Layer Mesh2 are additionally used such 

that the boundary layer is considered. In order to ensure accurate flow field simulation close to the 

vehicle and in the engine compartment, the resolution of the mesh grid is increasingly fine-tuned by 

so-called control volumes in these areas, see figure 58. The size of the cells varies from 3 to 864 mm, 

which leads to a total of about 50 million cells for the real wind tunnel environment. For the different 

CWT hardware configurations the same fine tuning is used closely around the vehicle. Farther away 

from the vehicle the mesh grid is chosen finer than in the far field of the real road setup. This is in order 

to correctly simulate the flow close to the more complicated wind tunnel geometry. For the CWT a 

total amount varying from 60 to 62 million cells is used for the different configurations.  
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Figure 58: Refinement of the mesh in the far field around the vehicle (left). Detailed mesh surrounding 

the vehicle (right). 

Boundary conditions 

In order to solve for the real flow conditions the CFD set-up must satisfy predefined boundary 

conditions. Table 4 shows the boundary conditions applied to both the real road and the CWT set-ups. 

These conditions are valid for all velocity cases investigated.  

It must be noted that for the road case a moving ground with no-slip condition is simulated below the 

vehicle, whereas a fixed ground with no-slip condition is defined for the CWT set-up. These difference 

are chosen such that the experimental environments are simulated correctly. Furthermore, it should 

be noted that the flow velocity set at the inlet differs for the two set-ups. For the real road environment 

this velocity is directly set at the desired driving speeds. For the CWT configuration this velocity is set 

at the nozzle settling chamber. This implies that, due to continuity of mass flow, the velocity set at the 

inlet is inversely proportional to the contraction ratio and directly proportional to the desired nozzle 

exit velocity for an empty wind tunnel.  

Table 4: Boundary conditions of the numerical investigations. 

Gas Air 

Static temperature  318.15 K 

Pressure  101325 Pa 

Dynamic viscosity 1.87·10−5 kgm-1s-1 

Inlet Velocity Inlet 

Outlet Pressure Outlet 

Far field roadway Wall, Slip 

Near field roadway Moving wall with no-slip condition and tangential velocity 
set at wind velocity 

CWT roadway Wall, No-Slip 

Top and side walls Wall, Slip 

 

4.4 Data analysis 

4.4.1 Measurement quality and reproducibility  

 

Thermal testing 

In order to compare the temperatures measured between different load cases, the quality of the test 

repeatability is investigated first. For this purpose each load case investigation is repeated twice at the 

same ambient conditions. One repetition of each test is considered adequate for the purpose of this 

analysis, since in the past a high quality of repeatability was established by multiple measurements 

under equal conditions in the ETC CTWs. Hereby, it is required that the torque of the vehicle, the gear, 
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the ambient pressure and the speed of the electric fan have similar values for the repeated test cases. 

The level of repeatability is established by comparing the temperature averages obtained at the end 

of a load cycle. An example is shown in figure 59 for the medium load/velocity case at 25 °C with 

relative humidity levels of 25 % and 80 %. Here the temperature range of the individual vehicle 

components is plotted on the abscissa. On the ordinate the temperature difference measured by a 

specific medium sensor M between two experimental investigations E1 and E2 at equal ambient 

conditions is shown. The temperature difference for the specific sensor M is given by  

𝛥𝑇 = 𝑇M_E1 − 𝑇M_E2|φ=constant (23) 

 

The temperature difference was determined for all ambient conditions. For the case shown, a 

temperature difference of less than  1.5 K was found. However, in the most extreme cases a 

repeatability of  2 K was found for components with high end temperatures, i.e. above 200 °C. For 

this reason the measurement uncertainty of  2 K was generally accepted as the uncertainty level of 

the system. The uncertainty level is always indicated by the red lines in figure 59. If the results are 

shown within the red-marked range of the uncertainty levels of the measuring system, then the 

reproducibility of the measurement is ensured. 

 

Figure 59: Representation of the repeatability level by showing the temperature differences measured 

for a load case at 25 °C and respectively 25 % and 50 % relative humidity.  

Aerodynamic testing 

For the aerodynamic investigations a similar approach was used for the quality of the reproducibility. 

For each configuration a 30 second time average of the local pressure is measured 3 times at the same 

load case velocity.  This yields a standard deviation below 3 Pa, which can be considered extremely 

small for velocities above 60 km/h, where the stagnation pressure is about 150 Pa. 

CFD 

For the CFD simulations it is assumed that a stable stationary result is calculated after a long time of 

iteration and when all convergence criteria in the software are reached. Nevertheless, it must be 

mentioned that every simulation has been performed only ones and therefore no quality study was 

taken into account.   
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4.4.2 Analysis method 

 

Thermal analyses 

For the thermal analyses on the influences of the ambient parameters humidity and density a similar 

approach is as for establishing the quality of the reproducibility. Again temperature difference of two 

equal configurations are compared at different ambient parameters. The approach is identical to that 

described above and is shown in figure 59. On the ordinate the temperature difference measured by 

a specific medium sensor M is plotted again. However, now this represents the temperature difference 

obtained for two experimental investigations E1 and E2, where in both investigations all parameters, 

except the one under analysis, are kept constant. The example shown in figure 59 represents the 

specific study case for the analyses of the influence caused by different humidity levels. This 

temperature difference for the specific sensor M is specified by  

𝛥𝑇M(𝜑)|T,ρ∞=const = (𝑇M(𝜑2) − 𝑇M(𝜑1))|T,ρ∞=const (24) 

 

In case of a negative temperature difference this yields that the temperature measured under the 

conditions of investigation “parameter 1” is higher than the one measured under the conditions of 

investigation “parameter 2”. If the temperature difference is within the limits of measurement 

accuracy then the influence caused by the new parameter configuration is neglected. This approach 

was used for studying the influence of relative humidity, pressure, the type of wheel fixation and the 

EES configurations.  

In order to further understand the influence of the ambient temperature on actively and passively 

heated vehicle components, the ratio between temperature increase of the component and the 

increment of ambient temperature was investigated additionally. This ratio is represented by the 

temperature factor τ and is defined according to equation (25) and was calculated for each sensor for 

ambient temperature changes from – 5 to 5 °C, from 5 to 25 °C and from 25 to 45 °C. 

𝜏 =
𝛥𝑇M

𝛥𝑇∞

 
(25) 

 

It must be noted that due to the measurement uncertainty of ±2 K for components with τ = 1 a 𝛥𝑇M of 

6 to 14 K can be measured when 𝛥𝑇∞ equals 10 K. This implies that for a 10 K or 20 K change in ambient 

temperature all components showing a relation with 0.6 < τ < 1.4 and 0.8 < τ < 1.2, respectively, can 

be considered to have a linear temperature dependence on the ambient temperature.  

The method used for analyzing the temperature influences is explained by figure 60, where the sensor 

temperatures are plotted on the abscissa and the temperature factors calculated by equation (25) can 

be found on the ordinate. The linear range of 0.6 < τ < 1.4 is characterized by two blue lines. The 

example in the figure shows that the rear axle has a clear linear relation with the ambient temperature 

change, since for all three temperature factors 𝜏 ≈ 1. Components with 𝜏 ≈ 1 are in general passively 

conditioned by the environment. On the other side the engine oil temperature is hardly affected by 

change in the ambient temperatures, since 𝜏 ≈ 0. This is a typical behavior expected from components 

or fluids of which their temperature is actively controlled by a dedicated unit. Furthermore active 

regulation of the heat source might cause 𝜏 ≫ 1. In the area close to the design hood, τ decreased 

with rising ambient temperature, showing a saturation of the temperature. This phenomenon is typical 
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for components that are heated by external heat sources, such as other body components, which 

themselves are control by the load case or a control unit.  

 

 

Figure 60: Representation of the evaluation of the temperature factor τ.  

Aerodynamic analyses 

For all experimental aerodynamic cases investigated the same approach is used. First the 𝐶p-

distribution is determined for all configurations. Then, similar to the thermal analysis, the differences 

in 𝐶p and local velocity between the configurations are analyzed. Instead, for the CFD analyses, the 

local pressure and velocity fields for each configuration are analyzed. Furthermore the differences in 

pressure and the velocity components are determined as discussed in section 3.4.  
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5 Results 
 

After having presented the investigation model in Chapter 2 and the load cases to be applied on the 

experimental carriers to study the influence of environmental and aerodynamic CWT inference 

parameters in Chapter 3, this Chapter provides a detailed discussion on the influence of each of these 

parameters on the heat transfer of the vehicle components and cooling fluids in the engine 

compartment and underbody. First the influence of the ambient conditions, the CWT support 

hardware and its geometry on the thermal behavior of the vehicle components are considered. The 

second part of the discussion focuses on the effect of the CWT support hardware and its geometry on 

the vehicle aerodynamics and discusses the correlation between the thermal and aerodynamic 

phenomena occurring in the CWT.  

5.1 Thermal analyses  
 

The thermal analyses consider the influence of both the ambient conditions (humidity, density and 

temperature) as well as of the aerodynamic interference of the vehicle fixation, the exhaust extraction 

system (EES) and the geometry of the CWT on the thermal behavior of the vehicle components. These 

experiments are all performed in the CWT and with running engine. Furthermore, the data measured 

during on-road testing is compared with the data obtained for testing with the standard CWT set-up 

at the end of this section.  

5.1.1 Ambient conditions 

 

The study of the impact of changes in ambient parameters on the thermal heating of vehicle 

components is fundamental in order to establish a relation between possible (small) differences set 

between these parameters when comparing tests in the CWT testing to similar on-road load cases.   

5.1.1.1 Humidity 

 

In general it is found that the heat transfer rate of vehicle components and fluids is negligibly affected 

by a variation of the relative humidity level. Thereby it is noted that the thermal load on the vehicle 

components is highest at dry air conditions. The results are shown in figures 61 to 64. For components 

with high steady-state temperatures (450 °C – 900 °C) no temperature deviations are shown, since 

their relative deviations are below 1 %. These high temperatures occur for components in the engine 

and the exhaust system only. 

Figure 61 shows the humidity influences for all cases measured at 25 °C. It is noted that increasing 

humidity negligibly affects the heat transfer for all three load cases, since for most sensors the 

difference in temperature measured at the different humidity levels is within the accuracy level. At 

high speed this holds for all components. For both the low and medium velocity cases this is also 

concluded for components with steady state temperatures below 150 °C. Components with higher 

steady state temperatures show deviations outside of the accuracy bounds, with two extremes for the 

medium velocity cases. Nevertheless, for these components the humidity is not considered to affect 

the heat transfer, since the relative temperature deviations are small. The extreme deviations of 4.8 K 

and – 4 K represent, respectively, air temperature before the transmission housing close to the 

transmission tunnel and the surface sensor at the pre-silencer. They are not a consequence of 

variations in humidity; instead, the first is caused by large fluctuations in the convective air close to 
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the transmission tunnel, yielding an inaccurate measured average value. The latter is due to 

temperature fluctuations in the hot exhaust gases.  

 

Figure 61: Temperature differences measured for all load cases at 25 °C and at two different levels of 

relative humidity 𝜑. Load cases represented: high thermal load – low velocity case (green diamond), 

moderate thermal load – moderate velocity case (grey triangle) and moderate thermal load – high 

velocity case (black circle). 

Figures 62 to figure 64 show the measured temperature differences as a consequence of humidity 

changes for all three load cases at 45 °C. When increasing the humidity level from 10 % to 50 % it is 

shown for the low and medium velocity load cases that most of the component temperature 

differences are found to be within, or just slightly outside, the bounds of the measurement accuracy. 

Except for the pre-silencer, which shows a temperature deviation of 3 K, the same is found for the high 

velocity case. However, since the 3 K deviation is less than 2 % of the component temperature it can 

be concluded that an increase from 10 % to 50 % in relative humidity has a negligible effect on the 

steady state temperatures of all the components and fluids. 

 

Figure 62: Temperature differences measured for the high thermal load – low velocity case at 45 °C 

and a relative humidity 𝜑 of 10 %, 50 % and 90 %.  



5 Results 

73 
 

 

Figure 63: Temperature differences measured for the moderate thermal load – moderate velocity case 

at 45 °C and a relative humidity 𝜑 of 10 %, 50 % and 90 %.  

 

Figure 64: Temperature differences measured for the moderate thermal load – high velocity case at 

45 °C and a relative humidity 𝜑 of 10 %, 50 % and 90 %.  

A further increment of the relative humidity level up to 90 % only slightly affects the component 

temperatures for the low velocity case. Instead, a strong influence is found for the medium and high 

velocity cases. This difference is explained by the fact that convective cooling has a more dominant 

role in the heat transfer of vehicle components as velocity increases, see section 2.1.2. As the kinematic 

viscosity decreases with increasing humidity, the Reynolds number increases. According to equation 

(8) this yields a larger increment of the Nusselt number at higher velocities and therefore also a larger 

increment of the heat transfer between air and vehicle components when compared to the low 

velocity case, see equation (5). As a consequence, significant temperature deviations are found when 

comparing the results at 10 % and 90 % relative humidity for the high velocity cases. An 80 % increment 

of relative humidity implies a temperature decrease of more than 2 K for a large amount of 

components and cannot be considered a negligible amount for the medium and high velocity cases. 

The resulting temperature drop measured for increasing humidity is in accordance with theoretical 

prediction shown in figure 15.  

Figure 65 shows the differences measured between the maximum temperatures obtained during hot 

idle testing at 10 % and 50 % humidity. The results indicate that varying the humidity level has a 

negligible influence on the critical temperatures achieved under these testing conditions. Again this is 

expected from theory, since humidity is supposed to affect the convective transfer rate only.  
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Figure 65: Temperature differences measured at the vehicle components and fluids for the hot idle 

condition at 35 °C and 10 % and 50 % relative humidity.  

Except for the stationary drive cases at medium to high velocity, where relative humidity is 

incremented from 10 % to 90 % at 45 °C ambient temperature, negligible influences of the humidity 

level are measured on the vehicle component and fluid temperatures. However, it is noted that the 

extreme humid conditions rarely occur in practice and that they are difficult to control stably during 

wind tunnel operation. Therefore it is concluded that in normal testing conditions for tests at BMW 

the humidity control of CWTs may be neglected during stationary drive TOS testing with vehicles that 

have a thermal controlling unit. As a benefit for CWT operation, these results show that energy and 

operational costs can be saved by avoiding a humidity control during TOS testing [20].    

5.1.1.2 Elevation – Ambient pressure  

 

The influence of a local change in ambient pressure on the temperatures of vehicle components and 

fluids is shown in figures 66 and 68. Figure 66 displays the temperature differences found for the F10 

where the heat management CPU was actively regulating the cooling system and therefore the cooling 

fluids. Due to the active regulation of the cooling system, two interesting phenomena are visible. First 

it is noted that at 500 m altitude (most) cooling fluids and engine components achieve lower 

temperatures during the drive cycle than at 0 m altitude. This is opposite to the theoretical predictions 

and is explained by the fact that, at 25 °C ambient temperature and 0 m altitude, the engine did not 

achieve high enough temperatures in order to have the cooling system activated by the heat 

management CPU. Instead, at 500 m altitude the cooling system was activated, causing a sudden 

temperature drop of all fluids and components directly influenced by the cooling circuit. The different 

regulating activities of the cooling circuit are shown in figure 67. The thermostat position can be used 

as an indicator for the activated cooling mode of the vehicle. At 0 m altitude the thermostat was at 

0 %, meaning it is closed, i.e. the cooling circuit was minimally activated. Instead, a fully opened 

thermostat position of 100 % was found when testing at 500 m altitude, meaning a higher flux of the 

cooling fluids. However, the flux is still regulated by the heat pump. This value was however not 

registered. It must be noted that the cooling operating mode set by the heat management CPU 

increased to more critical cooling when increasing altitude. This explains the fact that at 1500 m and 

3000 m most of the fluid temperatures differ only by a small amount, which is definitely less than 

expected from the theory mentioned in Section 2.1.2. This behavior is found for both velocity cases 

measured and therefore suggests that when comparing tests at different altitudes it should always be 

controlled in which status the heat management CPU was operating.  
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Figure 66: Temperature differences measured at each sensor on the F10 as a consequence of testing 

the high thermal loading – low velocity case (top) and the moderate thermal loading and velocity case 

(bottom) at different altitudes.  

 
Figure 67: Thermostat position for the F10 with an active heat management control unit during a 

simulated hill climb at constant ambient pressure, when simulated at 0 m (red) and 500 m (blue) 

altitude. 

Figure 68 shows the influence of altitude on the steady state temperature of components and fluids 

for two different drive cycles with a maximally activated flux of the cooling fluids. Again the steady 

state temperature achieved at the end of a cycle at a specific altitude is compared to the temperature 

achieved at sea level condition. Contrary to the F10 with the active regulation of the cooling system, 

the influence of changing local air pressure and density becomes clear. Except for sensors 21 and 25, 

which measure the surface temperature of the exhaust pipes directly beyond the compressor, the 

comparison of the sensor temperature differences shows that at each specific altitude similar 

temperature differences are achieved for all other fluids and components. This is expected from 

theory, since the change in heat transfer coefficient is related to density by 𝛼~𝑁𝑢~𝑅𝑒4/5~𝜌4/5 and 

therefore also by changes in altitude. 
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Figure 68: Temperature differences in components and fluids inside the engine compartment 

measured on the F34 as a consequence of testing at different altitudes: pre-conditioning test at low 

thermal loading – moderate velocity (top), main test at moderate thermal loading – moderate velocity 

(bottom).  

5.1.1.3 Temperature 

 
Figure 69 shows for all three investigated load cases the influences of a change in ambient 

temperatures on the steady state temperatures of the vehicle parts and fluids in the engine cooling 

system, the engine compartment and front transmission and the engine. As discussed in section 4.4 

the sensors are displayed on the abscissa, whereas the temperature factor τ is on the ordinate. The 

limits within which the temperature factor is considered linear, i.e. 0.5 < 𝜏 < 1.5, are indicated by the 

blue lines. 

The results regarding the cooling system confirm that their temperatures are regulated by a thermal 

control unit. Depending on the thermal loading, the driving velocity and the prevailing ambient 

conditions, different behaviors of the steady state temperatures are detected during all test drives. 

For all cases several components or fluids show a close to zero temperature factor, indicating a 

negligible influence of the surrounding temperature due to the active conditioning by the control unit. 

This phenomenon is mostly seen for the low speed case. For the higher speed cases a more irregular 

behavior of the temperature factor is noted, with τ approaching 1 when considering the component 

temperatures obtained between 25 °C to 45 °C ambient condition. This is caused by the cooling system, 

which is operating at the same conditions at these temperatures. Furthermore, the convective heat 

transfer is more prevailing at high velocities, implying that the effect of a change in ambient 

temperature increases (see equation (6)). For the lower ambient temperatures the cooling system 

operates in different energy saving modes, which implies, therefore, different cooling performances. 
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This explains the irregular thermal behavior with changing ambient conditions for sensors 4 to 8. The 

sensors 7 and 8 measure the temperatures of the coolant entering the main radiator and the 

intercooler, whereas sensors 4 to 6 measure the temperatures exiting the main cooler. The first two 

show an increasing τ-factor at increasing ambient temperatures, whereas the opposite occurs for the 

sensors 4 to 6. The opposite effects for the sensors are caused by the activation of the cooling circuit. 

 

Figure 69: Influence of ambient temperature changes on the vehicle components and fluids in the front 

part of the F10 occurring for the high thermal load – low velocity case (top), the moderate thermal 

load and velocity case (center) and the moderate thermal load – high velocity case (bottom).  

The areas of the engine compartment and the front axle transmission contain both actively and 

passively heated components. The temperature measurements show that the temperature influence 

is greatest at low ambient temperatures and reduces with increasing speed. At low speeds, vehicle-

internal heat sources dominate the heat exchange and saturation effects of the temperatures can be 

noted by the declining influence of the τ-factor which tends to 0 as the speed decreases (see section 

4.4). An example is shown by sensor 25 (rubber at the front axle stabilizer bearing). At medium and 

high velocities the temperature factor τ is found to vary between 0.5 and 1.5 for most of the 



5.1 Thermal analyses 

78 
 

components. This indicates that at these components the prevailing form of heat transfer occurs 

through the convective transport of heat to and from the external environment. 

For both the cooling liquids connected to the engine and air sensors in the vicinity of the engine, a 

similar thermal behavior was found for all test cycles. The τ-factor shows that several sensors have a 

typical actively regulated thermal behavior whereas other are mainly passively heated by convective 

and radiative means. Examples of the first are found for the engine oil temperatures (sensors 30 to 

32), for which the ambient temperature has little effect, since barely no convective heat exchange to 

the environment occurs and their temperatures are regulated by the heat management control unit. 

Furthermore, a strong variation on the temperature factor is found for sensors 36 and 37 (exit coolant 

temperature for the compressor intercoolers B1 and B2) for all velocity cases. This variation is a 

consequence of the changing cooling strategy of the thermal control unit. The low temperature factor 

found for the lowest ambient temperature indicates that the cooling circuit has not been activated, 

since the maximum cooling fluid temperatures have not been exceeded yet. As the ambient 

temperature increases from – 5 °C to 5 °C the heat management system changes operating mode and 

the sensors achieve about the same or even cooler temperatures at the end of the cycle. This implies, 

respectively, zero or a negative temperature factor. Instead, the higher temperature factor obtained 

at higher ambient temperatures indicates the vehicle is operating with a full open cooling circuit, 

meaning that the intercooler is switched on. This same reasoning can be used to explain the 

temperature factors obtained for sensors 33 (design hood), 34 and 43 (upper-center and front-upper-

center of the engine compartment). The high factors obtained for low ambient temperatures are 

caused by the inactive cooling circuit. Analogously to sensor 2, the convective heat transport to the 

environment was sufficient for cooling at low temperatures. 

The influences of changes in ambient temperatures on the thermal behavior of the vehicle parts in the 

cowl, the front tunnel area and transmission and the rear tunnel area and tank are shown in figure 70 

for all three load cases. In the area of the cowl, the transmission and the front tunnel area, parts of the 

exhaust system as well as cooling units are installed. At low and medium speeds it is known from 

equation (6) that for components close to the exhaust system most of the heat is transferred through 

radiation. As a consequence of the 4th order effect in the heat dissipated by the temperature 

difference, higher temperature factors are found for the lower ambient temperatures. For the low 

speed case it should be noted that sensors 52 (heat protection plate), 45 (exhaust manifold) show at 

low velocity, respectively, a negative temperature factor and high temperature dispersion. These are 

a consequence of the high operating temperatures of these components. In comparison to the lower 

velocity cases it is noted that the relative amount of heat transfer by radiation is reduced as the driving 

speed increases. The increased amount of convective heat transfer displays a linear relation between 

the increase of ambient and component temperatures. A similar linear dependence is furthermore 

noted for all velocity cases in the tank and rear tunnel area, clearly indicating this area consists of 

passively heated components. The temperature behaviors shown by sensors 77 (rubber of the joint 

shaft bearing) and 79 (air in front of the joint shaft bearing) for the low velocity cases is a consequence 

of measurement uncertainties.  
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Figure 70: Influence of ambient temperature changes on the vehicle components and fluids between 

the A- and C-Pillar of the F10 occurring for the high thermal load – low velocity case (top), the moderate 

thermal load and velocity case (center) and the moderate thermal load – high velocity case (bottom).  

Figure 71 shows for all three load cases the influences of the ambient temperature on the 

temperatures of components close to the rear axle and transmission, the exhaust system and the 

multifunction tray and the rear bumper. During all test cycles the component temperatures of the rear 

axle, its transmission, the shock absorber and the multifunctional tray clearly change by approximately 

the same amount as the ambient temperature, i.e. τ ≈ 1. The linear relationship indicates again that in 

these regions most components are passively heated by the convective heat transfer to and from the 

environment and to a negligible extent by the interaction with vehicle-internal heat sources. The 

temperature factor of 1.9 for the sensor 105 (tailpipe visor) is explained as a measurement uncertainty. 
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Figure 71: Influence of ambient temperature changes on the vehicle components and fluids in the rear 

part of the F10 occurring for the high thermal load – low velocity case (top), the moderate thermal 

load and velocity case (center) and the moderate thermal load – high velocity case (bottom). 

Since their operating temperatures in the exhaust system are very high and strongly related to the 

loads applied to the vehicle, no uniform temperature behavior can be detected for the individual 

components in the area of the exhaust system. This irregular behavior is especially relevant to the low 

speed case, where some extremely negative temperature factors are not shown in figure 71. As a 

consequence of the similar load applied on the vehicle for both moderate and high speed cases, similar 

temperature factors can be found for the exhaust system. For both cases the influence of the ambient 

temperature is found to be negligible for the air entering the turbine (sensors 91 to 94), whereas the 

temperature of the muffler surface (sensors 98, 99, 100 and 101) is found to be directly proportional 

to the change of the ambient temperature. 
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General conclusion – ambient parameters 

Humidity 

Tests under extreme hot and humid conditions showed a definite influence of humidity on the 

temperatures of the vehicle components and cooling fluids. However, when testing within the 

boundaries of the BMW drive envelope the influence of a change in relative humidity is found to be 

negligible. Therefore, it is suggested that during drive conditions at constant velocity in a CWT, the 

control of the relative humidity level is not necessary. This allows to save a significant amount of energy 

and operational resources reduce the environmental impact of testing in CWTs.  

Elevation  

A clear influence of the ambient pressure on the temperatures of the vehicle components and cooling 

fluids in the engine compartment has been found when performing tests with a fully opened 

thermostat and a maximally imposed cooling flux in the cooling circuit. Except for the sensors related 

to the turbocharger, all the other sensors showed a similar increment in temperature when increasing 

the testing altitude level. This correlates with theory. In case the cooling flux in the intercooler is 

regulated, which is the normal operative case, no relation could be established between the heating 

of the sensors and the change in ambient pressure. Both testing cases with and without active engine 

cooling control showed that for small changes in altitude, i.e. less than 500 m, the sensor temperatures 

are not strongly affected. When testing with a controlling heat management CPU this is true only if the 

control mode of the cooling system is operating in the same mode at both elevation levels. Therefore 

it is suggested that road test performed between 0 and 1000 m altitude can be simulated at the BMW 

CWTs (at 500 m altitude) without needing to apply any specific ambient pressure control. This 

condition implies an increased resource availability and cost reduction for CWT testing at BMW.  

Temperature 

For the components in the area of the rear axle and transmission, the multi-function tray, the shock 

absorber, the tank and the rear tunnel it was found that their steady state temperatures obtained 

during vehicle test runs at constant velocity linearly increases with the ambient temperature. 

Therefore, extrapolation models can be developed for predicting the ambient temperature at which 

these passively heated components reach a critical TOS temperature, saving development time. For 

components in other vehicle sections no coherent relations could be established between their steady 

state temperature and the ambient temperature, since the applied loads and the cooling strategy of 

the thermal control unit strongly affect the components’ temperatures.  

5.1.2 Wind tunnel hardware 

 

In the previous section it was proven that, in order to perform an accurate simulation of on-road 

conditions, the ambient temperature should be set-up within a small tolerance from the on-road 

testing temperature, whereas for both relative humidity and ambient pressure a lower set-up accuracy 

can be applied. These CWT set-up criteria have been applied for comparing the test quality in the CWT 

to on-road testing. This part of section will first discuss the influence of the wind tunnel hardware on 

the thermal behavior of the components. At last a comparison between the on-road and CWT 

measurements in its standard configurations is made.  
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5.1.2.1 Vehicle wheel hub fixation 

 

The influences of the vehicle fixation were investigated by comparing the vehicle configurations with 

wheel hub fixation at the center of the front or rear wheels (Section 4.2.3). For the R56 four different 

velocity cases were analyzed, whereas three different velocity and load cases were investigated for 

the F10 (Section 3.1.2). For each configuration of fixation the sensor temperatures are obtained at the 

end of each specific drive cycle load case. These temperatures are compared by displaying the 

temperature difference. Figures 73 to 75 show the temperature differences obtained for each load 

case for the components or fluids in the specified vehicle regions.  

For both vehicles highly reproducible results are obtained in each configuration. The level of 

reproducibility was generally found to be within ± 0.5 °C for the R56 and ± 1 °C for the F10, respectively 

and is shown by the dotted red line in each figure. Because of the high reproducibility, i.e. accuracy 

level of the results, also small temperature differences measured between the two configurations can 

be considered as an influence of the type of vehicle fixation applied.  

In general it can be stated that for both vehicles no temperature differences or lower temperatures 

are found when fixating the vehicle through wheel hubs at the rear wheels. In the front part of the 

engine compartment only small temperature differences are found, indicating that the amount of 

cooling flow passing through the main inlets is negligibly affected by the vehicle fixation. Being actively 

controlled by the heat management control unit all fluids and components, which are cooled by these 

fluids, also show negligibly small temperature deviations in both directions. For the F10 this holds for 

all components within the engine compartment. For the R56 the influence of the vehicle fixation is 

instead felt by several components within the engine compartment. The strongest effect is found for 

components at the rear part of the engine compartment, which are not actively cooled. In general 

higher temperatures are found for the front wheel vehicle fixation. As was suggested in Section 2.2.5 

the fixation through front wheel hubs causes a reduction in convective cooling velocity in this area as 

a consequence of the stagnation inside the wheel rims and a pressure increase between the wheels. 

This will be further proven in Section 5.2.2. Due to its open underbody, the reduced underbody mass 

flow, below the engine compartment, is felt strongest for the R56 and especially close to the cowl and 

the gearbox, which is just beyond the front wheels. For the F10 the underbody is closed and generally 

the amount of heat exchanged between the components and the flow passing below the underbody 

is lower. This explains the less strong influence of the front wheel fixation on the F10. Furthermore, it 

is suggested that the flow inside the wheels of the F10 is slightly less affected by the hubs due to the 

larger wheel size.  

Moving more backwards along the underbody, the position of the wheel hub fixation showed a 

reduced influence at the rear axles of both vehicles. These small differences between the 

configurations are suggested to be a consequence of the compensating underbody aerodynamics, as 

will be explained in Section 5.2.2. 
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Figure 72: Influence of vehicle fixation on the temperatures of vehicle components and fluids of the 

R56 when subjected to 4 different load cases. 

 

Figure 73: Influence of vehicle fixation on the temperatures of vehicle components and fluids in the 

front part of the F10 when subjected to 4 different load cases. 
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Figure 74: Influence of vehicle fixation on the temperatures of vehicle components and fluids between 

the A- and C-Pillar of the F10 when subjected to 4 different load cases. 

 

Figure 75: Influence of vehicle fixation on the temperatures along the exhaust system of the F10 when 

subjected to 4 different load cases. 

Velocity dependence 

From the results no general relation could be found between driving velocity and the influence of the 

vehicle fixation on the components’ steady state temperatures. For the F10 the strongest influence of 

the type of vehicle fixation was found for the two cases with moderate thermal loading and moderate 

velocity. At low velocity the (convective) cooling of components in the engine compartment is mostly 

performed by the fan placed beyond the radiator. At the highest velocity less heat is produced and the 

cooling fan is not activated. At moderate velocity the cooling in the engine compartment is a combined 

effect of the incoming mass flow and the flow which is accelerated by the cooling fan. It might be that 

a critical equilibrium between fan cooling and underbody flow is found in this velocity range. 
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For the F56 no correlation is found between the velocity and the influence of the vehicle fixation. Only 

some specific components close to the cowl and the gearbox show larger temperature differences 

between the two configurations as velocity increases. 

These temperature differences, their dependence on velocity and position along the vehicle 

underbody are suggested to be a consequence of the changed underbody aerodynamics, as it will be 

discussed in Section 5.2.2. Both experimental pressure measurements and CFD data show an 

aerodynamic influence of the wheel hub fixation on the pressure fields in the vehicle underbody. 

5.1.2.2 Exhaust extraction system 

 

Figure 76 shows the influence of different EES configurations on the temperatures of the vehicle 

components in the rear part. In the front part of the vehicle, up to the B-Pillar, negligible temperature 

differences are found and will therefore not be discussed. For the two cases investigated it is found 

that the component temperatures are generally (slightly) higher when using the elongated pipes. This 

is to be expected, since the hot components experience an additional (convective) cooling or heat 

extraction when using the standard EES configuration, where the EES is placed directly at the vehicle 

exhaust pipes. The three components which experience a higher temperature with the standard EES 

configuration are the resonance flap actuators at the left and right sides of the vehicle. These are 

assumed to be colder when using the elongation pipes because no hot air coming from the rear muffler 

is sucked around the flap actuators. 

 

Figure 76: Influence of the exhaust extraction system on the temperatures of vehicle components 

between the C-Pillar and the rear bumper of the F10 when subjected to two different load cases. 

Display of temperature differences in the components’ steady state temperature measured for the 

EES configuration with extended pipes (EES-L) with respect to the standard EES configuration. 

5.1.3 Road vs. climatic wind tunnel 

 

As was explained in section 2.2.3 the wind tunnel geometry is expected to influence the flow around 

the vehicle strongly. Due to the strong flow expansion in the center part of the vehicle and the down 

wash in the rear area of the vehicle and beyond, which are caused by the CWT geometry and the 

collector, the velocity field is expected to be affected and with that also the component temperatures. 

The influence of the CWT geometry on these temperatures is tested by comparing the temperatures 

obtained during both on-road and CWT testing. For the latter the vehicle was kept into position 

through the standard front wheel hub fixation. Figures 78 to 79 show the temperature differences 



5.1 Thermal analyses 

86 
 

measured between the two test environments. Again the low, medium and high velocity cases are 

analyzed. For the highway-trailer test case with medium velocity and medium load, two types of road 

tests are considered during which (I) the hill climb trailer (HC trailer) was used and (II) during which 

the highway trailer (HW trailer) was used. These two trailer configurations are used in order to show 

the importance of the aerodynamics in the rear part of the vehicle. It must be noted, though, that 

neither of both aerodynamic vehicle-trailer configurations can be physically simulated in the wind 

tunnel, i.e. due to geometrical limitations no real physical trailer is set-up in the CWT. 

With the only exception of the moderate load and velocity case with the highway trailer, for all other 

cases higher component temperatures are generally achieved when performing test in the CWT. This 

difference is strongest when observing the temperature downstream of the A-Pillar, i.e. in the areas 

close to the tunnel, the transmission and the rear axle. This clearly shows the effect of the changed 

vehicle aerodynamics in the rear part of the vehicle during CWT testing. As additional argument it is 

noted that the temperatures obtained during CWT testing are lower than those obtained when testing 

on the road with the highway trailer configuration. It is assumed that this occurs due to the strongly 

changed vehicle and underbody aerodynamics as a consequence of the large trailer. When performing 

test at maximum driving velocity it is noted that the temperature differences reduce. This is suggested 

to be a result of the influence of the CWT geometry on the vehicle aerodynamics and will be further 

discussed in Section 5.2.3. The negative temperature differences found at all four test cycles for 

sensors 106 and 109, representing the temperatures at the tail pipes and the heat shield around it, are 

a consequence of the EES, which introduces an additional convective cooling velocity or heat 

extraction.  

 

Figure 77: Temperature differences in components’ steady state temperatures measured during CWT 

testing with respect to on-road testing for vehicle components and fluids in the front part of the F10 

when subjected to 4 different load cases.  
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Figure 78: Temperature differences in components’ steady state temperatures measured during CWT 

testing with respect to on-road testing for vehicle components and fluids between the A- and C-Pillar 

of the F10 when subjected to 4 different load cases.  

 
Figure 79: Temperature differences in components’ steady state temperatures measured during CWT 

testing with respect to on-road testing for vehicle components along the exhaust system of the F10 

when subjected to 4 different load cases.  

Improvement of the on-road conditions in the climatic wind tunnel 

The previous discussions showed that both EES and the type of vehicle fixation affect the temperatures 

of several components. From the components’ temperatures measured during on-road and CWT 

testing with front wheel fixation and the short EES configuration, i.e. the standard ETC CWT  set-up, it 

is suggested that the vehicle should be fixated through wheel hubs at the rear and extended tailpipes, 

where the EES is positioned about 1 meter behind the vehicle. These changes reduce the differences 

in component temperatures achieved during on-road and CWT testing. The improvement will, 

however, not correct for the largest temperature differences measured. The main temperature 

differences are therefore suggested to be caused by the aerodynamic influence of the CWT geometry, 

as will be explained next.  
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5.2 Experimental and computational flow analysis  
 

The results presented in Section 5.1.2 showed that compared to on-road testing, (slightly) different 

vehicle component temperatures are achieved when testing in the ETC CWT. Part of it is attributed to 

the set-up of the front wheel fixation and the EES. However, most of the differences are suggested to 

be a consequence of the different flow properties around a vehicle occurring in the CWT. In this section 

the influence of the wheel hub fixation as well as the wind tunnel geometry on the general vehicle 

aerodynamics are analyzed in order to correlate the thermal differences of each parameter to the 

changes in the flow field around the vehicle. For this purpose the vehicle pressure distribution along 

the body of the F10 is measured within different BMW wind tunnels; the AWT, MWT and the CWT. In 

the CWT three different cases of vehicle fixation are analyzed. For studying the influence of the CWT 

geometry on the vehicle aerodynamics, the pressure distributions obtained in the AWT are used as a 

reference, since this wind tunnel has the largest geometry and therefore it is expected that the vehicle 

aerodynamics is minimally affected. 

5.2.1 General vehicle aerodynamics on the road and in the CWT with standard set-up 

 

Before analyzing each influencing parameter, the vehicle aerodynamics as obtained in the AWT is 

discussed first. Figure 80 shows the non-dimensional pressure distributions obtained along the vehicle 

body during measurements in the AWT. For the three higher velocity cases a similar 𝐶p-distribution is 

found around the vehicle. The deviating values found for the lowest velocity case are caused by both 

the lower accuracy level of the measurement equipment and the CWT simulation quality of the 

ambient speed at this low velocity.  

The vehicle centerline pressure distribution shows a typical behavior for limousines. Immediately 

beyond the stagnation point at the frontal part of the vehicle (sensor 2) a strong underpressure is 

found along the engine hood. When moving downstream the pressure increases again to a positive 

pressure coefficient value, indicating a stagnation region just upstream of the front window. Further 

downstream, at the start of the rear window, an adverse pressure gradient is measured which 

eventually ends up in a constant positive pressure area above the luggage compartment. The latter is 

an indication of the higher pressure occurring due to flow separation bubble above the vehicle trunk. 

Beyond the trunk the pressure distribution is constant in value, indicating a separated flow condition 

in this area. This area is commonly defined as the base pressure area (Section 2.2.1). Similarly to the 

upperbody aerodynamics also along the underbody a minimum underpressure value is noticed in the 

first part of the vehicle. The high overspeeds occurring in this area clearly decrease when moving more 

downstream and achieve a constant value in the turbulent flow condition at the rear part of the 

vehicle.  

When considering the pressure distributions at the side of the vehicle this phenomenon is observed 

again. At first positive pressure coefficients are noted just below the center of the headlights (sensors 

49, 50, 55, 56). Lower velocities occur here, as the flow impinges on the vehicle front. Beyond this point 

the pressure drops to negative pressure coefficients. A minimum is reached close to the major 

curvature of the local vehicle body. As we move further downstream an adverse pressure gradient 

defines the flow topology, which increases in strength towards the end of the vehicle. This means that 

close to the headlights the local velocity is higher than the free stream velocity and reduces towards 

the free stream velocity in the rear part. A pressure drop is found for sensors 69 to 71. The lower 

pressure experienced by sensor 69 is caused by its position just above the wheel house. At this location 
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the vehicle’s cross-section area increases slightly and the air is guided around the wheel house. This 

causes a velocity increase implying the measured pressure drop. Similarly, the pressure drop at sensors 

70 and 71 is a consequence of the velocity increment just beyond the wheel house. Beyond sensor 71 

a strong increase in pressure is observed at the rear part of the vehicle. This effect is explained by the 

converging tail of the vehicle, which implies a flow expansion and boundary layer development 

towards the rear part of the vehicle.  

 

Figure 80: 𝐶p-distribution around the vehicle in the BMW AWT wind tunnel representing road 

aerodynamics along the upperbody (top), the base (center left), the underbody (center right) and the 

side of the vehicle (bottom).  

Comparison of the vehicle aerodynamics in near-road conditions and the CWT with standard set-up 

Based on the pressure distributions obtained in the AWT a comparison is made with the pressure 

values obtained in the CWT when using the standard vehicle fixation. Figure 81 shows the differences 

in pressure coefficient, ∆𝐶p, as measured for the standard CWT and the AWT configurations. It should 

be recalled that the comparison is made for the CWT configuration without the use of the EES system. 

The EES has not been used, since it would introduce an additional study parameter.  
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Though the general flow topologies around the vehicle are similar for both wind tunnel configurations, 

clear differences can be noticed. The different pressure values measured in the environments is 

showing a similar trend at all velocities, except for the lowest velocity case. At this conditions some 

sensors show deviating values, which are caused again by the measurement accuracy of the equipment 

and the simulated wind velocity in the wind tunnels. It is noted that for CWT testing higher pressures 

occur along both the side and the underbody. This also holds for the sensors located along the 

upperbody centerline just in front of the front window (11 – 16), along the rear window (18 – 24) and 

at the rear part of the vehicle behind the trunk (29 – 35). Instead, in the front part of the vehicle 

(sensors 3 – 9) and in the rear part above the trunk (sensors 25 – 28) and behind the trunk at its right 

side (sensors 36 – 40) the pressure differences are negative. The lower pressures found in the front 

part of the vehicle and at the side of the trunk are respectively caused by a change of the stagnation 

point in the front and the location of flow separation in the rear. The generally higher pressures 

measured in the CWT will be explained in the following section by analyzing the influences of the 

vehicle fixation and the wind tunnel geometry.  

 

Figure 81: Differences in pressure coefficient, ∆𝐶p, obtained for a F10 between the standard CWT and 

AWT configurations (𝐶p,CWT − 𝐶p,AWT), along the upperbody (top), the base (center left), the 

underbody (center right) and the side of the vehicle (bottom). 
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5.2.2 Wind tunnel hardware 

5.2.2.1 Wheel hub fixation 

 
The effect of the vehicle fixation on the thermal behavior of vehicle components has been shown in 

the previous section. In this part of the work the influence of the fixation on the vehicle aerodynamics 

is studied and correlated to the different steady state component temperatures caused by the fixation.  

Figure 82 shows the local 𝐶p-distribution below the vehicle for the vehicle with front wheel fixation. A 

similar trend is found at all velocities, indicating a prevailing underpressure, i.e. overspeeds, in this 

area. Here the lowest 𝐶p values, i.e. highest velocities, are obtained in the front part of the vehicle just 

between the front wheels. Beyond the A-Pillar, the pressure coefficients increases again, yielding a 

velocity reduction.  

 

Figure 82: 𝐶p-distribution along the underbody of the F10 when fixated through wheel hub fixation at 

the front wheels. 

The influence of the configurations is analyzed by comparing the pressure coefficients obtained along 

the underbody. The difference in pressure coefficients between the two configurations of vehicle 

fixation, i.e. the rear wheel hub fixation with respect to the front wheel hub fixation, are measured for 

6 velocity cases and are given in Table 5. These ∆𝐶p values are furthermore displayed on the left hand 

side of figure 83. The relative velocity difference occurring between the two vehicle set-up 

configurations is shown at the right hand side of the figure.  

Table 5: Differences in pressure coefficients, ∆𝐶p, obtained from measurements and simulation for a 

F10 when comparing the CWT configurations with rear wheel hub fixation to the configuration with 
front wheel hub fixation.  

S# Measured CFD Measured CFD Measured CFD Measured 

V 35 60 100 140 210 250 

41 -0,0217 -0,0412 -0,0275 -0,0303 -0,0441 -0,0291 -0,0276 -0,0242 -0,0288 

42 -0,0208 -0,0346 -0,0295 -0,0303 -0,0301 -0,0309 -0,0292 -0,0197 -0,0304 

43 -0,0336 0,0003 -0,0322 -0,0293 -0,0339 -0,0241 -0,0169 -0,0239 -0,0138 

44 -0,0153 -0,0291 -0,0227 -0,0241 -0,0302 -0,0214 -0,0192 -0,0089 -0,0178 

45 -0,0021 -0,0103 -0,0122 -0,0117 -0,0046 -0,0105 -0,0138 0,0123 -0,0147 

46 0,0047 0,0084 0,0008 -0,0004 0,0134 0,0024 0,0012 0,0282 0,0012 

47 0,0005 -0,0034 -0,0089 -0,0115 0,0003 -0,0087 -0,0098 0,0148 -0,0102 

48 -0,0258 -0,0507 -0,0207 -0,0264 -0,0271 -0,0218 -0,0179 -0,0185 -0,0143 



5.2 Experimental and computational flow analysis 

92 
 

 
Figure 83: Differences in pressure coefficient, ∆𝐶p, (left) and velocity, ∆𝑉, (right) obtained for a F10 

between the CWT configurations with vehicle fixation at the rear wheel hubs and the vehicle fixation 

at the front wheel hubs (𝐶p,rear − 𝐶p,front (left) and 𝑉rear − 𝑉front (right)). 

From both figures it results that more negative pressures, i.e. higher velocities, occur along the 

underbody when applying wheel hub fixations at the rear wheels instead of the front wheels. The most 

negative differences in pressure coefficient are found in the area in between the rotating front wheels 

(sensors 41 to 43). This corresponds to the area of the lowest pressure coefficients, i.e. the highest 

overspeeds, as was shown for the AWT and CWT configurations in figures 80 and 82. From equation 

(19) the highest velocity differences found in this area between the two configurations are of about 1 

to 1.5 %. These occur at 60, 100 and 140 km/h and decrease with further increment of the free stream 

velocity. Moving downstream from the front to the rear wheels the difference in pressure coefficient 

reduces to negligible values at the height of the B-pillar, but increases again when moving towards the 

end of the vehicle. At this point it has to be noted that the measured surface pressures only relate to 

the local maximum velocity in the underbody, since the measured pressure is considered constant 

perpendicular to the boundary layer. Therefore the 𝐶p data only provide a qualitative insight in the 

reduction of incoming underbody mass flow and its change in cooling performance.  

Comparison measured pressure data to numerical data from CFD 

Apart from the different 𝐶p values measured between the two configurations of vehicle fixation, Table 

5 also shows the differences in pressure coefficients as obtained through CFD simulation. Though 

different in absolute value, the CFD simulations confirm similar ∆𝐶p trends as for the measured values. 

In Appendix  it is shown that the simulated pressure distribution along the midsection of the vehicle 

closely corresponds to the measured data, demonstrating the validity of the simulations for qualitative 

analyses. Therefore the CFD simulations are used to obtain a qualitative insight of the flow topology 

induced by the wheel fixation, providing an explanation for the temperature differences found in the 

underbody components.  

Figure 84  shows the differences in pressure coefficient obtained at the midsection of the vehicle when 

comparing the two configurations of wheel fixation for three simulated velocity cases. The trends 

found by the pressure measurements are confirmed again. When applying a rear wheel fixation, more 

negative pressures are found in the areas from the bumper to the A-Pillar and from the C-Pillar to the 

rear bumper. In between these areas, at the position of the B-Pillar, the pressure distributions are 

found to be about equal for the front and rear wheel hub configurations. In general, it can be noted 

that the pressure differences become slightly less pronounced as velocity increases, indicating that at 

high velocities the influence of the fixation is reduced. 
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Before translating these pressure differences into the changes in the velocity field distribution, the 

influence of both types of wheel fixation on the underbody pressure and velocity distributions are 

investigated individually. Figures 85 to 90 show the difference in field properties through a y- or z-

plane as obtained for the respective type of wheel fixation in comparison to the ideal wind tunnel 

configuration in which the vehicle is standing without any form of fixation. 

 

Figure 84: Differences in pressure coefficient, ∆𝐶p, obtained for a F10 in the y0-plane when comparing 

the CWT configurations with rear wheel hub fixation to the configuration with front wheel hub fixation 

at 35, 100 and 210 km/h (top to bottom). 

Front wheel hub fixation 

The effect of the front wheel hub fixation is shown in figure 85. In the front part of the underbody, 

from the bumper to the A-Pillar, higher pressures are attained than for the case without fixation. This 

effect is found for all the three velocity-cases and is even more evidenced when considering the 

pressure differences in the z-plane at half of the vehicle-to-road clearance (z = – 230) shown in figure 

86. Based on the studies on the aerodynamic underbody-wheel-rim interaction [46] (see Section 2.2.5), 

the higher pressure is explained by the flow deflection caused by the front wheel hubs. As a 

consequence, the stagnation pressure at the wheel rims is increased. This can be noted in figure 86 

where a higher pressure is found in the wheelhouse directly behind the front wheels. It is suggested 

that part of the underbody airflow, which in standard conditions moves through and around the rims 

towards the sides of the vehicle, is blocked. This blockage effect consequently increases the pressures 

between the wheels, and, as it is shown at the right side of figures 85 and 86, clearly reduces the local 

underbody velocity in this same region. The effect of the flow deflection and wheel-flow-blockage 

becomes more evident when considering the differences in the v-component of the velocity as a 

consequence of the front wheel hubs. These are shown in figure 87. From the figures on left hand side 

it is noted that at the height of the wheels, and just beyond them, the velocity along the underbody is 
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pointing more towards the center of the vehicle. This flow deflection caused by the hub fixation is 

evidenced on the right hand side figures, where a strongly inward pointing velocity component is found 

at the level of the wheel center (z = – 15 mm), i.e. the location where the hub is fixated to the wheel.  

 
Figure 85: Differences in pressure coefficient, ∆𝐶p, (left) and relative velocity, ∆𝑢/𝑈∞ in [%], (right) 

obtained for a F10 in the y0-plane when comparing the CWT configurations with front wheel hub 

fixation to the configuration with no vehicle fixation at 35, 100 and 210 km/h (top to bottom). 

 

 

Figure 86: Differences in pressure coefficient, ∆𝐶p, (left)  and relative velocity, ∆𝑢/𝑈∞ in [%], (right) 

obtained for a F10 in the z-230-plane when comparing the CWT configurations with front wheel hub 

fixation to the configuration with no vehicle fixation at 35, 100 and 210 km/h (top to bottom). 

Rod Wheel 
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Moving downstream, immediately beyond the A-pillar, the pressure differences in the underbody 

reduce to negligibly small values for the two lower velocity cases. This means that the pressure 

recovers to the condition that occurs when no wheel fixation is adopted. As a consequence also the 

velocity differences in the underbody flow reduce to a negligible value. The pressure recovery is 

explained by the velocity fields shown in figures 86 to 88. As the flow exits the nozzle it impinges on 

the fixation pillars at the sides of the nozzle. Consequently the shear layer is affected. A higher 

turbulent flow interaction between the nozzle airflow and the quasi-standing air at the side areas of 

the plenum occurs. The entrainment is noted by the more inward pointing v-component of the velocity 

and the reduced flow velocity directly beyond the fixation-pillars. Similarly the airflow surrounding the 

vehicle at its side is entrained by the turbulent layer. As it is seen from the right hand side plots in 

figure 87 and the lower image in figure 88 this allows for less lateral expansion of the flow surrounding 

the vehicle. This consequently implies the same for the underbody flow, which will therefore be more 

accelerated, reducing its local pressure.  

 

Figure 87: Differences in relative velocity, ∆𝑣/𝑈∞ in [%], obtained for a F10 in the z-230-plane (left) and 

the z-15-plane (right) when comparing the CWT configurations with front wheel hub fixation to the 

configuration with no vehicle fixation at 35, 100 and 210 km/h (top to bottom).  

 

Figure 88: Underbody flow velocity field in the z-230-plane for the CWT vehicle set-up configurations 

with a front wheel hub fixation (left) and without any vehicle fixation (right) 100 km/h.  
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For the highest velocity case the pressure differences not only reduce beyond the A-pillar, but also 

inverts sign, i.e. become slightly negative, downstream from the C-pillar. This is caused by the pillars 

which support the struts that hold the wheel hubs in position, see figure 53. These are placed upstream 

of the vehicle. As it was explained previously, the interaction between the vehicle side body and the 

turbulent shear layer develops a channel flow which avoids the high speed underbody flow to expand 

out of the underbody. As a consequence, the underbody is subjected to a slight flow acceleration. 

Rear wheel hub fixation  

Figures 89 and 90 show the differences in pressure and velocity field distribution when comparing a 

rear wheel hub fixated vehicle with respect to the ideal wind tunnel configuration without any fixation. 

Despite being in low subsonic conditions, the presence of the fixation is not felt in the front part of the 

underbody; from the front bumper to the B-Pillar the differences in pressure and velocity between 

both configurations can be considered negligibly small.  

 

Figure 89: Differences in pressure coefficient, ∆𝐶p, (left) and relative velocity, ∆𝑢/𝑈∞ in [%], (right) 

obtained for a F10 in the y0-plane when comparing the CWT configurations with rear wheel hub fixation 

to the configuration with no vehicle fixation at 35, 100 and 210 km/h (top to bottom). 

However, further downstream, the rear wheel fixation induces a pressure decrease for all three 

simulated velocity cases. Since the underbody flow is dominated by under pressures, the pressure 

decrease causes higher velocities for the rear wheel fixation. This is confirmed in the velocity field plots 

shown at the right hand side. The influences on the field properties are clearest when observing them 

in the different Z-planes. It is suggested that the lower pressures occurring in the rear part are caused 

by both the wheel hubs as well as the pillars on which the fixation rods are mounted. As a consequence 

of the wheel hubs, a stagnation pressure close to the wheel is found which prevents the air below the 

underbody to move towards the free stream. Furthermore, a reduction of the effective channel area 

just in front of the collector is caused by the presence of the pillars. By reducing the effective area, 

higher velocities can be noted between the vehicle and the pillar and the flow is deflected towards the 

centerline of the wind tunnel. This is shown by analyzing the differences in the v-component of the 

velocity in figure 91. Close to the rear wheels the velocity differences indicate that the v-component is 
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pointing more towards the vehicle center when fixating the vehicle at its rear wheel. Due to the 

superposition of the two effects the flow in the rear part of the underbody is accelerated, explaining 

the pressure drop in this area.  
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Figure 90: Differences in pressure coefficient, ∆𝐶p, (left) and relative velocity, ∆𝑢/𝑈∞ in [%], (right) 

obtained for a F10 in the z-230-plane (top three), z-15-plane (center three) and z300-plane (lower three) 

when comparing the CWT configurations with rear wheel hub fixation to the configuration with no 

vehicle fixation at 35, 100 and 210 km/h (top to bottom). 

 

Figure 91: Differences in relative velocity, ∆𝑣/𝑈∞ in [%], (right) obtained for a F10 in the z-230-plane 

(left) and z-15-plane (right) when comparing the CWT configurations with rear wheel hub fixation to the 

configuration with no vehicle fixation at 35, 100 and 210 km/h (top to bottom). 

 



5 Results 

99 
 

Velocity field distribution front wheel vs. rear wheel fixation 

The velocity fields in the vertical plane shown in figure 92 indicate positive velocity differences in the 

regions where negative pressure differences occur between the two configurations. This means that a 

reduction in flow velocity is induced when adopting front wheel hub fixation. The differences are found 

most evident in the frontal part of the vehicle, where the reduction in flow velocity, and therefore of 

convective cooling, is highest. Between the A and C-Pillar no large velocity differences are found. This 

correlates with the pressures in this area which are about equal for the two configurations. More 

downstream, behind the rear wheels, it is noted that when applying a rear wheel fixation the velocity 

along the underbody is higher than when using a front wheel fixation.  

 

Figure 92: Differences in pressure coefficient, ∆𝐶p, obtained for a F10 in the y0-plane (left) and relative 

velocity, ∆𝑢/𝑈∞ in [%], obtained in the z-230 (right) when comparing the CWT vehicle configuration with 

rear wheel hub to the front wheel-hub fixated configuration at 35, 100 and 210 km/h (top to bottom). 

The differences in underbody velocity fields are confirmed by analyzing the mass flow passing through 

the underbody at the planes shown in figure 50. For both configurations of vehicle fixation a 

comparison is made of the mass flows passing through these planes. The left image in figure 93 shows 

the total amount of mass flow passing through each plane in x-direction. It is clearly noted that for 

both configurations the mass flow is highest at the front part of the vehicle and decreases towards the 

rear part of the vehicle. This phenomenon is noted at all velocities. The generally decreasing mass flow 

towards the rear is explained by the flow expansion from the underbody towards the outer flow. The 

comparison of the underbody mass flow obtained for both configurations of vehicle fixation is shown 

on the right hand side of figure 93. This shows that less mass flow is passing through the first three 

planes when the vehicle is fixated at the front wheels. This difference is largest in between the front 

wheels, confirming the previously discussed results of the pressure and velocity fields. Between the 5th 

and 7th plane, i.e. the A- and C-Pillar, a slightly higher mass flow is noted for the vehicle configuration 

with front wheel fixation. A minimum is found in the 6th plane. Again this result correlates with 

differences found in the velocity fields for the two configurations. In the rear part of the vehicle the 

mass flow is again higher when applying a wheel hub fixation at the rear wheels. 
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Figure 93: Influence of the position of wheel hub fixation on the mass flow obtained through different 

planes along the vehicle underbody. Mass flow through each plane for the front wheel hub fixation 

and rear wheel hub fixation (left). Relative difference in mass flow passing through each plane between 

the vehicle configuration with rear wheel hub fixation and the front wheel hub fixated vehicle (right).  

Based on the pressure and velocity fields obtained from CFD, an aero-thermal relation can be adopted 

to explain the temperature differences measured on vehicle components when using different wheel 

hub fixation. The higher component temperatures obtained when adopting the front wheel fixation 

are explained by the lower mass flow occurring in the underbody. Similarly, the negligibly small 

temperature differences measured at the B-Pillar correlate with the negligibly small velocity and mass 

flow differences in these areas. 

Summary 

In the course of this work it has been proven that the wheel hub fixation clearly affects the underbody 

vehicle aerodynamics. CFD data showed that as a consequence of the front wheel fixation, lower 

overspeeds occur in the underbody when compared to the “free vehicle” set up. These influences are 

strongest in the region between the front spoiler and the vehicle A-Pillar. The application of a rear 

wheel fixation barely affects the underbody aerodynamics in this area. Its presence causes mainly a 

flow deflection and acceleration in the rear part of the vehicle downstream of the B-Pillar. The reduced 

amount of cooling mass flow in the underbody found for the front wheel fixation is suggested to be 

the cause of the higher temperatures found for the components in the underbody. 

5.2.2.2 Exhaust extraction system 

 

In Subsection 5.1.2.2 it was noted type of EES used does affect the temperatures of components in the 

rear part of the vehicle. Especially the sensors at the muffler, the rear bumper and at the bottom of 

the luggage compartment (inside and outside) were subjected to higher temperatures when using the 

EES-L configuration, which was positioned 1 m behind the vehicle. This effect was suggested to be 

caused by the reduced amount of convective cooling mass flow around those components when 

placing the EES further away from them. Figure 94 shows the difference in 𝐶p-distribution which is 

measured along the underbody when comparing the two EES configurations. This distribution 

compares pressure obtained for the EES-L configuration to those measured for the case in which the 

standard EES configuration is used. The positive ∆𝐶p-values indicate lower velocities when using the 

EES-L configuration. This correlates with the effect on the components’ temperatures and confirms 
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the abovementioned suggestion. At all free stream velocities negligible pressure differences are found 

for the sensors 43 and 46, which are positioned farther away from the vehicle centerline, showing that 

the EES generally has a larger effect on the underbody aerodynamics along the vehicle centerline. The 

generally higher pressure values, i.e. lower velocities, are found to decreases with increasing free 

stream velocity, indicating that the effect of the additional velocity introduced by the EES is reduces at 

higher speeds. It is therefore recommended to (I) perform optimization studies on the suction 

performance of the standard EES at low speeds for future testing in the EVZ, or (II) to perform future 

test with the EES-L configuration, since this does introduce less or no additional (convective cooling) 

velocity to the components in the rear part of the vehicle. 

 

Figure 94: Differences in pressure coefficient, ∆𝐶p, measured along the underbody between the EES 

configuration with elongated pipes (EES-L) with respect to the standard CWT EES configuration. 

5.2.3 Influence of the wind tunnel geometry on the vehicle aerodynamics  

 

The influence of the wind tunnel geometry is considered by analyzing the difference in Cp-distribution 

measured between three wind tunnels: AWT, MWT and CWT, where the latter has the smallest and 

the first the largest geometry. Furthermore, it is must be noted that, in the AWT, the vehicle 

aerodynamics is the least affected by the vehicle fixation used, since it is small in dimension and is 

placed directly in front or behind the wheels, causing minimal flow intrusion. In the MWT the vehicle 

is maintained in position by adopting front wheel fixation. Being aerodynamically shaped, the MWT 

configuration affects the vehicle aerodynamics less than the front wheel hub configuration used in the 

CWT. In order to obtain a correlation between the vehicle aerodynamics and the wind tunnel 

geometric dimensions, for the CWT, the vehicle was set-up through a hook-up fixation at both the 

front and rear bumper instead of through the classical set-up with wheel hub fixations. This set-up has 

been chosen since it offers the least aerodynamic disturbance and could be applied due to the low 

load cases applied on the fixation. The pressure differences measured between the small wind tunnels 

and the reference AWT wind tunnel are displayed in figure 95 in terms of the non-dimensional pressure 

coefficient 𝐶p. 
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Figure 95: Differences in pressure coefficient, ∆𝐶p, measured between both the midsized MWT (left) 

and smaller ETC (right) with respect to AWT, along the vehicle upperbody (top), base (upper-center), 

underbody (center) and side body (lower-center and bottom) of the vehicle. 



5 Results 

103 
 

Though the general flow topologies are equal for all wind tunnels, clear differences can be noticed for 

the detailed vehicle aerodynamics. With the exception of the pressure field directly above the vehicle 

trunk, a clear trend of increasing pressure is noticed as the characteristic wind tunnel dimensions 

decrease. This relation is confirmed at all velocities, with the highest pressure increment at the lowest 

speed case, at 35 km/h. This is, however, suggested to be a consequence of the poor simulation 

accuracy of the velocity set in the wind tunnel. Furthermore, it is shown that, between the A and C-

Pillar of the under- and side body, for both the MWT as well as the CWT the pressure increments are 

lower for the 60 km/h case. In case of the MWT this effect continues until the end of the vehicle. 

When considering the pressure distribution along the upperbody a clear shift in stagnation point is 

detected by the strongly lower and higher values for sensors 5 and 6 respectively. As a consequence, 

the pressures along the front edge of the engine hood are affected. Especially at higher speeds an 

increase is found in this area. As it will be explained later, the shift of the stagnation point and therefore 

the change of both pressure and velocity field at the vehicle front is a clear consequence of both the 

increased nozzle blockage effect and the stronger interaction between the vehicle and the rotational 

field introduced at the nozzle exit. When moving more downstream, slightly higher pressure values 

occur along the aft part the engine hood (front wheels to front window; sensors 13 to 17). Even further 

downstream, from the start of the rear window towards the end of the vehicle, higher pressures are 

found for the midsized MWT when compared with the large reference wind tunnel. It is noted that the 

pressure distribution obtained in the smallest wind tunnel (the CWT) is even higher along the rear 

window and the rear part of the vehicle, but not on the top part of the trunk. For the latter, lower 

pressures are measured in this area when compared to the reference wind tunnel. 

Along the side body of the vehicle a similar trend in pressure difference is found for both small wind 

tunnels. In the front part of the vehicle, between the head lights and the front wheels, more negative 

𝐶p-values, i.e. higher overspeeds, are found for the smaller wind tunnels. However, moving 

downstream beyond the front wheels, higher pressures occur when the wind tunnel size decreases. 

Between the A- and C-Pillar the ∆𝐶p value is about constant, but reduces towards zero in the rear part 

of the vehicle. This indicates that in the rear part a less strong adverse pressure gradient occurs for the 

smaller wind tunnels. Hereby, it is noted that the highest pressure level and lowest adverse pressure 

gradient occurs for the smallest wind tunnel, i.e. the CWT.  

Similar to the side- and upperbody pressure distributions, higher pressure levels are found along the 

underbody when operating in a smaller wind tunnel. Again, the highest pressure increments are found 

in the front part of the vehicle, i.e. for sensors 41 to 44, and reduce when moving towards the rear 

part of the vehicle. Both effects appear to be more apparent for the smallest wind tunnel. In order to 

explain the measured pressure differences the data obtained from CFD simulations are discussed next. 

Comparison simulation versus pressure measurements.  

Figures 96 and 97 show the difference in pressure obtained by CFD simulations along the vehicle body 

when comparing the pressures obtained for the vehicle set up in the CWT configuration to those 

obtained in the on-road configuration. In the CWT configuration the vehicle was set up without any 

fixation and any exhaust extraction system. In order to gain more insight on the effect of the CWT 

geometry on the vehicle aerodynamics also the simulated velocity fields obtained in both 

environments are analyzed. These are shown in figure 98. Figures 99 and 100 show the differences in 

the velocity components obtained by comparing the vehicle as set up in the CWT and for the real road 

environment.  
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Figure 96: Differences in pressure coefficient, ∆𝐶p, obtained for a F10 in the y0-plane when comparing 

the CWT configurations with no vehicle fixation to the on-road configuration at 35 km/h (top-left), 

100 km/h (top-right), 210 km/h (bottom-left) and 250 km/h (bottom-right). 

 

Figure 97: Differences in pressure coefficient, ∆𝐶p, obtained for a F10 in the z-15-plane through the 

center of the wheels when comparing the CWT configurations with no vehicle fixation to the on-road 

configuration at 100 km/h. 

The CFD data show that for the smaller CWT lower pressures occur in the front part of the vehicle, 

indicating slight overspeeds for the CWT configuration. Moving more backwards, the CWT test section 

clearly induces to a higher pressure level, i.e. lower velocities, at the roof and at the side of the vehicle. 

Beyond the roof top, at the height of the rear window, and in the rear part of the vehicle above the 

trunk, the flow maintains the higher pressure level for the smaller wind tunnel. Consequently, in the 

CWT the local absolute velocity in this area is lower than for the real road condition (see top image in 

figure 99). This also holds for the region directly behind the vehicle. The velocity reduction is mainly 

caused by the downward deflection of the airflow. This is concluded by the fact that the u-component 

of the velocity is strongly increased, but the w-component is pointing stronger in the downward 

direction (figure 100). Along the underbody, it is generally found that higher pressures (figure 97) and 

consequently lower velocities (lower image in figure 99) occur in the CWT environment. The velocity 

deficit is found to become stronger whilst moving downstream along the underbody. These 

phenomena will be explained next.  
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Figure 98: Velocity magnitude as obtained by simulations for the on-road (top) and the CWT 
environments (bottom) at 100 km/h. 

 

Figure 99: Differences in relative absolute velocity ∆𝑉/𝑈∞ obtained for a F10 in the y0-plane (top) and 

the z-230-plane (bottom) when comparing the CWT configurations with no vehicle fixation to the on-

road configuration at 100 km/h. 
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Figure 100: Differences in relative velocity ∆𝑢/𝑈∞ (top) and ∆𝑤/𝑈∞ (center) obtained for a F10 in the 

y0-plane and the difference in relative velocity ∆𝑣/𝑈∞ (bottom) at the z300-plane when comparing the 

CWT configuration with no vehicle fixation to the on-road configuration at 100 km/h. 

Explanation 

The general correlation between the pressure changes for decreasing dimensions of the wind tunnel 

nozzle, collector and plenum is expected from theory. Section 2.2.3 presented a model in which the 

vehicle aerodynamics are affected by its blockage effect, the rotational vortex field induced at the 

nozzle exit, the shear layer propagating from it, the flow expansion and the rotational vortex field 

induced at the collector entrance. This model can be used to explain the pressure differences occurring 

between the wind tunnels. 

The lower pressures occurring in the smaller wind tunnels around the body curvatures in the front part 

of the vehicle are explained by superposition of two effects that relate to both the smaller size of the 

nozzle and the shorter nozzle-to-vehicle distance. Decreasing both implies that the flow exiting the 

nozzle experiences a stronger nozzle blockage effect from the vehicle, which propagates to a higher 
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extend inside the nozzle. In the model this implies a stronger counterclockwise rotating vortex field at 

the nozzle exit. Furthermore the flow impinging on the vehicle has a reduced possibility to expand 

when the nozzle-to-vehicle distance is shortened. As a consequence of mass flow continuity and the 

limited expansion, higher velocities result directly at the front part of the vehicle. This is clearest when 

considering the pressure sensors on the side of the vehicle close to the headlights. Here the pressure 

reduction, i.e. velocity increment, is strongest since the ratio of characteristic lengths, i.e. vehicle size 

to nozzle size, is largest in the spanwise direction (about 0.5 in spanwise direction against 0.3 in vertical 

direction).  

The higher pressures occurring along the upperbody, starting from the front wheels towards the rear 

part of the vehicle, are explained by (I) the flow expansion at the nozzle exit and beyond, and (II) the 

interaction between the flow surrounding the vehicle and the shear layer that develops starting from 

the nozzle exit. The first one is easily explained when considering the rotational vortex field modeled 

at the edges of the nozzle. Since its strength is related to the nozzle blockage effect and linearly 

dependent on both the nozzle size and nozzle-to-vehicle distance, for small wind tunnels a stronger 

rotational vortex is modeled. As a consequence, the flow exiting the nozzle undergoes a stronger 

expansion towards the upper and side areas of the plenum, implying higher local pressures and lower 

velocity around the vehicle body when compared to the on-road conditions. The stronger expansion 

towards the upper of the plenum, i.e. an upwash, is visualized in the center image of figure 100 by the 

positive difference of the vertical velocity component close to top edge of the nozzle. Similarly the 

asymmetric change of the v-component of the velocity in spanwise direction at the exit side edges of 

the nozzle, indicate the expansion towards the sides of the plenum, see lower image of figure 100.  

The second phenomenon responsible for the pressure increment in smaller wind tunnels is caused by 

the turbulent shear layer that starts from the nozzle edges. As a consequence of the stronger vortex 

strength at the upper nozzle edge it is supposed that the shear layer is more turbulent and therefore 

both the entrainment of the outer flow and the expansion of the shear layer in downstream direction 

occur at a higher rate for the smaller CWT of the ETC. Furthermore, in the CWT the shear layer starts 

at a lower height, i.e. being closer to the vehicle, which causes a higher interaction of the shear layer 

with the flow surrounding the vehicle. Consequently, the flow directly surrounding the vehicle along 

its upper and side body, is slowed down to a higher extend, implying a stronger increase of the local 

pressure close to the vehicle.  

In case that a very large or no collector is used, the abovementioned arguments would imply that the 

full rear part of the vehicle would be subjected to a higher pressure level when operating in smaller 

wind tunnels. This is the case for a pure open jet wind tunnel. However, both small wind tunnels show 

a clear reduction of the higher pressure level in the rear part of the vehicle upper- and side body. It is 

suggested that the presence of the collector, i.e. the vortex field generated at the edges of the collector 

entrance, is responsible for counteracting the pressure increment.  

Similar to the vortex field induced at the nozzle, the vortex field at the collector entrance also rotates 

in counterclockwise direction (see figure 30) and induces therefore a downward flow deflection close 

to the collector edge. This downwash is shown by the CFD plots. From figure 98 it is noted that the 

absolute velocity profile is slightly deflected downwards in the area behind the vehicle. The center 

image in figure 100 shows a negative velocity difference of the w-component in the area above the 

vehicle and just in front of the collector entrance, indicating a stronger downward pointing flow field. 

In addition, the effect of this vortex field is confirmed by the v-component of the velocity along the 
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sides of the vehicle (lower image in figure 100). At the rear part of the body this velocity component 

points more towards the vehicle centerline, indicating the flow deflecting towards the center of the 

collector. From the above mentioned results it is concluded that the influence of the collector on the 

vehicle aerodynamics is strongest for the smaller CWT. This conclusion stems from the stronger 

reduction of the positive pressure differences measured especially along the side body (lower-center 

image in figure 95). The smaller collector and its closer positioning to the vehicle imply a stronger flow 

blockage and therefore a stronger vortex at the edges of the collector. Being closer to the vehicle, this 

vortex deflects the outer flow more towards the center of the vehicle, changing the vehicle flow 

topology in the rear part. In longitudinal direction the stronger vortex induces at first an additional 

velocity component pointing towards the surface of the side body of the vehicle, explaining the higher 

local surface pressure. When moving further downstream, the additional velocity component tends to 

be more parallel to the tail of the vehicle. As a consequence, the local flow at the tail is accelerated 

again and the pressure difference created upstream drops. This phenomenon is sketched on the left 

hand side image in figure 101. 

The velocity differences shown in the vehicle base area (lower image of figure 100) indicate that in the 

CWT set-up the separation point in this area is shifted more towards the center. This is suggested to 

be caused by the additional rotational field induced at the collector edges and explains the modified 

base pressure values for the pressure sensors 36 to 40 at the right part of the vehicle base pressure 

area. From the measured data it is noted that this effect is stronger with increasing speed, since the 

pressure levels decrease for these sensors. The pressure decrease is explained by the external flow 

being pushed towards the tail of the vehicle, separating therefore at a higher angle such that the area 

of separated flow is reduced. 

    

Figure 101: Additional velocity component along the vehicle side body (left) and along the rear part of 

the upper body (right) as a consequence of the vortices generated at the edges of the collector 

entrance.  

The decreasing value of pressure difference measured at the rear part of the upper body is explained 

by analyzing the flow field along the vehicle centerline. Due to the vortex field stemming from the 

collector, the flow converges into the collector and towards the rear part of the vehicle, as is sketched 

on the right hand side image in figure 101. This is noted by the higher vertical velocity component 

directly above the trunk. As a consequence of its flow convergence, the flow is accelerated and the 

higher pressure level which was caused upstream by the open jet effect is counteracted along the rear 

window, decreasing the difference in pressure in this area when compared to the values obtained in 

the AWT. Directly above the trunk the flow is compressed such that it reduces the local recirculation 

area. Consequently, higher velocities occur in this area when compared with the large reference wind 

tunnel case, explaining the lower pressures found for the CWT configuration. 
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The two upper images in figure 100 show that a lower velocity occurs along the vehicle underbody. 

This is to be expected from the higher pressures measured in the CWT set-up. The higher pressures 

are explained by the superposition of two effects: (I) the flow expansion sideways of the vehicle and 

(II) the downward deflection of the flow in the rear part of the vehicle that extends to the vehicle 

underbody. As previously mentioned the first one implies that more flow is expanding laterally of the 

vehicle as a consequence of the vorticity at the nozzle edges. For the second one it is suggested that 

part of the flow in the underbody is blocked by the downward deflected flow. Due to this blockage the 

flow in the rear part of the vehicle is obstructed, see figure 98, and therefore the pressure level in the 

underbody is supposedly higher than for the on-road conditions. As a consequence, the local velocity 

is reduced. From the measured pressure values it results that the CWT geometry has a larger impact 

on the local surface pressures along the vehicle body than the application of the vehicle fixation and 

the EES. The small CWT geometry generally accounts for the highest change in the surface pressures 

and is therefore considered as the main cause for the higher pressure levels, and lower velocities, along 

the vehicle underbody found during CWT testing.  

Based on the aerodynamic discussion it is generally suggested that the CWT geometry does affect the 

thermal behavior of the various vehicle components. A defined amount of the temperature differences 

measured during on-road and CWT testing can be correlated to the flow conditions which are modified 

as a consequence of the CWT geometry. This influence is relatively small in the front part of the vehicle 

underbody, but becomes stronger in the rear part of the underbody. A similar trend was found for the 

temperature differences. Therefore, it is concluded that the higher pressure levels occurring at the 

sides of and just beyond the vehicle, which are responsible for the higher underbody pressure during 

CWT testing, should be counteracted. For this purpose several methods could be applied, such as e.g. 

tangential suction or blowing. Another option is the application of a counter vortex field, which 

counteracts the influence of the collector. This is suggested, since for TOS testing it is of main interest 

to reproduce a correct on-road flow simulation in front of the vehicle and along its underbody in the 

CWT such that the component temperatures resemble those measured during on-road testing. 

Furthermore, the smaller pressure differences measured in the front part of the vehicle for the AWT 

and the CWT, indicate that the flow should be improved mainly in the rear part of the vehicle. 

Therefore this vortex field should be in clockwise direction in order to counteract the downward 

deflection, reducing the local pressure behind the vehicle. Such a counter vortex could be introduced 

by installing a rotating cylinder or a wing profile between the vehicle trunk and the collector upper 

edge. A possible solution to counteract the influence of the CWT dimensions is by applying a flow 

deflection device between the rear part of the vehicle and the wind tunnel collector.  

 

5.3 Summary  
 

Both experimental and numerical analyses show that the type of vehicle fixation used, the EES and the 

geometric dimensions of a CWT do affect the vehicle aerodynamics. Compared to the on-road 

conditions it was found that the underbody pressure level is increased when fixating the vehicle at 

front wheels through a hub configuration. The application of the wheel fixation at the rear wheels does 

negligibly affect the vehicle aerodynamics up to the B-Pillar of the vehicle. Only between the C-Pillar 

and the vehicle rear bumper a small influence is detected. Therefore, for future use the vehicle fixation 

at the rear wheels is recommended above the front wheel fixation. Furthermore, the use for the 

standard EES is not recommended, since it increases the flow velocity along the rear part of the 



5.3 Summary 

110 
 

underbody and increases therefore artificially the convective cooling in this area. Placing the EES at 

1 m distance from the vehicle improved the underbody flow conditions towards the aerodynamic 

conditions obtained for the clean configuration without any EES and is therefore recommended. 

The improvements of the positioning of the vehicle fixations and the EES cause the vehicle 

aerodynamics to ameliorate towards the aerodynamic conditions measured in the large wind tunnel. 

However, these improvements do still not solve for the largest pressure differences which are 

measured between the CWT and the AWT (on-road reference) environments. This indicates that the 

relatively small geometric dimension of the CWT have a stronger influence on the vehicle 

aerodynamics than the wind tunnel support hardware.  

A comparison study between three wind tunnels of different sizes showed that in general higher 

pressures are found along the upper-, the side- and the underbody when the ratio between the 

characteristic dimensions of the testing object and the wind tunnel increases. The stronger flow 

deflections and expansions induced around the vehicle body for higher ratios are considered the 

dominant reason for the higher pressures measured during CWT testing when compared to the on-

road conditions. In the CWT these changes in pressure level are non-negligible and should be 

counteracted in order to improve the simulated underbody vehicle aerodynamics. A possible solution 

to counteract the influence of the CWT dimensions is by applying a flow deflection device between the 

rear part of the vehicle and the wind tunnel collector. This position is suggested, since for TOS testing 

it is of main interest to reproduce a correct on-road flow simulation in front of the vehicle and along 

its underbody in the CWT such that the component temperatures resemble those measured during 

on-road testing.  Furthermore, for components in the front part of the vehicle the (negligibly) small 

temperature differences measured between CWT and on-road testing, suggest that the flow should 

be improved mainly in the rear part of the vehicle.  

All influences measured on the vehicle aerodynamics indicate a strong correlation with the 

temperature differences measured between on-road testing and testing in the CWT. Therefore it is 

recommended to adopt abovementioned improvements to the vehicle set-up and a flow deflection 

device for future CWT testing.  

  



 

6 Conclusions and Recommendations  

6.1 Conclusions 
 

In the current work, thermal and aerodynamic analyses were performed on several test vehicles in 

order to investigate the simulation quality of the climatic wind tunnels (CWT) of the BMW Group and 

to explain the influences of testing in a CWT on the thermal behavior of vehicle components and fluids. 

First, the influence of the ambient conditions on the heat transfer process of vehicle components and 

cooling fluids was analyzed. The influence of relative humidity, ambient temperature and altitude are 

considered by simulating these conditions in the climatic wind tunnels. Second, an investigation was 

performed to quantify the quality of the flow conditions simulated in the CWT and on its influence on 

the heat transfer relevant to vehicle components. Aspects which are investigated are the aerodynamic 

effects caused by the use of wheel fixation hubs and the exhaust suction system (EES), as well as by 

the wind tunnel design and size. These three are the only aerodynamic influence parameter to be 

investigated, since they were assumed to have the major influence in affecting the on-road vehicle 

aerodynamics. The influence of each of these parameters on the general vehicle aerodynamics are 

analyzed in order to correlate the thermal differences of each parameter to the changes in the flow 

field around the vehicle. For this purpose the thermal heating of vehicle components were studied in 

different zones, including vehicle components that act as heat sources, e.g. the engine and exhaust 

pipes, as well as those that are convectively heated. The analyses were performed for four cases at 

constant velocities and at a wide range of relative humidity, each also at different ambient 

temperatures. Realistic and, for some investigation purposes, extreme wind tunnel conditions were 

selected for testing. All tests were performed under highly reproducible conditions and also the test 

results showed a high level of reproducibility.  

Humidity 

Tests under extreme hot and humid air conditions showed a definite influence of humidity on the 

temperatures of the vehicle components and cooling fluids. However, when testing within the 

boundaries of the BMW operational envelope its influence is found to be negligible. These results are 

in accordance with theory. Therefore, it is suggested that humidity control during constant vehicle 

drive is not necessary within the current operation envelope. This saves energy and operational 

resources and reduces the environmental impact of testing in climatic wind tunnels.  

Elevation  

The effect of the elevation, i.e. a change in ambient pressure, on the vehicle components and fluids 

was investigated at four altitudes: 0, 500, 1500 and 3000 m. During these tests only components and 

cooling fluids between the vehicle front and the A-Pillar, i.e. within the engine compartment, were 

analyzed. A clear influence of the ambient pressure on the temperatures of the vehicle components 

and cooling fluids in the engine compartment was determined when performing tests with a fully 

opened thermostat and a maximally imposed cooling flux in the cooling circuit. Except for the sensors 

related to the turbocharger, all other sensors showed a similar temperature difference, which 

correlates with theory. In case the cooling flux in the intercooler is regulated, which is the normal 

operative case, no relation could be established between the heating of the sensors and the change in 

ambient pressure. Both testing cases with and without active cooling control showed that altitude 

differences smaller than 500 m do negligibly affect the sensor temperatures. This only holds if the 
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control mode of the cooling system is kept equal. Therefore, it is suggested that road test performed 

between 0 and 1000 m altitude can be simulated at the BMW climatic wind tunnels, which is at 500 m 

altitude, without needing ambient pressure control. 

Temperature 

Very accurate estimates can be made for the thermal behavior of the components of the rear axle, the 

rear axle transmission, the multi-function tray, the shock absorber, the tank and the rear tunnel area 

when comparing two steady-state drive cycles at two different ambient temperature. Being mainly 

passively heated components in these areas, the component temperatures achieved at the end of a 

steady-state cycle linearly increase with the ambient temperature. As a result, models can be made 

for the prediction of the critical ambient temperature at which the components will reach a critical 

temperature. Further investigations are necessary to be able to make similar temperature predictions 

for components in other vehicle sections, since the applied loads and especially the strategy of the 

thermal control unit strongly affect their temperatures. As a result no coherent sensitivity could be 

established between the temperature change of these components and a change in ambient 

temperature. 

General comparison between testing on the road and in a climatic wind tunnel  

The comparison study on the temperatures of vehicle components and fluids obtained during on-road 

testing and in the CWT showed that for all four load cases higher temperatures are achieved when 

testing in the CWT. For the R56 the highest temperature deviations were found at the location of the 

A-Pillar, i.e. the cowl and in the exhaust pipes. For the F10 the temperature deviations were found 

highest for components in the rear part of the vehicle and along the exhaust system in the middle and 

rear part of the vehicle. These differences could be explained by the aerodynamic influence caused by 

the vehicle fixation, the exhaust extraction system and the CWT geometry.  

Vehicle fixation and EES  

It has been proven in this work that the EES and the type of vehicle fixation do affect the temperatures 

of several components during TOS testing in the CWT. This is related to the flow disturbance of the 

vehicle aerodynamics caused by these hardware elements. It was shown that during tests with a 

vehicle wheel hub fixation at the front wheels higher temperatures were measured for several 

components than for the case in which the vehicle was fixated at the rear. This effect was measured 

on two different vehicles, a BMW 5 series and a Mini. These temperature differences were found 

highest just beyond the front wheels and close to the cowl. They are explained by the aerodynamic 

influence of the hub fixation on the airflow passing through the rim. In case of a vehicle fixation at the 

front wheels a stagnation pressure occurs inside the rim. Pressure measurements along the underbody 

and CFD simulations indicate higher pressure levels between the front wheels when the vehicle is 

fixated by the front wheel hub configuration. The amount of cooling mass flow entering the underbody 

between the front spoiler and the A-Pillar is reduced in consequence of the increased stagnation 

pressure. On the other side, the application of a vehicle fixation at the rear wheels barely affects the 

underbody aerodynamics in this area. When compared to the ideal condition in which no vehicle 

fixation is used, this configuration causes mainly a flow deflection and acceleration in the rear part of 

the vehicle downstream of the C-Pillar. For the case in which a vehicle fixation is applied at the front 

wheels, the velocity in the underbody is about the same as for the case without fixation. The generally 

higher temperatures found for the components in the underbody when using the front wheel fixation 
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is considered to be caused by the lower amount of cooling mass flow found in the underbody found. 

Since the CWT vehicle set-up configuration for which no fixation is applied is closest to the on-road 

aerodynamics, it is recommended that in future rear wheel hub fixation is applied when testing in 

CWTs. This configuration produces the most realistic results in the front part of the vehicle close to the 

cowl and has the benefit to slightly accelerate the flow in the rear part of the vehicle.  

To further optimize the CWT flow conditions the effect of the standard EES configuration used in the 

CWT on the temperature development of vehicle components is analyzed. The temperatures 

measured during a specific drive cycle at constant velocity are compared to the temperatures achieved 

for the same cycle when testing with a second set-up in which the exhaust pipes were extended by 

one meter and the EES was placed behind the extended pipes (EES-L). It resulted that the EES-L 

configuration improved the flow conditions, resulting in a (slight) temperature increase of components 

in the rear part of the vehicle underbody. The increase is explained by the elimination of the additional 

convective cooling, which was caused by the suction of the EES. Therefore it is suggested that CWT-

tests should be performed with an exhaust extraction system that is positioned at least 1 meter 

distance from the end of the exhaust pipes. In this configuration the exhaust pipes should be extended 

in the space between the vehicle and the EES in order to ensure that the gases are fully abducted 

towards the EES and no residual gas could enter the plenum.  

From the comparison between the component temperatures obtained during on-road measurements 

and testing in the ETC with the standard set-up (front wheel fixation and short EES configuration) it is 

concluded that the vehicle set-up configuration is of fundamental importance for the simulation 

quality during CWT testing. In order to approach on-road component temperatures during CWT testing 

it is suggested to rather fix the test vehicle by means of wheel hubs at the rear and position the EES at 

1 m distance behind the vehicle. However, the combination of both these two modifications of the 

vehicle set-up in the CWT still does not completely reduce the largest temperature differences 

measured for CWT and on-road testing.  

CWT geometry 

It is concluded that the temperature differences measured between on-road testing and testing in the 

CWT are mainly caused by the geometry of the CWT, which has an even stronger effect on the vehicle 

aerodynamics than the wind tunnel support hardware. It was generally found by means of surface 

pressure measurements and CFD simulations that higher pressures, i.e. lower velocities, are measured 

during testing in the CWT along the vehicle upper-, side- and underbody than under on-road 

conditions. This influence is relatively small in the front part of the vehicle underbody, but becomes 

stronger in the rear part of the underbody. A similar trend was found for the temperature differences. 

Along the upper- and side body the highest pressure differences were measured between the A- and 

C-Pillar. These are related to the different expansion of the flow that impinges on and surrounds the 

vehicle, and the interaction between this flow and the shear layer that develops starting from the 

nozzle edges. At the rear part of the vehicle the pressure difference is still positive but reduced as a 

consequence of the flow deflection towards the center of the collector. This deflection is caused by 

the presence of the collector, which converges and therefore accelerates the flow in this area. This 

effect counteracts the pressure increase occurring along the vehicle upper- and side body. However, 

just beyond the vehicle, the deflection causes a compression of the recirculation area. This implies 

locally higher pressure levels than under on-road conditions, causing a blockage of the flow passing 

through the underbody. The combination of this blockage and the higher pressures levels existing at 
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the side of the vehicle cause generally higher pressures and lower velocities along the underbody of 

the vehicle when testing in the CWT. The generally lower velocities are considered to be the main 

reason for the higher temperatures which are achieved for the components along the underbody when 

comparing results obtained in the CWT and on the road.  

It is therefore concluded that the underbody flow velocity should be corrected, i.e. increased, to the 

same velocity profile as on the road in order to obtain similar component temperatures in this area. 

Since the velocity impinging on the vehicle should be equal to the road conditions, it is not an option 

to increase the nozzle exit velocity. Options such as tangential blowing or suction in front of and behind 

the vehicle could improve the underbody flow condition without strongly affecting the vehicle upper 

and side body aerodynamics. These, however, might have high installation costs and raise the 

complexity of the system. Therefore, it is suggested to directly counteract the higher pressure levels 

along the vehicle body caused by the geometric properties of the CWT. This could be obtained by 

applying a hardware device within the CWT plenum, which introduces a rotational field that deflects 

the flow such that the (cooling) mass flow below the underbody is increased. Examples of such flow 

deflection devices are a horizontal wing or a rotating cylinder. Since the higher pressure level is most 

critical in the rear part of the vehicle, it is suggested to change the flow conditions in this area by 

installing the deflection device between the rear end of the vehicle and the entrance of the collector. 

It is recommended to perform a sensitivity analysis on the influences of the shape, position and angle 

or angular velocity of, respectively, the wing and rotating cylinder in order to improve the simulated 

pressure and velocity field in the CWTs at the BMW Group.  

6.2 Recommendations 
 

The result achieved under realistic ambient conditions can be used to optimize the design and 

operation of climatic wind tunnels for future use. In order save energy during CWT testing and/or 

improve its simulation quality for drive cycles at constant velocity it is recommended to: 

- Perform both on-road and CWT tests at the same ambient temperature. 

- Perform both on-road and CWT tests at a maximum difference in altitude of ± 500 m. 

- Not to apply any form of humidity control during CWT testing. 

- Apply a vehicle fixation which is minimally intrusive to the vehicle aerodynamics. Ideally, no 

wheel hub fixation should be adopted. If this is not possible a wheel hub fixation at the rear 

wheels is preferred above a fixation at the front wheels, since it is less affecting the vehicle 

aerodynamics.  

- Apply a minimally intrusive exhaust extraction system, where the extraction of the gases 

occurs at least 1 m downstream the vehicle tail pipes in order to minimize its influence on the 

convective heat exchange between vehicle components and the surrounding air. 

- Apply a flow deflection device within the CWT plenum to counteract the higher pressure levels 

occurring along the vehicle body as a consequence of the CWT geometry. To be effective it is 

suggested to position this device between the rear part of the vehicle and the entrance of the 

collector. Such a device can be a fixed wing profile or a rotating cylinder. Hereby it is 

recommended to perform a sensitivity analysis on the influences of the exact shape, position 

and angle or angular velocity of, respectively, the wing profile and rotating cylinder in order to 

improve the simulated pressure and velocity fields in the CWTs at the BMW Group.  
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Appendix A 
 

Engine cooling circuit of a vehicle 

In order to have the engine at ideal operating temperature and also avoid overheating the engine two 

radiators are installed in the engine compartment. These are referred to as high- and low-temperature, 

also called intercooler, radiators (HT and LT). 

The high-temperature radiator is used for cooling the engine oil. The low-temperature radiator is 

responsible for cooling the air of the turbo charger. Figure 102 shows an overview the cooling circuit 

and its flows. 

 
 
1. High-temperature radiator  5. Radiator for turbocharger coolant  
2. Exhaust gas turbocharger 6. Low-temperature coolant radiator  
3. Combustion engine  7. Electric pump 
4. Electric radiator fan  
  

Figure 102: Overview of the cooling circuit for vehicles [64]. 

Due to the internal combustion of the engine a waste heat is produced, which is released to the engine 

oil. Part of the engine oil heat is transferred to the coolant through the oil-cooler. The coolant 

transports the heat energy to the radiator, where the heat is transferred to the ambient air by 

convection. Figure 103 shows this principle schematically. In the vehicles used for the investigations 

the coolant radiator is divided into two parts: in addition to the main radiator (high-temperature 

cooler) in the center of the vehicle, a second radiator (low-temperature cooler), connected in series, 

is additionally installed in a front wheelhouse.  
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Figure 103 Working principle of the intercooler [64]. 

Due to the changed requirement of today's internal combustion engines cooling of the charge air of 

the turbocharger is required. The heat generated during the compression of the turbocharger is 

transferred from the charge air coolant radiator to the coolant. This transfers the heat via the low-

temperature cooler, the so-called intercooler by convection to the ambient air. By cooling the 

compressed air (I) a higher engine power is achieved (II) the engine efficiency is improved by increasing 

the air density and (III) less nitrogen oxides are developed in the exhaust gas.  
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Appendix B  
 

CFD simulation as a qualitative measurement tool 

This Appendix demonstrates that the CFD simulations can be used to obtain a qualitative insight of the 

flow topology induced by the wheel fixation, providing an explanation for the temperature differences 

found in the underbody components. Figure 104 shows the differences in pressure distribution 

between the real road and ETC-CWT environments as obtained by CFD simulations and by pressure 

measurements. The CWT configuration is considers the case in which the vehicle is the only object 

standing in the CWT, so no vehicle fixation or exhaust extraction systems are applied. The measured 

differences in pressures are displayed by colored dots along the body centerline. The color of the dots 

indicates the measured pressure difference according to the color bar at the left hand side of the 

image. It is shown that along the midsection of the vehicle, except for the rear trunk area, the pressure 

differences have similar trends for the CFD and the measured data cases. This demonstrates the 

validity of the CFD simulations for qualitative analyses. It therefore allows the simulation tool to be 

used as a qualitative tool to gain insight on the influences of flow disturbance parameters, such as the 

vehicle fixation and the CWT geometry, on the vehicle aerodynamics.  

 

Figure 104: Simulated and measured differences in pressure distribution between the real road and 

the ECT-CWT environments in the y0-plane at (top) 35 km/h, (center) 100 km/h and (bottom) 210 

km/h.  
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Appendix C 
 

In this work the thermal behavior of several vehicle components and cooling liquids have been 

analyzed for three vehicles. The vehicles were a conventional BMW 5-series, the F10, a hatchback 

MINI, the R56 and a 3-series Gran Turismo. The components and liquids which are analyzed are 

summarized in the sensor set-up plans below for each vehicle. The numbering used in the tables 

corresponds to the sensor number displayed in the figures in Chapter 5. In the tables the acronyms 

“AT”, “FT” and “ST” stand for “Air Temperature”, “Fluid Temperature” and “Surface Temperature”, 

respectively.  

R56 – Sensor set-up plan 

1 

Engine cooling 
system 
 
 
 
 

FT coolant exit  

2 FT coolant entry 

3 AT beyond cooling fan at 12 ´o clock 

4 AT beyond cooling fan at 6 ´o clock 

5 FT washer fluid reservoir  

6 FT coolant in expansion tank 

7 

Engine 
compartment 
and transmission 
 
 
 
 
 
 
 
 
 
 
 
 

AT clean air in engine intake 

8 AT in electronic box close to the plug 

9 ST control module 

10 ST ignition coil wiring harness below the panel 

11 ST vacuum line 

12 ST Plastic holder of the air conditioning filling  

13 ST air conditioning suction line  

14 ST on the engine cover inside the engine compartment 

15 ST rubber transmission bearing (left) 

16 ST front axle carrier in the center close to the exhaust pipes 

17 ST steering column gasket in foam  

18 ST front axle rubber on stabilizer (rear left) 

19 ST front axle rubber on stabilizer (rear right) 

20 ST front axle rubber on  control arm bearing (rear right) 

21 ST front axle rubber on track rod bellows (rear left) 

22 ST front axle rubber on track rod bellows (rear right) 

23 ST wishbone bearing (inside, top right) 

24 ST wishbone bearing (inside, lower right) 

25 ST wishbone bearing (outer surface at the front side) 

26 ST wishbone bearing (outer surface at the rear side) 

27 ST engine oil sump 

28 
 
 
 
 
 
Cowl 
 
 

ST shift cable rubber bearing along the cowl towards tunnel  

29 AT air engine compartment (lower left at the rear of compartment) 

30 AT air engine compartment (lower right at the rear of compartment)  

31 AT air engine compartment (lower center at the rear of compartment) 

32 AT air engine compartment (upper center at the rear of compartment)  

33 ST cowl along rubber seal 

34 ST sealing rubber cowl    
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35  
 
 
Cowl 

ST on the front cover of the electrical steering gear cooling fin  

36 ST on the bottom of the upper cowl covering panel 

37 ST on the bottom of the lower cowl covering panel  

38 ST at the transition location between the floor panel and cowl 

39 ST fuel line near shift cable in front of the cowl 

40 ST clip left brake line at the cowl  

41 ST brake line at the cowl 

42  
Transmission 
and front tunnel 
area  
 

ST transmission oil sump 

43 ST mechanical switching unit at the gearbox  

44 ST shift cable 

45 ST shift cable holder near tunnel  

46 Rear axle  
 

ST rear axle carrier rubber stop (rear left) 

47 ST rear axle carrier rubber stop (rear right) 
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F10 N63 – Sensor set-up  

1 

Engine cooling 
system 
 
 
 
 
 

FT coolant exiting gearbox oil heat exchanger 

2 FT coolant entering cooler 

3 FT oil exiting the engine oil cooler 

4 AT beyond cooling fan at 6 ´o clock 

5 AT beyond cooling fan at 12 ´o clock 

6 FT coolant exiting cooler 

7 FT oil entering the engine oil cooler  

8 FT coolant entering the low temperature radiator 

9 FT coolant exiting the low temperature radiator 

10 FT coolant entering additional radiator 

11 FT coolant entering gearbox oil heat exchanger 

12 

Engine 
compartment  
and transmission 
 
 
 
 
 
 
 
 
 

FT steering hydraulic oil in the expansion tank 

13 ST active roll stabilization cable (front right) 

14 ST connection jump start pole 

15 ST engine mount (left, lower-rear) 

16 ST engine mount (right, lower-rear)  

17 ST rubber of left tie rod bearing  

18 ST rubber of left wishbone bearing (upper rear)  

19 ST rubber of right wishbone bearing (upper rear)  

20 ST rubber of right tie rod bearing 

21 ST left front axle carrier (without heat shield) 

22 ST rubber of left wishbone bearing  

23 ST rubber of front axle stabilizer bearing (front left) 

24 ST cable in plug at the front axle carrier (left rear) 

25 ST rubber of front axle stabilizer bearing (front right) 

26 ST right front axle carrier (without heat shield) 

27 ST rubber around the right control arm bearing  

28 ST plastic flap on the bearing housing of the steering actuator  

29 ST housing steering actuator 

30 

Engine 
 
 
 
 
 
 
 
 

FT engine oil exiting the engine 

31 FT engine oil sump 

32 FT engine oil entering the engine 

33 ST design hood  (lower side, central)  

34 AT engine compartment  at the inner side of the motor hood (center top)  

35 FT  coolant exiting the intercooler of bank 1  

36 FT  coolant exiting the intercooler of bank 2 

37 FT  coolant entering the intercooler of bank 1 

38 AT  directly beyond the intercooler of bank 2 

39 FT  coolant entering the intercooler of bank 2 

40 AT  directly beyond the intercooler of bank 1 

41 AT  directly in front of the intercooler of bank 2 

42 AT  directly in front of the intercooler of bank 1 

43 AT engine compartment (upper side, central)  

44 ST housing exhaust manifold (top left) 
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45 ST housing exhaust manifold (top right) 

46 

Cowl 
 
 
 
 
 
 
 
 
 
 

AT engine compartment (upper side, rear-right)  

47 AT engine compartment (upper side, rear-center)  

48 AT engine compartment (lower side, rear-left)  

49 ST sound insulation right sidewall  

50 AT engine compartment (upper side, rear-left)  

51 ST sound insulation cowl right next to steering spindle left  

52 AT outlet of heat shield holder 

53 AT engine compartment (lower side, rear-right)  

54 ST sealing rubber cable hole in the cowl (left) 

55 ST Sound insulation cowl (upper side, left) 

56 ST engine compartment sealing rubber 

57 ST cable hole in the cowl next to the air conditioning duct  

58 ST sound insulation cowl (next to aggregate room at the right side)  

59 ST sound insulation cowl (left) 

60 

Transmission and 
front tunnel area  
 
 
 
 
 
 
 
 
 

FT transmission oil in the intake duct 

61 AT above the transmission bell housing 

62 ST gearbox housing below the drive shaft 

63 AT next to rubber universal joint (Hardy-disk)  at 2 o‘clock  

64 ST sound insulation at the transmission tunnel (in the front part, upper-center) 

65 AT next to rubber universal joint (Hardy-disk)  at 10 o‘clock 

66 ST gearbox crossbeam (left) 

67 ST sound insulation at the transmission tunnel (in the front part, lower-right) 

68 ST transmission bearing rubber (left) 

69 ST gearbox crossbeam (right) 

70 AT next to rubber universal joint (Hardy-disk)  at 6 o‘clock 

71 ST transmission bearing rubber (right) 

72 ST sound insulation at the transmission tunnel (in the front part, lower-left)  

73 ST cooling air ramp (in the front part, upper-left)  

74 

 
Rear axle 
transmission  
 
 
 
 
 
 
 
 

AT connection tank (center, lower side) 

75 ST tank (right tunnel) 

76 ST connection tank (center, lower side)  

77 ST cardan shaft, center bearing rubber 

78 ST tank (right tunnel) 

79 AT directly in front of the cardan shaft bearing at 3 o‘clock 

80 FT rear axle oil  

81 ST right rear steering arm rubber (without heat shield)  

82 ST rear axle active roll stabilization cable  

83 ST rear axle swing arm rubber mount (right rear) 

84 ST rear axle rubber bearing (front left) 

85 ST rear left handlebar rubber (without heat shield) 

86 ST rear axle swing arm rubber mount (left rear)  

87 ST rear axle stabilizer rubber (left)  

88 
Exhaust system 
 
 

ST end silencer (right side, central on the lower side)  

89 ST end silencer (right side, central on the upper side) 

90 ST front silencer (central on the right side) 
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91  
 
 
 
 
 
 
 
 
 
 
 
 
 

AT exhaust front pipe part behind the flange (left) 

92 ST exhaust turbocharger turbine housing bank 2 (upper surface left)  

93 ST exhaust turbocharger turbine housing bank 1 (upper surface right)  

94 AT exhaust front pipe part behind the flange (right) 

95 AT exhaust left tailpipe left end silencer  

96 ST middle silencer (upper surface, central-rear)  

97 ST middle silencer (upper surface, central-front) 

98 ST end silencer (upper surface, left center) 

99 ST end silencer (lower surface, central-rear)  

100 ST end silencer (lower surface, central-front)  

101 ST end silencer (lower surface, left center)  

102 ST front silencer (left center)  

103 ST catalyst (inside 2) 

104 ST catalyst (inside 1) 

105 
Multifunctional 
tray 
 
 

ST tailpipe cover at the left tailpipe (upper surface) 

106 ST multifunctional tray (exterior, lower surface, central-front) 

107 ST multifunctional tray (exterior, lower surface, central-rear)  

108 ST rear bumper above the left tailpipe cover 
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F10 PHEV – Sensor set-up plan F10 2WD N55B30M0 

1  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Luggage 
compartment 
floor 

ST floor panel luggage compartment (interior right side of the rear part) 

2 AT luggage compartment tray (above the center of the battery) 

3 AT luggage compartment tray (vicinity drain reservoir and panel floor at the right) 

4 ST luggage compartment tray (interior, left) 

5 ST luggage compartment tray (interior, right) 

6 ST luggage compartment tray (interior, side wall right) 

7 ST luggage compartment tray (vicinity drain reservoir and panel floor at the right) 

8 ST luggage compartment tray (along panel floor at the right) 

9 ST luggage compartment tray (interior, rear wall left) 

10 ST luggage compartment tray (interior, center wall left) 

11 ST luggage compartment tray (interior, rear wall left) 

12 ST luggage compartment tray (vicinity drain reservoir and panel floor at the left) 

13 ST floor panel of the luggage compartment (interior, at the rear - front left) 

14 ST floor panel of the luggage compartment (interior, at the rear - front center) 

15 ST floor panel of the luggage compartment (interior, at the rear - front right) 

16 ST floor panel of the luggage compartment (interior, at the rear - center center) 

17 ST floor panel of the luggage compartment (interior, at the rear - rear center) 

18 ST floor panel of the luggage compartment (exterior, bolt at the right side) 

19 ST floor panel of the luggage compartment (exterior, in front of bolt at the right side) 

20 
ST floor panel of the luggage compartment (interior, bolt at the rear right side - front 
left) 

21 
ST floor panel of the luggage compartment (interior, bolt at the rear right side - front 
center) 

22 
ST floor panel of the luggage compartment (interior, bolt at the rear right side - front 
right) 

23 
ST floor panel of the luggage compartment (interior, bolt at the rear right side - rear 
left) 

24 
ST floor panel of the luggage compartment (interior, bolt at the rear right side - rear 
center) 

25 
ST floor panel of the luggage compartment (interior, bolt at the rear right side - rear 
right) 

26 ST floor panel of the luggage compartment (at the rear - left) 

27 ST floor panel of the luggage compartment (at the rear - left) 

28 ST floor panel of the luggage compartment (at the rear - right) 

29  
 
 
 
 
 
Rear underbody 
panels and 
diffusor 
 

ST rear diffusor (in the frontal part of the right side) 

30 ST rear diffusor (in the rear part of the right side) 

31 ST rear diffusor (in the central part of the left side) 

32 ST rear diffusor 

33 ST rear diffusor 

34 ST rear diffusor (at the right side below the exhaust system) 

35 ST underbody panel in the vehicle rear part (front part of panel at the cold side) 

36 ST underbody panel in the vehicle rear part (side wall of panel at the cold side) 

37 ST underbody panel in the vehicle rear part (up facing part of panel at the cold side) 

38 AT underbody panel in the vehicle rear part (up facing part of panel at the cold side) 

39 ST wire harness trailer hitch (left) 

40 ST wire harness trailer hitch (right) 
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41 ST trailer hitch bellow 

42 ST bumper (rear left above tailpipe) 

43  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Exhaust pipes and 
end silencer 
 
 

ST end silencer (in the center of the upper surface) 

44 ST end silencer (in the center at the right side of the upper surface) 

45 ST end silencer (central at the front part of the silencer) 

46 ST end silencer (at the right of the front part of the silencer) 

47 ST end silencer (central at the rear part of the silencer) 

48 ST end silencer (at the right side of the rear part of the silencer) 

49 
AT heat insulation end silencer (above the center-aft position in the front part of the 
cold part of the silencer) 

50 
AT heat insulation end silencer (above the ride side-aft position in the front part of 
the cold part of the silencer) 

51 ST heat insulation luggage compartment (center) 

52 
AT heat insulation end silencer (above the center in the front part of the hot part of 
the silencer) 

53 
AT heat insulation end silencer (above the center in the front part of the cold part of 
the silencer) 

54 
AT heat insulation end silencer (above the ride side in the front part of the hot part 
of the silencer) 

55 
AT heat insulation end silencer (above the ride side in the front part of the cold part 
of the silencer) 

56 AT entering the end silencer 

57 ST end silencer (central of the upper surface) 

58 ST end silencer (central of the front part of the upper surface) 

59 ST end silencer (ride side of the front part of the upper surface) 

60 AT tailpipe (right outside of the tailpipe at the resonance flap actuator) 

61 AT tailpipe (left outside of the tailpipe at the resonance flap actuator) 

62 AT tailpipe (inside the right tailpipe at the resonance flap actuator) 

63 AT tailpipe (inside the right tailpipe at the resonance flap actuator) 

64 ST end silencer (inside the left tailpipe) 

65 ST rubber bearing on end silencer 

66 ST turbocharger at the upper surface of the turbine 
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F34 – Sensor set-up plan 

1 

Engine cooling 
system, engine 
compartment and 
transmission 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FT coolant in expansion tank 

2 FT coolant exiting heating heat exchanger 

3 FT coolant entering heating heat exchanger 

4 FT coolant exiting engine 

5 FT coolant entering engine 

6 FT coolant exiting cooler 

7 FT coolant entering cooler 

8 FT engine oil sump 

9 FT oil exiting engine oil heat exchanger  

10 FT oil entering engine oil heat exchanger 

11 FT coolant exiting engine oil heat exchanger 

12 FT coolant exiting engine oil heat exchanger 

13 FT oil collector 

14 FT coolant exiting the low temperature radiator at the right side  

15 FT coolant entering the low temperature radiator at the right side 

16 FT oil exiting gearbox oil heat exchanger 

17 FT oil entering gearbox oil heat exchanger 

18 FT coolant exiting gearbox oil heat exchanger 

19 FT coolant entering gearbox oil heat exchanger 

20 ST expansion tank 

21 ST directly beyond compressor 

22 ST directly beyond compressor 

23 ST directly in front of the compressor 

24 ST directly in front of the compressor 

25 AT in front of the intercooler 

26 AT in front of the compressor 
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Appendix D 
 

This Appendix discusses the properties of the Ipertronik measurement modules, depending on the 

type of sensor applied.  
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