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Abstract 

This research was aimed at determining if unsteady aerodynamic forces exist around 

an Ahmed body, a model used to represent a road vehicle body. After their detection, 

the objective was to determine which type of forces were present and if the unsteady 

forces were due to an instability in the wake or if they were motion induced forces. 

To achieve these objectives, tests were performed on a free-to-respond model in the 

5 m Vertical Wind Tunnel of the National Research Council Canada (NRC) where 

the displacement of the model was measured in several degrees of freedom of the 

oscillation and the aerodynamic damping and stiffness of the model were determined. 

In the second phase of the study, a stationary test was performed to measure the 

steady-state forces and moments applied on the body as well as high frequency surface 

pressure measurements to quantify the unsteady variations of the aerodynamic force 

coefficient with time. A high frequency response pressure probe was used to perform 

measurements of the flow fluctuations in the wake of the model. The tests for this 

second phase were conducted in the 2 m x 3 m Wind Tunnel at NRC. 

Subsequently, a dynamic model of the Ahmed body mounted on springs was de

veloped using the different parameters measured during the two phases of the experi

mentation. It led to a conclusion on the type of unsteady aerodynamic forces present 

and a proposed experimental and/or numerical modeling approach. 

A small excitation was found in the wake of the Ahmed body reference model, 

but motion-induced forces were also influencing the dynamics of the model. 
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Chapter 1 

Introduction 

1.1 Impetus for the research 

In 1911, when Riedler gave vehicle aerodynamics its first rational basis with an anal

ysis of the tractive resistance of road vehicles, he triggered a long iterative process to 

understand and decrease the drag force on cars [1]. 

The first vehicle shapes were based on those borrowed from other fields such as 

marine transportation or aviation, such as shown in Figure 1. To adapt the shapes of 

the vehicles to the three-dimensional (3-D) character of the flow field, more stream

lined bodies were developed. They subsequently led to the development of the general 

form and to detail optimization techniques which are more compatible with the au

tomobile stylist's vision. Through this evolution, the understanding of the flow field 

around the car and the different techniques to investigate it have been developed to 

a point never expected by the early ground vehicle aerodynamicists. 

In spite of these improvements in the science, it is still impossible to determine 

precisely the aerodynamic coefficients of a car without testing it in a wind tunnel 

or doing a computational fluid dynamics study of its shape. In fact, unlike airplane 

wings, cars are bluff bodies. Their flow field is governed by regions of flow separations, 

with a wide wake behind the body which is difficult to predict. Also, the different 
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Figure 1: The Alfa Romeo of Count Ricotti (1914) on the left; on the right, two 
typical Jaray cars (1933-1934) [1]. 

parts of the body can be studied separately only up to a certain point because they 

are all interacting. Therefore, the overall shape must be considered to optimize the 

general behaviour of the car, which must also take into consideration, due to the 

relatively low clearance between the vehicle and the ground, the interaction of the 

flow field with the ground. 

The aerodynamicists can prevent, control, or delay the separation of the flow 

around the body by modifying the radius of curvature of certain parts, or by adding 

a spoiler, in combination or in sequence. The stylistic design is always the starting 

point of the aerodynamic design of a car, therefore the aerodynamicists must optimize 

the body details to reach their objectives without compromising the style set by the 

designers. 

Over the last century, most of the efforts have been made to decrease vehicle 

drag in order to increase fuel efficiency, reduce vehicle noise, and improve the general 

performance. The lift and the side force, as well as the three moments (yaw, pitch 

and roll) are also known to influence the drivability. These are illustrated in Figure 

2. This is especially true if there is interference in the flow, such as when the car is 

passing another car, a tractor-trailer, or a large bus. 

Until recently, the majority of wind tunnel testing was performed to acquire 

steady-state values of the aerodynamic loads and moments of interest. Researchers 

were not aware of the presence of unsteady phenomena. Also, there was very little 

understanding of the real meaning of this high frequency data, or of the influence of 
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Figure 2: Diagram of the forces and moments. 

the variations of the coefficients on the drivability of the vehicle, and no methodology 

to acquire this type of data was available. 

Since there is very little understanding of the phenomena, the easiest way to 

correct the problem, if it occurs, is to modify the vehicle shape until the unsteady 

forces disappear. However, this is only a limited solution and better comprehension of 

the phenomena would allow researchers to determine the real impact of these forces, 

as well as the impact on the drivability of the car. Testing with high frequency data 

acquisition allows for the observation of unsteady aerodynamic forces. This can be 

detected with a low frequency data acquisition system by repeating each test many 

times and comparing the variation of the coefficients or, sometimes, by observing the 

variation of the static coefficient curves with yaw angles and looking for non-symmetry 

or other odd behaviour. 

The increasing trend towards more contoured and rounded body shapes, more 

powerful propulsion, and lower vehicle weight tends to produce vehicles that are 

more sensitive to unsteady aerodynamic forces. It is important to start studying 



4 

these phenomena before they become a threat to the safety of drivers and passengers. 

The main objective of this research was to study the different types of aerody

namic forces acting on an automobile-like shape for the purpose of enhancing our 

understanding of the effects of the unsteady aerodynamic forces on the movement of 

a ground vehicle. 

1.2 Parallel with flow-induced vibration studies of 

long span bridges 

There are three families of unsteady aerodynamic phenomena for ground vehicles: 

i) aero-elastic problems caused by the vehicle moving in a moving fluid, which can 

create dynamic forces that increase or decrease the movement; ii) responses to dy

namic forces when the vehicle is subject to perturbations like gusts of wind, crossing 

another vehicle, or in the wake of a large truck or bus; and iii) unsteady aerodynamic 

forces created by vortices shedding in the wake of the vehicle affecting the behaviour. 

The unsteady aerodynamics of bridges is a field that has been widely explored and 

is very well mastered, whereas unsteady aerodynamics of ground vehicles is a relatively 

new research topic. One of the techniques [2] to study the unsteady aerodynamics of 

a bridge deck is to mount a typical segment of the middle span on springs at each 

corner to suspend the model in its original position. The bridge deck experiences 

a force from the wind that is transmitted to the springs. If the force is unsteady, 

the bridge deck will move according to this force. It is therefore possible to measure 

this force and its fluctuations over a period of time, and to study it to obtain the 

frequency or frequencies excited by this force, which are critical to the structure. 

Therefore, by using similar techniques, it was considered possible to investigate 

the unsteady aerodynamics of ground vehicles. The modifications required for the 
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conventional bridge test present some technical challenges because, for ground vehi

cles, the model must be supported only at its base. 

This innovative approach allowed us to test a vehicle not fixed to the wind tunnel 

ground, allowing free movement of the model in four directions. The data obtained 

will help in the understanding of aerodynamic loads and, ultimately, make the simula

tion and modelling of the motion observed with a dynamic numerical model possible. 

1.3 Literature review 

1.3.1 Stationary measurements 

The aerodynamics of the Ahmed body, the vehicle form that was selected for this 

study, has been widely investigated. The initial experiments were performed by 

Ahmed, Ramm, and Faltin [3] in 1984. They designed the model (Figure 3) and 

made pressure and force measurements on the body and investigated the wake. Their 

main objective was to determine the effect of the variation of the slant angle on the 

drag of the body. They concluded that most of the drag is generated at the rear end 

of the model and that for a high drag configuration, the flow in the wake is unstable 

and presents strong edge vortices, a separation bubble on the base slant surface, and 

a separation bubble from the vertical rear end base. 

This model became a widely used simple shape model. Experimental and com

putational investigations have been performed using a force balance to measure its 

aerodynamic characteristics, including study of its wake, for different slant angles. 

Bayraktar, Landman, and Baysal [5] have compared the computational and experi

mental results for back angles of 0°, 12.5°, and 25° with each other and with the data 

in the literature. The tests were performed at six different Reynolds numbers (2.2x10 6 

to 13.2xl06) based on the model length. For this range of Reynolds numbers the drag 
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Figure 3: Geometry of the Ahmed body with the different slant angles (dimensions 
mm) [4]. 

coefficients were decreased by up to 3.5% and the lift coefficients stayed within a 2.0% 

variation, except for the 0° slant angle. The tests were performed for yaw angles from 

-15° to 15° in increments of 3° to 4° with a 0° pitch angle. A difference between the 

right and left yaw measurements was also observed during the tests with the 12.5° 

slant angle. This could have been caused by hysteresis, where the forces and the 

moments are dependant of the time history of the attitude [6]. 

1.3.2 Non-stationary wind tunnel models 

Conventional testing in a wind tunnel represents a limited simulation of the real world. 

In particular, most wind tunnel tests do not consider the dynamic motion of the car 

relative to the ground nor the effects of non-stationary flows on the aerodynamics of 

the vehicle [7]. Two different techniques can be used to represent the dynamic motion 

of the vehicle during wind tunnel testing. The model can either be forced to oscillate 
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at a known amplitude and frequency, or similar to the technique used with the bridge 

dynamic sectional models, the model can be supported on springs and allowed to 

respond to the unsteady loads and moments created by the airflow around it. 

Free Oscillating Model 

Cheli, Dellach, Mandelli and Zasso [8] performed wind tunnel test on a static model 

and on a free oscillating apparatus with a two-degree of freedom pitching and lifting 

motion. The acquired data provided aerodynamic characteristics that were imple

mented in a vehicle model developed using a program for multibody dynamic analy

sis called ADAMS [8]. The measurement of time decays following system excitation 

allowed the determination of the aeroelastic characteristics of the model used, which 

was a scaled model of ct Cell*5 clS shown in Figure 4. They also studied the effect of the 

side winds with the ADAMS program. 

Figure 4: Experimental apparatus for dynamic wind tunnel tests on a scale model 
car [8]. 

Their analysis showed a significant influence of aerodynamic stiffness and damping 

terms on the dynamic characteristics of the vehicle. The frequency critical ratios of 

the system decreased as velocities increased. This is due to a decrease of the total 



8 

torsion stiffness defined as the structural stiffness plus the aerodynamic stiffness. 

This trend could lead to a possible instability of the vehicle. For the same speeds, 

the damping ratios increased (Figure 5). These frequency and damping ratios caused 

by aerodynamics could affect the handling and the comfort of the vehicle. 
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Figure 5: Frequency(left) and damping ratio(right) varying with speed [8]. 

The conclusion of the project is that comfort and handling characteristics are both 

strongly affected by the aerodynamic non-steady and lateral wind forces, and that 

the use of a dynamic analysis program implemented with the aerodynamics of a car 

could be a useful tool. 

Passmore and Mansor [9] used an oscillating model testing rig with a single degree 

of freedom yawing motion, and measured the angular displacement of the model for 

different wind speeds. The experimental set-up and the geometry of the Davis model 

used for this project are presented in Figure 6. The tests were performed over a 

Reynolds number range of 4.3xl05 to 1.7xl07 based on the length of the model. 

The objective was to determine the aerodynamic stiffness and the damping deriva

tives for different models to determine the effect of the slant angle by inducing an 

initial movement of the vehicle model. The tests were performed with different springs 

to modify the oscillation frequency [10]. For slant angles of zero and 40°, the side-

force derivative was at its maximum, and the 20° slant angle model presented the 
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Figure 6: Davis model geometry and dimensions (mm) [9]. 

largest yawing moment derivative as seen in Figure 7. 
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Figure 7: Static yawing moment (left) and side force (right) derivatives of a Davis 
model for different wind speeds [9]. 

For wind speed lower than the critical wind speed, the model was damped, but 

when it reached the critical speed, the oscillations ceased to be damped and the 

movement of the body was self-sustained. Passmore and Mansor [9] conclude that 

the unsteadiness seen in self-sustained oscillations was strongly dependent on the 

rear slant angle. The oscillations could not have been detected if the model had been 

tested with conventional methods. 
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Forced oscillation model in pitch and heave 

RUAG Aerospace, a Swiss company operating three wind tunnels for different appli

cation in the automotive field, has developed a freely programmable dynamic model 

manipulator, also called a shaker (Figure 8). By using the shaker with an internal 

6-component balance, RUAG can measure the effect of model motion on the aerody

namics, effects that can be important and not predictable by pure static testing. It 

can also address stability issues in an unprecedented and realistic manner [11]. 

Figure 8: The two degrees of freedom shaker developed at RUAG by itself (left) and 
installed in a model (left) [7]. 

The set-up allows independent pitch and heave (vertical) motions at frequencies 

up to 25 Hz for a range of approximately ±3° in pitch and ± 10 mm in heave for a 

30% to 50% scale model. The aerodynamic loads are separated from the inertia loads 

in the data reduction phase using the inertia characteristics of the model measured 

during a wind-off reference test [12]. 

RUAG has investigated the dynamic effects on the heave due to the model motion 

with a former LeMans type race car model. As seen in Figure 9, the lift coefficients 

vary differently when the ride height is increasing and decreasing. The motion affects 

the flow on the underbody and the diffuser, and the shape of the curve is dependant 

on the frequency. 

The difference between the dynamic tests and the steady state tests is also af

fected by the frequency of the motion and the amplitude. The results show that the 
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Figure 9: Lift coefficient as a function of the ride height for one period at 10 Hz 
(left) and 6 Hz (right) [7]. 

effects due to the moving model are important, and that better optimization of the 

aerodynamics could be taken further with the shaker than with static tests only. It 

is important to mention that the tests performed with the shaker result in a large 

amount of data [7]. To the author's knowledge, the method is still at an experimental 

stage and is not yet routinely used in wind tunnel testing of race cars. 

Forced oscillation model in yaw 

Ferrand et al [13] studied the instability of a ground vehicle in an unsteady crosswind. 

To represent experimentally the response of the vehicle to a lateral wind gust, they 

imposed an oscillation movement in yaw to the model in a steady wind. The oscillation 

movement was quasi sinusoidal from -10° to 10°. They observed a Strouhal number 

of 0.07 for the vehicle form investigated (see Figure 10). The Strouhal number is 

a dimensionless quantity relating the frequency of shedding of the vortices to the 

velocity of the flow, and a characteristic dimension of the body - in this case, its 

length. 
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Figure 10: Simplified car model mounted on the rotating platform [13]. 

Using Particle Image Velocimetry (PIV) techniques, they surveyed the wake be

hind the model. One of their conclusions can be observed during a dynamic movement 

backward and forward, where the velocity field is very different depending on the ori

entation of the movement for the same angle of the model. A rotational structure 

induced after reaching an extremity of the movement will stay in the return wake 

longer than in the static case, creating a phase lag and a non-symmetry on the ve

locity field at an angle of /3 — 0° (Figure 11). 

Chomedon et al. [14] also succeeded in reconstituting films of the unsteady tomo

graphies of total pressure (Figure 12). Tomography is an imaging technique which 

gathers projection data from multiple directions, and feeds it into a computer to ob

serve a specified section or area. Once again, the presence of hysteresis and phase 

shifting phenomena can be observed. 

The tests performed by Chometon and his colleagues show that a quasi-steady 

approach cannot be used to study the behaviour of a vehicle in the presence of an un

steady crosswind. They conclude that it is the aerodynamics engineer's responsibility 

to determine if static measurements are sufficient in a given situation, or if dynamic 

measurements will be needed for the analysis of the stability behaviour. 
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Figure 11: Crossflow fields at X/L=0.36. Comparison between the static and dy
namic results [13]. 
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Figure 12: Unsteady tomographies of total pressure (From left to right, top to 
bottom) [14]. 
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1.4 Objectives 

The drivability of a car is affected by three interdependent factors: 

• vehicle aerodynamics; 

• vehicle dynamics; 

• driver behaviour. 

It is well known that the driver has an influence on the response of the vehicle to an 

aerodynamic input [15]. However, in this study, the focus was put on the aerodynamic 

forces affecting the vehicle. If the aerodynamic forces cannot be completely removed, 

their impact can at least be reduced. 

This research was aimed at determining if unsteady aerodynamic forces exist 

around an Ahmed body. If their presence was detected, the objective included deter

mining which type of forces were present and if the unsteady forces were due to an 

instability in the wake or if they were motion-induced forces. 

To achieve these objectives, tests were performed on a free-to-respond model in the 

5 m Vertical Wind Tunnel of the National Research Council Canada (NRC) where the 

displacement of the model was measured in the respective degrees of freedom of the 

oscillation and the aerodynamic damping and stiffness of the model was determined. 

In the second phase of the study, a stationary test was performed to measure the 

steady-state forces and moment applied on the body as well as high frequency surface 

pressure measurements to quantify the unsteady variations of the aerodynamic force 

coefficient with time. The tests for this second phase were conducted in the 2 m x 3 m 

Wind Tunnel at NRC. 

Subsequently, a dynamic model of the Ahmed body mounted on springs was devel

oped using the different parameters measured during the two phases of the experimen

tation. It allowed drawing conclusions on the type of unsteady aerodynamic forces 
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present and led to a proposed experimental and/or numerical modeling approach. 

This thesis presents a detailed account of the work done during this study. Chap

ters 2 and 3 will present the experimental set-up and results of aerodynamics mea

surements and associated analysis. In Chapter 4, a dynamic model based on the data 

acquired during the experimentations will be defined and analyzed. Discussion and 

conclusions are provided in Chapter 5. 



Chapter 2 

Non-stationary tests 

The first stage of this study was to perform non-stationary tests in the 5m Vertical 

Wind Tunnel at the NRC using a reference model that has been used throughout the 

entire project. 

2.1 Model 

2.1.1 Reference model 

The reference models referred to as "simple bodies" in the literature have proved 

to be very useful in the understanding of fundamental flow phenomena relating to 

automobiles, from the control of drag to the use of a diffuser [16]. They are commonly 

used for their simplicity, ease of set-up, and the ability to accommodate systematic 

shape changes. 

Throughout this project, the Ahmed body was used. As shown in Figure 13, the 

model consists of three parts: a fore body with rounded edges to separate a free flow 

over the surface, a mid section with a constant rectangular cross section with sharp 

edges, and a rear end with a base slant. 

This shape has been developed to generate the essential features of the flow field 

17 
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Figure 13: Geometry of the Ahmed reference model. 

around a vehicle. It generates a strong three-dimensional displacement flow in the 

front, a relatively uniform flow in the mid section, and a large structured wake. The 

influence of the rotating wheels, the passenger and engine compartments, and the 

rough underside have been neglected to simplify the research. 

This model has been chosen because it has been used for 25 years and there 

are extensive data available in the literature. It provides the same flow regime as a 

production car even if the Ahmed body is slightly longer and thinner than family-car 

proportions. 

Model geometry 

To perform our investigation, we used a 1:10 scale Ahmed body with a 25° base slant 

angle. This angle is smaller than the critical backlight angle of 30° where Ahmed et 

al [3] observed a high drag value. At a 25° base slant angle, the flow is still stable 

compared to the flow at the critical backlight angle. The 25° base slant angle is thus 

more representative of the aerodynamics of modern cars. 

The model, as shown in Figure 14, is 41.8 cm long, 11.5 cm high, and 15.6 cm 

wide. The front edges are rounded with a radius of 4 cm. The slanted part is 8 cm 

long by 3.8 cm high, resulting in an angle of 25.4°. The ground clearance is 2 cm. The 

four supports are 18.8 cm apart, 6.5 cm from the centre line with the front support 
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Figure 14: Ahmed reference model (1:10 scale) dimensions in mm. 

placed 8.1 cm from the front of the model. 

2.1.2 Manufacturing of the model 

The model for the non-stationary test is made of low density foam to minimize the 

weight as much as possible. The foam was covered with a layer of glazing putty to 

fill up the porosities and the inequalities on the surfaces. To obtain a uniform surface 

finish, the model was painted. 

The final model weighted 458 grams. This really light weight was selected to obtain 

a larger dynamic response for an equal aerodynamic force and does not represent the 

mass of a 1:10 scale model of a car. Following dimensional analysis [17], a model mass 

representative of a full scale car would be 1/103 smaller. For a 1300 kg production 

car, the 1:10 scale model mass would be approximatively 1300 grams. 
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2.2 Experimental set-up 

2.2.1 Wind tunnel 

The NRC's 5 m Vertical Wind Tunnel facility, that was used to perform the non-

stationary tests, is also called a spin tunnel and was originally used to observe the 

characteristics of aircraft in free flight spin. Visual observation of flutter and flight 

instability was performed in this wind tunnel as early as in the 1950's. 

The NRC's 5 m Vertical Wind Tunnel is a closed return wind tunnel with a six-

bladed fan with fixed pitch powered by a 450 HP DC electric motor. This wind 

tunnel can be operated with an open round test section 5.6 m in diameter or as an 

open or closed rectangular test section of 2.13 m x 3.05 m. In its closed test section 

configuration, the wind tunnel can achieve speeds up to 21 m/s [18]. The closed 

test section has been chosen to provide a support to the experimental set-up and to 

reproduce the effect of the proximity between the ground and the model. There is no 

force balance installed in this wind tunnel. 

The turbulence grid was removed from the wind tunnel to obtain a low turbulence 

intensity (0.5%) of the same order as the turbulence intensity in the NRC's 2 m x 

3 m Wind Tunnel, where the stationary tests subsequently presented in Chapter 3 

were performed. 

2.2.2 Experimental model set-up 

The general objectives of the experimental set-up of the non-stationary tests were to 

suspend the model on springs to allow the model to respond freely and linearly to the 

forces applied to it and to remove the effect of gravity, since the forces due to gravity 

were expected to be of a much larger order than the forces applied by the flow. The 

governing assumption for these experiments is that the unsteady aerodynamic forces 
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and the motion induced forces are functions of the model geometry only and can be 

depicted for a model of any mass and any oscillation frequencies. This assumption 

has been verified in many instances in the context of bridge aerodynamics [19]. 

In the wind tunnel, the flow is displaced vertically. The suspension system held 

the model pointing downwards using a long steel wire attached to the top frame of 

the walls of the wind tunnel and four springs. Figure 15 shows the degrees of freedom 

of the system. 

Figure 15: Diagram of the forces and moments on the vertical model. 

The Ahmed body had to be the only part of the set-up inside the wind tunnel 

test section to avoid interference in the flow or an increased aerodynamic force on the 

set-up. Therefore, the reference model was mounted on rods, through the plexiglass 

windows of the Vertical Wind Tunnel and attached to an H-shaped 3 mm thick 

aluminum 6061 support as shown in Figure 16. The central member of the support 
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was also used to support the additional weight needed to control the position of the 

centre of gravity in pitch. 
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Figure 16: H-shape support of the model. Dimensions are in mm. The hatched area 
indicates the position of the laser displacement transducer target. 

The second part of the set-up had to be an apparatus, outside of the wind tunnel 

test section, to which the model could be attached. A 1.83 m diameter ring, made 

of 38 mm diameter steel tube, 3 mm thick, was installed on three pulleys on the 

North wall of the wind tunnel. On this ring, two parallel L-bars were fastened, 1.5 m 

apart as shown in Figure 17. Four springs were attached to the L-bars to link the 

aluminum support of the model to the wall set-up. The spring tension was adjusted 
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using stainless steel lock wire and eye-with-hook turnbuckles. The spring tension was 

adjusted to ensure a restraining force linearly proportional to the displacement to 

avoid non-linear effects related to the sagging of the springs as described in [17]. 

Figure 17: View of the spring suspension system attached to the 1.83 m steel ring 
mounted to the outside of the 5 m Vertical Wind Tunnel test section wall. 

2.2.3 Springs selection 

The selection of the springs on which the model was mounted had many objectives. 

It allowed the selection of the frequency at which the model was excited in side 
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movement. The distance between the attachment points of the springs was also 

determining the frequency of the yawing motion. To obtain a smooth sinusoidal 

signal, four springs with the same spring constant had to be chosen and installed as 

shown in Figure 18. 
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Figure 18: Sketch of the installation of the springs on the model. 

The targeted frequencies were 1.5 Hz in side and 1.7 Hz in yaw. It has been 

impossible to find precise information on the excited frequencies and the frequency 

ratio between side motion and yawing motion of a real car, therefore the frequencies 

have been estimated based on observations. Given that for these experiments the 

frequencies of oscillation could be arbitrary chosen, the approach taken was to select 

a suspension rig stiffness that would allow the observations of wind induced vibrations 

of the model (if any) in the 5-18 m/s wind speed range of the wind tunnel. 

The spring constant of the springs, kr, was determined using the targeted fre

quency in side motion, /, and the mass, m, of the system: 

kT — rtvJ1 
(1) 

where u is the frequency in rad/s obtained from 
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w = 2TT/. (2) 

The moving mass consists of the mass of the model, including the mass of the 

H-support (900 grams) and one-third of the mass of the springs (112 grams) for a 

total of 1.012 kg. 

The springs are positioned in parallel, therefore the equivalent spring constant for 

the four springs can be defined as: 

kx — ki + &2 + &3 + ki- (3) 

In order to obtain a smooth sinusoidal movement of the model, the two springs 

on the same side of the model had to have the same spring constant. To simplify 

the set-up, the four springs used simultaneously were identical. Therefore, using the 

Equations (1) and (3), it was possible to calculate the spring constants for the springs 

to be 22 N/m each. 

k1^k2^k3 = k4 = 22 N/m. (4) 

The spacing between the attachment points on both sides of the H-support, shown 

as r in Figure 18 was determined by the frequency in yaw of the system. The rela

tionship is governed by: 

W* = Te (5) 

where 

kg = kTr2 (6) 

and 
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h = J- (7) 

Combining Equations (5) through (7): 

u2J r = v v <8) 

Therefore, r is dependant on the equivalent spring constant, the yawing frequency 

and the mass moment of inertia of the model, Ig. To evaluate the mass moment 

of inertia of the model, a simple experiment was conducted based on the torsional 

pendulum principle described by 

J = *£(£)• (9) 

where: 

• m is the mass of the model, including the mass of the suspension system; 

• g is the gravitational acceleration; 

• b is the distance between the centre of rotation and the wires, holding the model; 

• / is the length of the wires holding the model; and 

• T0 is the period for one oscillation cycle around the vertical axis. 

The variables 6, I and To are dependant of the experimental set-up as presented 

in Figure 19. 

The experiment consists in inducing a rotational oscillation around the vertical 

axis and measuring the time required by the model to go through a fixed number of 

cycles. The test was repeated seven times, each repetition including between 8 and 

20 cycles to evaluate the effect of the damping. This effect was minimal since the 

moment of inertia varied only by a maximum of 0.5% over 7 repetitions. 
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Figure 19: Experimental set-up for the determination of the mass moment of inertia. 

The following parameters were used to determine the value of the mass moment 

of inertia of the model, including the H-support: 

• m = 0.803 kg 

• b = 0.063 m 

• I = 1.372 m 

• T0 = 5.2 seconds. 

Therefore, the mass moment of inertia of the model determined with this method 

was 0.0159 kg • m2. It has been compared with the mass moment of inertia calculated 

in the model analysis of the three-dimensional drawing software, Pro-Engineering 

(Pro-E). The mass moment of inertia of the model analysis was 0.0139 kg • m2. The 

difference between the two results of 12.7% can be explained by a possible difference 
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in the theoretical and real density of the foam and the fact that the software doesn't 

consider the glazing putty and the paint added on the model to obtain a nice finish. 

The Pro-E model included the Ahmed body and the H-support. 

Using the mass moment of inertia obtained experimentally and replacing in Equa

tion (5) u>, ke and Ig with Equations (2), (6) and (7), a new equation can be formulated 

<*tf = ^ . (10) 

For the given frequency in yaw, 1.7 Hz, the required r, based on Equation (10), 

is 0.144 m. 

2.2.4 Springs used in the experiment 

The spring selection determined that very soft springs were needed to allow excitation 

of the model in the wind tunnel in the lower part of the speed range. Exploratory 

experiments were conducted with the very soft springs allowing motion in many de

grees of freedom. It was rapidly concluded that these springs could not be used in 

this experiment because large displacements were induced at low wind tunnel speeds. 

Therefore, the range of wind speeds that could have been used would have been limited 

and the displacement at the top speeds would have been very large. A limited range of 

wind speeds can make data acquisition at different steps of the response more difficult 

because changes will occur rapidly and drastic variation can be observed. Very large 

displacements are not desirable at relatively low wind speed because they can result 

in contact between the wall and the model. Also, the hypothesis that the system is 

linear is only valid for small displacements. 

For all these reasons, stiffer springs were used during the wind tunnel tests, with 

the same frequency ratio as the one obtained with the two initial frequencies targeted. 

The characteristics of the springs are presented in Table 1. 
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Table 1: Specifications of the springs 
Part 

Material 
Length 

Outside Diameter 
Wire Diameter 

Load 
Deflection @ load 

Initial tension 
Spring constant 

Weight 

McMaster number 9654K456 
Steel Extension spring zinc-plated 

203 mm (8") 
5.15 mm (13/64") 
0.66 mm (0.026") 
16.06 N (3.61 lbs) 

203 mm (8") 
2.89 N (0.65 lb) 

64.7 N/m (0.37 lb/inch) 
11.1 gram/spring 

The expected frequencies, using the springs of Table 1 and the equations from 

Section 2.2.3, were 2.57 Hz for side motion and 2.94 Hz in yaw, with r, the distance 

between the attachment point of the spring and the centre of rotation still at 0.144 m. 

The frequency ratio was preserved, decreasing by only 0.94% from 0.882 to 0.874, the 

ideal spring case. 

2.2.5 Instrumentation 

The instrumentation used to perform the non-stationary test in the 5 m Vertical Wind 

Tunnel was, for most part, the standard equipment of the wind tunnel. The dynamic 

pressure was measured with a 1 kPa Datametrics barocel transducer and a Pitot tube 

installed at the inlet of the test section. The barometric pressure was measured with 

a Druck transducer (DPI 261), with an accuracy of ±0.04% for a range between 1 

and 3.4 MPa. The total temperature was measured in the settling chamber with a 

resistive thermal device capable of measuring with an accuracy of ±0.1°C. 

Four Micro Laser Sensors LM10 were used; two to measure the lateral displacement 

and two to measure the movement in heave. The displacement sensors were installed 

at 25 cm from the targets installed on the model when the model is at its initial 

position (see Figures 18 and 20). The measurable range was ±150 mm. The light 
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source was a laser diode with a wavelength of 685 nm. The device was used at a 

sampling frequency of 100 Hz; therefore the resolution was of ±500//m (±0.5 mm). 

The linearity error has a maximum ±1.0%. The advantage of such laser sensors was 

that they have a large measurable range comparatively to other laser displacement 

sensors. 

The positioning of the Micro Laser Sensors is presented in Figure 20. 

Figure 20: Positioning of the Micro Laser Sensors. 

2.3 Experimental data 

2.3.1 Test program and procedure 

The non-stationary test was composed of five different tests performed for three dif

ferent configurations. The first configuration used very stiff springs for preliminary 

testing. Given the large number of experimental set-up changes made during prelim

inary tests, this test series was not considered relevant and it is not described in this 

thesis. 
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The two other configurations used the 64.7 N/m springs of Table 1. The difference 

between the two configurations is the position of the centres of rotation. In the first 

configuration, the weight used to counterbalance the weight of the model was minimal, 

at 260 g, and the centres of rotation in pitch and in yaw were separated by 3.2 cm in 

the horizontal plane. 

In the second configuration, the weight was increased to 1 942 g, and the centres of 

rotation of both the pitching and yaw motion were at the same position. By increasing 

the weight, the dynamics of the system were changed to allow the observation of the 

presence of aerodynamic excitation in roll. 

Five tests were performed for the non-stationary part of the project: 

1. damping traces without wind; 

2. damping traces with wind; 

3. build up traces with wind; 

4. stabilization of the movement (to reach stationary amplitude); and 

5. time histories at steady state. 

The damping traces with and without wind were performed to extract the vari

ations of aerodynamic damping and stiffness with wind speed. The build up traces 

qualified the energy transferred from the wind to the dynamic system. The stabiliza

tion tests were performed to determine the settling time necessary to acquire time 

histories at a steady state and to determine the amplitude of the movement. 

Table 2 presents the different configurations tested in this part of the project. 

2.3.2 Aerodynamic damping 

The aerodynamic damping is the damping resulting from the aerodynamic forces 

induced by the motion of the model in a fluid in motion. This damping generally 
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Table 2: Different configurations tested during the non-stationary tests. Note that 

tests tor C 
Configu
ration 

1 

2 

3 

onhguration 
Number 
of D.O.F. 
tested 

2 D.O.F. 

3 D.O.F 

3 D.O.F. 

1 are not re 
Springs 

250 N/m 

64.7 N/m 

64.7 N/m 

Dorted in tr 
D.O.F. 

heave 
pitch 
heave 
pitch 
yaw 
heave 
pitch 
yaw 

us thesis. 
Centres of 
rotation for 
pitch and 
yaw 
different 

different 

coincident 

Ballast 
weight 

small 
260 g 
small 
260 g 

large 
1942 g 

Total 
weight 

1063 g 

1063 g 

2745 g 

varies with wind speed, the ratio of change is a function of the geometry of the 

body and it is hard to determine it analytically. The aerodynamic damping is always 

subcritical since the damping ratio is always smaller than unity, e < 1. 

Positive aerodynamic damping will cause the amplitude of the movement to de

crease with time whereas negative aerodynamic damping will allow the amplitude of 

the movement of the model to increase with time. 

The aerodynamic damping can be expressed as an equivalent viscous damping 

coefficient determined from a decay trace acquired from an initial release. A damping 

measure of an elementary oscillator is determined by the amplitude reduction after 

one cycle of vibration [20]. 

Even if it is possible to estimate the global damping of a system with two consecu

tive measurements, it is possible to increase the accuracy of the process by evaluating 

the damping over several cycles. After many cycles, the amplitude of the signal will 

have decreased more significantly and the difference in amplitude over this period of 

time will be more easily measured, as shown in Figure 21. 

The equation to evaluate the logarithmic decrement total damping [21] is: 
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Figure 21: Decay trace in heave mode, without wind. 
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where Ao and AN are the amplitude of the signal at the nominal cycle 0 and at N 

cycles later. 

The total damping can also be expressed as a percentage of critical damping as 

follows [20]: 

£ 2TT 2TVN {AN
}' 

(12) 

The variations of total damping with wind velocity are provided in Figures 22 

through 24. The total damping includes the structural damping (damping in still air) 

and the aerodynamic damping. Given that the structural damping can be considered 

constant at the amplitude of motion investigated, the variations in damping are due 

to the movement of the body in a moving fluid. Two cases were investigated. The 

small weight case represents the case when the centres of rotation are different for yaw 
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and pitch; and the large weight case represents the case when the centres of rotation 

coincided. 

For the case of heave, when the centres of rotation were not in the plane of the 

springs (the small weight case) the model was more unstable. The aerodynamic 

damping increased for speeds up to 6 m/s, but decreased rapidly for higher speeds as 

shown in Figure 22. The negative damping for the small weight case means that the 

system was unstable and there was probably coupling between the heave and pitch 

modes. It was difficult to obtain a pure heave mode with this set-up because the 

centres of rotation did not match and the length of the suspension wire was limited, 

creating a pendulum effect. 

Velocity (m/s) 

» Small weight Q Large weight | 

Figure 22: Variation of the total damping in heave. 

The aerodynamic damping in pitch, in the case of the small weight, as shown in 

Figure 23, decreases between 0 and 7 m/s. For speeds higher than 7 m/s, the effect of 

the heave movement was visible. When the total damping in heave became negative, 

the movement of the model in this plane disturbed the decay traces. In the wind 

tunnel, the movement in pitch was often important and the model touched the wall 

at high speeds. When the centres of rotation coincided (in the case with the larger 
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weight), the total damping in heave stayed positive and it was possible to measure 

the damping in pitch for higher speeds. Once again, the system was more stable with 

the large weight and the pitch damping stayed positive. 

• Small weight 
o Large weight 

J I 
" 0 2 4 6 8 10 12 

Velocity (m/s) 

Figure 23: Variation of the total damping in pitch. 

In Figure 24, the damping in yaw for the case where the centres of rotation were 

different slightly increased with increasing wind speed. When the centres of rotation 

coincided, the damping increased for speeds up to 7 m/s and decreased after that, 

but always stays in the positive range. 

One of the objectives when the large weight was installed on the set-up was to be 

able to obtain a good representation of the side-to-side motion. Even if the model 

was moving relatively smoothly for the observer, it was impossible to determine the 

total damping as a function of the wind speed. There was coupling with the yaw 

movement and the signal was relatively noisy, making the evaluation of the damping 

erratic. 

It can be concluded from these damping experiments that the fluid in motion 

exerted a force on the Ahmed reference model that significantly affected the damping 

of the system. This is in agreement with the observations of Cheli et al [8] and 

a 0.03, 

0011 
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Figure 24: Variation of the total damping in yaw. 
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Passmore and Mansor [9] for similar bodies. 
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2.3.3 Aerodynamic stiffness 

The aerodynamic stiffness is the stiffness resulting from the aerodynamic forces in

duced by the motion of the model in the wind. It has the same effect on the system 

as changing the spring constant of a normal spring: it increases or decreases the force 

required to displace the model by a known distance. 

The fundamental frequency of a system is a function of the structural stiffness 

and the mass of the system. The natural frequency of an elementary single degree of 

freedom linear system, comprised of a spring and mass, is defined by Equation (1). 

Rearranging Equation (1), the equation to determine the structural stiffness be

comes: 

k — UJ2
N * m. (13) 

The natural frequency was determined by analysis of the decay traces 

where AT was the time necessary to go through N cycles. The natural frequencies 

were calculated, as often as possible, on a period of 7 cycles. 

The aerodynamic stiffness of the system was found to be almost constant in heave, 

as shown in Figure 25 since the frequency of the oscillations did not vary much with 

the wind speed in both cases. 

In Figure 26, it can be observed that the total stiffness in pitch decreased by 

approximately 20% between the two set-ups. A part of the difference between the 

total stiffness in the two cases could be due to the coupling between modes in the 

set-up. It can also be due to an increase in tension of almost all links used to suspend 

the model. For motion out of the plane of the springs, the stiffness (k) is proportional 

to the tension (T) in the link and inversely proportional to the length of the link 
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K = (15) 

Therefore, by adding a substantial mass to the model, the tension in the drag 

wire, supporting the weight of the model, was increased by a factor of 2.5. 
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Figure 25: Variation of the aerodynamic stiffness in heave. 

It was observed, in yaw (Figure 27), that the total stiffness decreased by almost 8% 

between 4 and 14 m/s when the centres of rotation are different, the natural frequency 

decreased from 3.79 Hz to 3.68 Hz. When the centres of rotation are coincident, the 

total stiffness decreases by 10.8% between 7 and 9 m/s. 

Table 3 presents the range of natural frequencies for Configurations 2 and 3 for 

each degree of freedom. 
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Figure 26: Variation of the aerodynamic stiffness in pitch. 

Table 3: Frequencies associated with the different D.O.F. 
Config. 

2 
3 

Springs 
(N/m) 
64.7 
64.7 

(m) 
0.14 
0.14 

J-8,yaw 

(kg • m2) 
0.0159 
0.0159 

l0,pitch 

(kg • m2) 
0.027 
0.014 

J heave 

(Hz) 
1.22 to 1.34 
0.97 to 0.95 

Jpitch 

(Hz) 
1.39 to 1.33 
1.22 to 1.18 

Jyaw 

(Hz) 
3.83 to 3.68 
1.41 to 0.52 

Z 9 A 

9f 

' • * 6 " 

o 
• • » • • • 

* Small weight 
O Large weight 

Velocity (m/s) 

Figure 27: Variation of the aerodynamic stiffness in yaw. 
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2.3.4 Build up traces 

The build up trace tests were performed to represent the energy input to the system 

by the wind. This test consisted of releasing the model from the neutral position and 

letting the wind initiate (or not) movement of the model. 

The more significant the energy input from the wind is, the steeper the slope of 

the envelope of the displacement curve. In Figures 28 and 29, the movements in heave 

and pitch are initiated at a wind speed of 7 m/s with a really low amplitude and a 

flat slope. The slope increased more and more as the wind speed increased. 

From those experiments, it was possible to determine the total damping as a 

function of wind speed, as shown in Figures 30 and 31. In both cases, the total 

damping decreased rapidly. 

The negative values of the total damping indicated that the amplitude of the 

movement of the model will increase with time and will lead to an instability. To 

prevent oscillations, structural damping equivalent to the total negative damping 

would need to be added to the system. 
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Figure 28: Amplitude build up traces in heave (left) and pitch (right) for several 
wind speeds (3 to 8 m/s). The peaks at the beginning of each time series are the 
disturbances of the model due to the hand stabilization procedure. 
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Figure 29: Amplitude build up traces in heave (left) and pitch (right) for several 
wind speeds (9 to 14 m/s). The peaks at the beginning of each time series are the 
disturbances of the model due to the hand stabilization procedure. 
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For the large weight case, it was not possible to extract the total negative damp

ing from each time series to present it as a function of the wind speed because the 

amplitude of the movement was increasing rapidly and the model contacted the wall 

after a couple of oscillations. Figures 32, 33 and 34 represent the movement in each 

direction of the model from a stationary neutral position when released. 

It can be observed that the model was pushed away from the wall as the wind speed 

increased. The oscillations were also more significant as the wind speed increased but 

stayed of relatively low amplitude. 
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Figure 32: Amplitude build-up traces for the case with large weight at 7 m/s. 
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Figure 33: Amplitude build-up traces for the case with large weight at 11 m/s. 
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Figure 34: Amplitude build-up traces for the case with large weight at 14 m/s. 
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2.3.5 Ampli tude of the displacement 

Tests to determine the amplitude of the displacement of the model have been per

formed to determine the range of motion as a function of the wind speed at steady 

state and to determine if there was hysteresis in the system. 

The test procedures to obtain the response curves of Figure 35 were as follows: 

• Measurement of wind off displacement signals (tare). 

• Establishment of a steady wind speed. 

• Delay time for stabilization of the amplitude of motion (if any). This delay was 

fixed to 9 minutes after an analysis of a 20 minute time series to insure that the 

steady state amplitude is reached. 

• Data acquisition for 300 seconds at 100 Hz. 

• Increase or decrease wind speed to the next step and continue. 

Figure 35 presents the mean and peak response of the model as a function of wind 

speed for the case when the centre of rotations were non coincidental (light weight 

case). The peak response is defined here as: 

P = m a X ~ m i n . (16) 

The peak response was found to be much larger than the mean response, indicating 

a large range of motion around the mean value. No hysteresis was found in the system 

since the response curve with increasing wind speed matched well the curve when the 

wind speed was decreasing for the peak and mean responses. 

For the large weight set-up, Figure 36 shows that even if the model was displaced 

a lot in the wind tunnel, the oscillations were found to have small amplitude. This is 

probably due to the increased total damping in the system, as presented in Section 
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Figure 35: Peak and mean value of the response as a function of the wind speed for 
the small weight case. 

2.3.2. In side and pitch (Figure 37) some movement was observed with a low ampli

tude, close to the resolution of the displacement lasers at low speeds. The model was 

oscillating around its neutral position. 

The movement observed during this test and the different tests performed in the 

5 m Vertical Wind Tunnel show the unsteadiness of the flow around the body. This 

unsteadiness can be the source of large oscillations even if the mean displacement is 

small, like in the small weight case, and can create a rapid change of the conditions 

of the flow around the body due to the rapid variations of the ride height or the pitch 

angle. 

T I 1 1 1 i 1 i r 
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Figure 36: Peak and mean value of the response as a function of the wind speed for 
the large weight case in heave and pitch. 
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Figure 37: Peak and mean value of the response as a function of the wind speed for 
the large weight case in side and yaw. 
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2.4 Conclusions regarding the non-stationary test 

Movement in side and yaw directions was expected at the beginning of the project. 

During the preliminary tests, significant displacements were observed in pitch and 

heave and it was determined that it would be difficult to modify the set-up to observe 

movement in the other degrees of freedom due to the required softness of the springs. 

The movement was probably caused by the shape of the model. In the small 

weight case, the excitation was amplified by the weight of the model which was lower 

than the scaled weight. When the centre of gravity has been modified, the mass of the 

model was larger than the scaled weight. In this case, the amplitude of the response 

excitation was reduced but the movement in pitch and heave was still large. This 

means that the excitation in those two degrees of freedom was very strong. 

Also, the fast changes in amplitude in the small weight case made the observation 

of the variation in the total damping and stiffness of the set-up more difficult. The 

large weight case allowed measuring total damping and stiffness over a wider range 

of speeds, facilitating the observation of the shape of the variation as a function of 

the increasing speed. 



Chapter 3 

Stationary tests 

The second stage of this study was to perform stationary tests in the 2 m x 3 m 

Wind Tunnel at the NRC. The aerodynamic characteristics of the Ahmed body and 

the steady and unsteady pressure distributions were determined for different config

urations. The effect of the ride height and of the pitch angle on the forces were also 

evaluated. 

3.1 Model 

3.1.1 Model geometry 

The model used to perform the stationary tests was constructed at exactly the same 

scale (1:10) as the model used in the non-stationary tests of Chapter 2. The same 

geometrical scale and the same speed range were used to keep the Reynolds number 

constant across both tests. 

3.1.2 Manufacturing of the model 

A new model was manufactured to meet the requirements of the stationary test. The 

new model had to be hollow to allow the installation of the pressure transducers to 

51 
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measure the surface pressure and had to allow the adjustment of the ride height and 

the pitch angle of the model. 

The model was hollow, with a wall thickness of 3 mm. To increase the stiffness 

of the walls and to facilitate the installation of the pressure taps, ribs were added on 

both sides and to the bottom panel of the model. Large ribs were added to insert 

axles to allow the rotation of the supports, as shown in Figure 38. 

Figure 38: Stationary test model. 

The model was built at NRC using a rapid prototyping method called selective 

laser sintering (SLS). This technique produced a detailed three-dimensional model in 

a short period of time based on a single three-dimensional digital drawing. 

The SLS system consists of a laser, a control system and a part chamber which 

includes a build platform, powder cartridge and a leveling roller. The SLS uses the 

laser to merge, layer-by-layer, the powder-based material spread in thin layers across 



53 

the platform of the chamber and leveled by the leveling roller. The powder-based 

material, once exposed to the laser, forms a solid model. 

The model has to cool down in the machine to minimize the distortion while 

still hot, particularly if the walls are thin. After removing the model from the part 

chamber, the loose material had to be removed and the surfaces smoothed. 

The dimensional accuracy of the model was lower than expected, the dimensions 

varied by up to ±6 mm and the slant angle was off by 0.8°. Furthermore, the model 

was not perfectly symmetrical. It was considered, however, that this inaccuracy 

would not significantly affect the aerodynamics of the Ahmed body and the model 

was considered equivalent to the model used in the dynamic test reported in Section 

2. 

The lid of the SLS model was machined out of RenShape to facilitate its instal

lation and improve its longevity. This material has been chosen because the threads 

would have been rapidly damaged as the fasteners would have been screwed and un

screwed in the powder-based material used in the SLS machine to access the interior 

of the model. The installation of inserts was not an adequate solution. 

The 63 holes to install the pressure taps to measure the surface pressure were 

drilled on a milling machine to improve the accuracy of their positioning by using the 

numerical display. 

Pressure taps were installed. The metal inserts and the plastic tubes were assem

bled and inserted in the holes where they were glued. The edge of the metal inserts 

had to stick slightly out of the model wall. After pressurizing the lines to keep the 

dust outside the tubes, the metal inserts were sanded to be absolutely flush with the 

wall. 

While the plastic tubes were still pressurized, the model was painted to obtain 

the same surface finish as the first model and to provide a uniform surface for the 

two different materials. 
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3.2 Experimental set-up 

3.2.1 Wind tunnel 

The stationary tests were performed in the NRC 2 m x 3 m Wind Tunnel. It is an 

aeronautic type closed circuit wind tunnel. It was built in 1942 and is powered by a 

2000 HP DC motor, with a 4.6 m diameter fan and a contraction ratio of 8.6:1 [18]. 

The tunnel has a closed, rectangular test section 1.9 m high, 2.7 m wide and 5.2 

m long [22]. It can achieve speeds up to 500 km/h (135 m/s) with an empty test 

section. The flow in the test section is uniform with a turbulence level of 0.13%. 

The wind tunnel is equipped with an external pyramidal 6-component balance 

used to measure mean forces and moments. A ground board was installed in the 

entire length and width of the test section to limit the height of the floor boundary 

layer at the model location. With the ground board installed, the turbulence intensity 

of the longitudinal component of the turbulence is 0.3%. A suction system is also 

available to decrease the height of the boundary layer approaching the model. It is 

usually used during automobile tests, but it was not used during this present study 

because no such system was available in the Vertical Wind Tunnel. Therefore, the 

experiments were conducted in conditions as close as possible to the conditions of the 

Vertical Wind Tunnel. 

3.2.2 Experimental model set-up 

The general objectives of this experimental set-up were to provide balance and pres

sure measurements on the model when the model was fixed to the ground. 

The model was installed in the wind tunnel directly over the centre of the balance 

and on the turn table allowing the variation of yaw angle of the model around its 

centre of rotation. 
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Figure 39 shows a view of the model in the wind tunnel. 

Figure 39: Ahmed body in the 2 m x 3 m Wind Tunnel. 

3.2.3 Attachment of the model on the force balance 

The model is attached to a load plate mounted on the force balance. To allow the 

modification of the distance between the model and the ground, the ride height, two 

sets of legs were made. They were bolted on the load plate and the model was inserted 

on the top of them. The height of the model was adjusted using set screws, as shown 

in Figure 40. By adjusting the legs at a different height at the front and at the back, 

it was also possible to modify the pitch angle. 

The ride height was measured using a digital caliper at the middle point between 

the legs with an accuracy of ±0.25 mm and the pitch angle was measured using an 

MD Building Products Pro 360 Digital Protractor with an accuracy of ±0.1°. 
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3.2.4 Instrumentation 

The standard instrumentation in the wind tunnel was used during the stationary tests 

performed. The total pressure was measured by three systems in the wind tunnel, 

after the contraction, just at the inlet of the test section. There was an MKS Barocel 

model 270 100 tor, a 100 tor Barocel Edwards and, because the ground board was 

installed, a third one was used, a Datametric 10 kPa. A detailed description of the 

dynamic pressure measurement system for this facility can be found in [23]. 

The tunnel temperature is measured at the top and on the side of the settling 

chamber by two resistive thermal devices capable of measuring with an accuracy of 

±0.1°C. The barometric pressure is measured by two Druck transducers DPI 261. 

A Cobra probe (Turbulent Flow Inc.) was used to perform measurements of the 

flow fluctuations in the wake of the model. This device is a 4-hole pressure probe 

that provides the three components of the velocity fluctuations and local pressure 

measurements with a fast dynamic response. It can be used for wind speeds higher 
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than 2 m/s and can acquire data at a frequency up to 2000 Hz. 

3.2.5 Pressure measurements 

One of the main objectives of the stationary tests was to acquire surface pressure 

data on a non-moving model. A total of 63 pressure taps were installed on the whole 

body. They form four rings in three directions and more taps were added towards the 

end of the model since the wake was expected to have an important impact on the 

dynamic behaviour of the vehicle. The position of the pressure taps is presented in 

Figure 41 and the dimensions associated with the pressure tap locations are presented 

in Appendix A. 

The taps were installed as described in Section 3.1.2. The metal inserts and the 

polyurethane tubes were connected to a Scanivalve Corp ZOC33/64Px embedded 

directly in the model to reduce the length of the pneumatic tubing. A ZOC33/64Px, 

also called ZOC, is a module containing 8 sensor packs. Each pack contains 8 sensors, 

for a total of 64 silicon pressure sensors, an excitation board, a calibration valve and 

a high speed multiplexer (50 kHz) [24]. The calibration valve allows the ZOC to be 

automatically calibrated on-line using the four modes of operations available: operate, 

calibrate, purge, leak test. 

The thermal unit containing the ZOC was opened and the top part removed during 

the test. This had the advantage of decreasing the diameter of the connector that 

had to go through the bottom panel of the model, decreasing the size of the opening 

that had to be drilled and decreasing the disturbance of the flow field. 

The output of each sensor was directed to the multiplexer /amplifier and the Scani

valve Corp High-scan system, which performs the data acquisition using the binary 

address assigned to each channel. 

All pneumatic tubes used to connect the inserts to the ZOC were 25 cm long to 

obtain frequency responses as uniform as possible and had a 1.02 mm (0.040") inside 
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Figure 41: Pressure taps positions on the Ahmed body. 
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diameter to minimize the volume of the set-up. Even if the tubes connecting the metal 

insert to the ZOC were all the same length, a calibration of the frequency response 

was requested for each tube. The bend in the metal insert, a possible variation of the 

inside diameter of the tubing and variations of the length of the pneumatic connection 

inside the thermal unit could create a variation in the response specific to each tube. 

Therefore, calibration was performed on every single pressure tap on the model 

as presented in Appendix C. The result of this calibration is shown in Figure 42 

representing the amplification factor of the tubes as a function of frequency. 
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Figure 42: Frequency response curves for all pneumatic tubes of this study. 

The frequency response curves were used to correct the pressure signals acquired 

during the experiments using the method developed by Irwin et al and described in 

Larose et al [25]. 

The sampling frequency of the pressure data acquisition was 710.2 Hz using the 
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full capacity of the multiplexer, for a sampling time of 45.1 seconds. The Nyquist 

frequency for this set-up is 355.1 Hz, which is much higher than the frequency content 

expected in the wake and around the body. The energy in the flow is very low after 

200 Hz and no peaks were observed at a frequency higher than 60 Hz as shown by 

Sims-William and Duncan [26] using hot-wire velocimetry in the wake of an Ahmed 

model. 

3.3 Experimental data 

3.3.1 Test program and procedures 

The stationary tests were initially planned to be conducted as a series of runs with 

changes in configuration of ride height and pitch angle. For each run, it was planned 

that the balance and the pressure measurement data were to be acquired simultane

ously. Due to some technical problems in the wind tunnel (a cable left from a previous 

experiment causing mechanical interference in the balance), both measurements had 

to be done separately. Therefore, each configuration was tested for pressure measure

ments and the entire programme had to be repeated to measure the corresponding 

overall aerodynamic forces on the model with the external balance. 

As mentioned before, the effects of the ride height and the pitch angle of the 

model were evaluated. Therefore, the different configurations were varying these two 

parameters separately and simultaneously. 

The basic configuration of the model was a pitch angle of 0° and a ride height of 25 

mm, corresponding to the nominal conditions of the non-stationary tests of Section 

2. Four other pitch angles were tested with the 25 mm ride height: -4°, -2°, +2° and 

+4°. For a constant pitch angle of 0°, two more ride heights were tested: 18 mm and 

33 mm. A series of combinations of ride height and pitch angle were studied. Table 
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Table 4: ] 
Ride Height 

18 mm 

25 mm 

33 mm 

Different configurations tested during the stationary tests. 
Pitch Angle 

-4° 
-2° 
0° 

+2° 
+4° 
-4° 
-2° 
0° 

+2° 
+4° 
-4° 
-2° 
0° 

+2° 
+4° 

Yaw angles 
-4° to +10° 
-4° to +10° 
-4° to +10° 
-4° to +10° 
-4° to +10° 
-4° to +10° 
-4° to +10° 
-4° to +10° 
-4° to +10° 
-4° to +10° 
-4° to +10° 
-4° to +10° 
-4° to +10° 
-4° to +10° 
-4° to +10° 

Wind speeds 
11, 13 and 15 m/s 
11, 13 and 15 m/s 
11, 13 and 15 m/s 
11, 13 and 15 m/s 
11, 13 and 15 m/s 
11, 13 and 15 m/s 
11, 13 and 15 m/s 
11, 13 and 15 m/s 
11, 13 and 15 m/s 
11, 13 and 15 m/s 
11, 13 and 15 m/s 
11, 13 and 15 m/s 
11, 13 and 15 m/s 
11, 13 and 15 m/s 
11, 13 and 15 m/s 

Comments 

Reference 

4 presents all the configurations tested during the stationary tests. 

For each configuration a yaw sweep was performed from -4° to +10° by increments 

of 2°. The sign convention used is the same as the one presented in Figure 2 of 

Chapter 1. The tests were performed at 11 m/s, 13 m/s and 15 m/s, three wind 

speeds corresponding to the higher range of the wind speeds studied in Chapter 2. 

The lower speeds were not reproduced during the stationary tests due to the low 

dynamic pressure on the model that would be below the measuring capability of the 

pressure transducers. Also, the ride heights and the pitch angles were chosen to cover 

the range of the displacements observed during the dynamic tests. 

3.3.2 Force balance measurements 

The six-component pyramidal force balance of the 2 m x 3 m Wind Tunnel at NRC 

allowed the acquisition of the 3 forces and 3 moments. The signals from the balance 

were acquired by the data acquisition system through the balance control system. 

The data acquisition system also acquired the dynamic pressure, the temperature 
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and the static pressure in the tunnel as well as the atmospheric pressure. All this 

information was sent to reduction software based on that used for automobile tests 

at NRC. The reduced data could subsequently be analyzed. 

The six-component balance provides measurements at a maximum rate of 7 Hz. 

Given this low frequency response, it can't resolve unsteady phenomena occurring at 

high frequency and can only provide a precise measurement of the mean aerodynamic 

forces and moments. 

The balance data was used, in this test, to observe the general impact of the dif

ferent configurations on the forces and moments applied on the model and to evaluate 

the ratio between the balance forces and the forces obtained by the integration of the 

pressures on the whole model. In this manner, any unsteady aerodynamic phenom

ena captured by the dynamic surface pressure measurements were correlated with the 

overall aerodynamic forces applied on the entire model as measured by the external 

force balance. 

The three force coefficients, drag (CD), lift (C/,) and side (Cg), and three moment 

coefficients, pitch (CM), y a w (Cy) and roll (CR), measured with the balance are 

calculated as follow: 

(17) c D = 

cL = 

Cs = 

CM — 

D 

~"qA' 

L 

D 

PM 
_ A T 

(18) 

(19) 

(20) 
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c' = ̂ k- <21> 
c- = ̂ k' <22> 

where D, L, and S are the drag, lift and side force, PM, Y, and R the three moments, 

q, the dynamic pressure, A, the frontal area and Lc, the characteristic length. For all 

tests the frontal area was set at ^4=0.01794 m2 and the wheelbase Lc—0.188 m was 

used as the characteristic length for the calculation of the coefficients. 

Figures 43 and 44 present the variations of the static force and moment coefficients 

as a function of the variation in ride height and pitch angle when only one parameter 

was varied. 

In Figure 43, we can observe that the drag, side and pitching and rolling moment 

coefficients have been affected by the low ride height at lower speed, while the yawing 

moment coefficient has been decreased at higher Reynolds number for the higher ride 

height. 

The effect of the pitch angle on the mean coefficients was found to be less im

portant, as observed in Figure 44. The pitching moment coefficient was the only one 

affected and more repetitions would be required to determine if there were unsteady 

forces at the origin of the variations. It can be observed from Figure 44, the point at 

2° and 11 m/s is an outlyer and cannot be considered representative of the variations 

of the pitching and rolling moment coefficients with pitch angle. 

Figures 45 and 46 present the variations of the static force and moment coefficients 

as a function of the yaw angle for a constant pitch angle or ride height, at 15 m/s. 

On Figure 46, it can be observed that the lift coefficient is strongly influenced by the 

pitch angle. 
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Figure 43: Static force and moment coefficients as a function of ride height in mm, 
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speed of 15 m/s. 
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Figure 46: Static force and moment coefficients as a function of pitch angle in 
degrees, for five pitch angles at a constant ride height of 25 mm and a constant wind 
speed of 15 m/s. 
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3.3.3 Pressure integration 

The 63 pressure taps installed on the whole surface of the model provided the surface 

pressure at the exact point where they were located on the model. To integrate the 

pressure to calculate the forces and moments on the Ahmed body, the assumptions 

that the pressure at this location was the same as on the surface surrounding the 

pressure tap must be made. 

By dividing the area of the body in small sectors, as shown in Figure 47, it was 

possible to integrate the pressures on each surface and using their position on the 

body, to determine their effect on each force (drag, lift and side) and moment (yaw, 

pitch and roll). The force applied on one sector can have an impact on many forces 

and moments. 

The pressure integration was carried out assuming that the acquisition on the 63 

channels was done simultaneously. There was only 0.00002 second elapsed between the 

acquisition of two consecutive channels which was considered insignificant compared 

to the time required for the flow to pass around the body. 

Forces and moments 

The forces and moments resulting from the integration of the pressures were of the 

same magnitude as the forces measured by the external force balance, but are less 

precise due to the assumptions described above. To measure precisely the forces 

and moments on the model with the pressure taps, it would have required a really 

large number of taps and a few ZOC to decrease the size of each area of integration 

to a minimum. It would have also been difficult to fit all the tubes in the model. 

Therefore, the pressure taps were used to measure the variations in the forces and 

moment at a high frequency response. The force balance data were used to scale the 

unsteady forces time series by comparing the mean coefficients. 
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The integration of the pressures on the surface of the model gave forces and 

moments in drag, heave and pitch within about 60% of the force balance data. The 

small number of taps and the symmetry of the model, inducing forces of the same 

order on both sides of the model, led to really small forces after integration of the 

pressures. 

The moments in roll and yaw were small and the placement of the taps on the 

model did not favor a precise integration in those planes. Therefore, the data in roll 

and yaw were calculated as zero by the integration program and were ignored in the 

treatment of the data. 

U n s t e a d y measu remen t s 

Figure 48 presents an example of time series data for the unsteady aerodynamic forces 

on the model compared with the mean forces and moments of the balance, when the 

model has a pitch angle of 0°, a ride height of 25 mm, the reference configuration, 

and the wind tunnel speed is 15 m/s. The difference is due to the assumption that 

the pressure measure at one point is the same on the area associated to this pressure 

tap. 

Figure 49 presents an example, over a short time period, of the variations in the 

unsteady pressure measurements presented in Figure 48. 

From the time series, it is possible to create a spectrum showing the frequencies 

excited, as shown in Figure 50. 

Figures 48 and 50 are an example of the unsteady pressure data. There have been 

360 files of pressure data acquired during the test. Those files will be useful as input 

for the dynamic model of Section 4 to cover the different orientations of the model. 
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3.3.4 Visualization of the pressures 

The surface pressure measurements were presented using pressure coefficient Cp de

fined as: 

P - PI 
Cp = ^ — ^ (23) 

q 

where: 

• Pi is the local pressure at the pressure tap i; 

• PI is the static pressure reference; and 

• q is the dynamic pressure. 

The mean and peak coefficients are presented in Figures 51 and 52. The left col

umn presents the mean coefficients and the right column presents the peak coefficients 

calculated as: 

_ max(Cp) - min(Cp) 

The mean pressure coefficient represents the static portion of the signal and the 

peak coefficient represents the dynamic portion of the signal. Therefore, the variation 

of the pressure coefficients can be compared with the mean coefficients. 

In Figure 51, the mean coefficient increased for a higher ride height but the peak 

coefficient is higher at a smaller ride height. 

The pressure distribution at a pitch angle of 4°, as observed in Figure 52, is 

different than the distribution observed for other angles. There is a strong variation 

of the mean pressure coefficients under the body and higher peak coefficients on the 

top for smaller mean pressure coefficients. Therefore, on top, the variation in the 

pressure coefficient is about 100% the mean pressure coefficient, and for some taps, 
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Figure 53: Positions of the Cobra probe for the wake measurements. 

more. The peak coefficients on the top of the body increase as the pitch angle is 

increased. 

3.3.5 Wake measurement 

Measurements in the wake of the model were made using a Cobra probe as described 

in Section 3.2.4. The measurements were performed for 60 seconds at a frequency 

of 2500 Hz. Data was gathered at two different positions: one at 1/4 of the width 

D perpendicular to the centreline of the model, 1 D behind the model and 101 mm 

from the ground and the second position on the side line of the model, 4 D behind 

the model at a height of 51 mm, as shown in Figure 53. The static pressure was 

measured at the same height as the Cobra probe, but closer to the wall. 
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Three tests were performed with the Cobra probe. At the first position, data were 

acquired in the wake of the model for speeds between 5 m/s and 17 m/s at increments 

of 2 m/s, for the reference configuration of the model, ride height of 25 mm and a 

pitch angle of 0°, and for a mixed configuration, ride height of 18 mm and pitch angle 

of 2°. 

The second test was perform at a constant speed, but the yaw angle was varied 

from -4° to 10° in increments of 2°. The Cobra probe was positioned at the second 

position as shown on Figure 53 and the model was tested with the same mixed 

configuration as for the first test. This test was performed at 11 m/s, 13 m/s and 

15 m/s. 

Finally, data was acquired in the wake, at the second position for the same mixed 

configuration of the model, during the ramp down of the wind tunnel. 

Reference configuration of the model 

Figures 54, 55 and 56 present the spectrum of the longitudinal u, lateral v, and vertical 

w components of the model wake for three wind tunnel speeds, 5 m/s, 11 m/s, and 

17 m/s. 

Large peaks are present at 0.3 Hz for all three components, but mostly for the 

vertical one. The formation of peaks at 1.526 Hz can be observed in Figure 56 at 11 

m/s and 17 m/s. This frequency corresponds to the frequency range excited in the 

non-stationary test presented in Chapter 2. This excitation also corresponds to heave 

movement, the degree of freedom excited. A peak can also be observed at 1.221 Hz 

at 17 m/s in the longitudinal direction, but it was probably not contributing to the 

movement of the model. 

The use of the Cobra probe allowed the acquisition of data at speeds as low as 

4 m/s, which was not possible with the pressure taps. It also shows the variation of 

frequency content in the wake with speed. 
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Figure 54: Spectrum of the u-component of the wake at reference configuration at 
5, 11 and 17 m/s. Ride height = 25 mm, pitch angle = 0°. 
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Figure 55: Spectrum of the ^-component of the wake at reference configuration at 
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Figure 57 presents the spectrum of the vertical component for all the wind speeds 

at which data was acquired. On the top figure, the spectrum is presented over the 

frequency range 0-30 Hz. A large peak is present at 0.3 Hz and a smaller one is 

increasing with the wind speed at 1.5 Hz, just beside it. Since this frequency corre

sponds to the frequency excited during the non-stationary test, the bottom figure is 

presented with a frequency range of 1-30 Hz. The peak at 1.5 Hz is increasing with 

wind speed and is particularly large after 9 m/s compared to the frequency content 

at higher frequencies. This is consistent with the observations from Chapter 2. 
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Figure 57: 3-D carpet plot of the u;-component of the wake as a function of wind 
speed for the reference configuration. (The top figure is plotted with a frequency 
ranging from 0 to 30 Hz while the bottom one starts at 1 Hz.) 
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Mixed configuration of the model 

Figures 58, 59 and 60 present the evolution of the three components of the wake as 

a function of the wind tunnel speed for a mixed configuration, ride height of 18 mm 

and pitch angle of 2.2°. Once again, a peak at 1.5 Hz at 17 m/s can be observed on 

the vertical component spectrum on Figure 60. Another peak is observed at 2.441 Hz 

at 11 m/s on the same figure. 
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Figure 58: Spectrum of the u-component of the wake with a mixed configuration at 
5, 11 and 17 m/s. Ride height = 18 mm, pitch angle = 2.2°. 

J I i i i i L 

i i i —— 
Wind tunnel speed = 11 m/s 

J I i i i L 



85 

0.7 

D.S • 

0.3 

0.2 

1 

\ 

1 

i : 

f\% 
i 

m V 
1 w 

u i 
10 15 20 25 30 35 40 45 50 

S0.4 

Wind tunnel speed = 11 m/s I 

i 

2.5 

1.5 

1 

10 15 20 25 30 35 40 45 

- V 
i i I 

1 1 1 

| Wind tunnel speed = 17 m/s | 

I 
10 15 20 25 30 35 40 45 50 

Frequency (Hz) 

Figure 59: Spectrum of the w-component of the wake with a mixed configuration at 
5, 11 and 17 m/s. Ride height = 18 mm, pitch angle = 2.2°. 
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Figure 60: Spectrum of the w-component of the wake with a mixed configuration 
at 5, 11 and 17 m/s. Ride height = 18 mm, pitch angle = 2.2°. 
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The large peak at 0.3 Hz and the smaller one at 1.5 Hz can be observed in Fig

ure 61. The peak at 1.5 Hz is increasing with wind speed, but this augmentation is 

more important at wind speeds of 11 m/s and higher. Once again, it is consistent 

with the observations made during the non-stationary test, when the amplitude of 

the movement was increasing faster after 9-11 m/s. 
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Figure 61: 3-D carpet plot of the w-component of the wake as a function of wind 
speed. Ride height = 18 mm, pitch angle = 2.2°. (The top figure is plotted with a 
frequency ranging from 0 to 30 Hz while the bottom one starts at 1 Hz.) 
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Spectra of the three components for four yaw angles (-4°, 0°, +4°, +8°) are pre

sented in Figures 62, 63 and 64. 

The data acquisition was performed for only 15 seconds at each angle for this test. 

Due to the high sampling frequency, to obtain a good resolution of the spectrum, the 

spectral window had to be large. The variance error of this test is 0.46 (46%), therefore 

the amplitude of the peaks is an estimation but the frequency corresponding to the 

peak is correct. 

There are no particular tendencies observable in the spectra of the different yaw 

angles. 
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for different yaw angles at 15 m/s. Ride height = 18 mm, pitch angle = 2.2°. 
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Figure 64: Spectrum of the ^-component of the wake with a mixed configuration 
for different yaw angles at 15 m/s. Ride height = 18 mm, pitch angle = 2.2°. 
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3.4 Conclusions regarding the stationary test 

With the stationary test, the aerodynamic characteristics of the Ahmed body and 

the steady and unsteady pressure distributions were determined for different config

urations. This information was used in the dynamic model presented in Chapter 4. 

It was observed that the ride height has a strong influence on the drag and lift 

coefficients and the pitch angle has a strong influence on the drag, lift and yawing 

moment coefficients. 

The time series of the surface pressure measurements presented a variation of 

about 10% of the amplitude around the mean coefficient. Some large peaks were 

observed in the time series. 

The visualization of the pressure coefficient distribution showed a strong variation 

of the mean and peak pressure distribution as a function of the variation of the pitch 

angle. Small variations were observed for a ride height variation. 

The measurements in the wake of the model showed the presence of a large peak 

at 0.3 Hz and the presence of a peak at 1.5 Hz that is not negligible at wind speeds of 

more than 9 m/s. This could be interpreted as the possible source of the excitation 

of the non-stationary model. 



Chapter 4 

Dynamic model 

A dynamic model has been developed to determine if the displacements of the model 

observed during the non-stationary test can be predicted by the set-up characteristics 

measured in the 5 m Vertical Wind Tunnel and the steady and unsteady aerodynamic 

forces measured on the stationary model. 

This dynamic model will determine if the motion induced forces have an important 

impact on the behaviour of the model or if the stationary forces and their variations 

with ride height and pitch angle or the unsteady forces originating from the wake are 

the main source of the displacements. 

4.1 Model 

4.1.1 Development of the model 

The set-up characteristics measured in the 5 m Wind Tunnel are the total damping 

and the total stiffness in heave, pitch and yaw. When measuring the unsteady forces 

on the stationary model, the limitation in the number of pressure taps allowed the 

acquisition of consistent data only in drag, heave and pitch. 
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Therefore, the dynamic model will be based on the two degrees-of-freedom com

mon to both tests: heave and pitch. 

In the simulation, the stiffness of the model will be modeled by a compression 

spring for heave and a torsional spring for pitch. A traditional damper and a torsional 

damper will represent the damping in heave and in pitch, as presented in Figure 65. 

Heave 

<—» 

jr-nm 

Pitch 

Figure 65: Diagram of the springs and dampers used for the simulation. 

The dynamic model is based on the hypothesis that there is no damping or stiffness 

effect in roll, side, drag or yaw and the lateral damping and stiffness are constant over 

the whole body. 

Newton's second law states that: 

E F = ma. (25) 
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We can apply Newton's second law for the heave degree-of-freedom and its ro

tational analogue to the pitch degree-of-freedom separately. In heave, it can be ex

pressed as: 

'mtotaiO'h — —FDH — FSH + FAH (26) 

where: 

• iritotai is the total displaced mass of the model; 

ah is acceleration in heave of the model; 

FDH is the reaction force of the spring; 

FSH is the reaction force of the damper; and 

• FAH is the aerodynamic forces applied to the model. 

The forces are presented on the free body diagram presented in Figure 66 

"DH 

• * < 

>MWMN--> * H 

Figure 66: Free body diagram of the forces in heave. 

The total displaced mass can be determined as per the equation below that ac

counts for the portion of the spring mass that is in motion. The effective contribu

tion from the standard helical springs can be assumed to be one third of their total 
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mass [17] 

'"'springs-

(27) 

Rearranging Equation (26), we can isolate the aerodynamic forces can be isolated: 

mtotaidh + FDH + FSH = FAH. (28) 

The reaction forces of the spring and the damper can be expressed as a function 

of the position, Xh, and the velocity, i/j, of the model: 

^SH khxh, (29) 

FDH = chxh. (30) 

Therefore, Equation (28) can be expressed as: 

FAH - mtotaixh + chxh + khxh (31) 

The same reasoning can be applied for pitch for the summation of the moments: 

Izap = -MDP - MSp + MAP (32) 

where: 

• ap is acceleration in pitch of the model; 

• MDP is the reaction moment of the spring; 

• Msp is the reaction moment of the damper; and 

• MAP is the aerodynamic moment applied on the model. 
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Therefore, the final expression of the pitch moment as a function of the position, 

xp, the velocity, xp, and the acceleration, ajft, is: 

MAP = Izxp + CpXp + kpxp. (33) 

4.1.2 General formulation of the model 

The general dynamic model formulation is: 

{M]{x} + [C}{x} + [K]{x} = {F} (34) 

where [M] is the mass matrix, [C] is the damping matrix, [K] the stiffness matrix, 

{F} the force vector and {x}, {x} and {x} are the composite acceleration vector, the 

composite velocity vector and the composite position vector of the model respectively. 

Equations (31) and (33) can be rewritten in the uncoupled matrix form: 

m 0 

0 Iz 

The damping coefficients for the damping matrix can be determined using the 

total damping measured for each wind speed in the wind tunnel. 

Assuming that the system is a dissipative system and that the amplitude of the 

displacement of the model is small and always in the linear domain, the critical 

damping coefficient can be calculated from 

€„ = 2 • m • UJ. (36) 

The critical damping coefficient is a function of the mass of the system, m, and of 

the damped natural frequency, u, measured to determine the total stiffness in Section 

2.3.3. 

Xh 

Xp 

+ 
Ch 

0 

0 

Cp 

Xh 

Xp 

+ 
kh 

0 

0 

Kp 

Xh 

Xp 

— FAH 

_MAP_ 
(35) 
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The damping coefficient, c, applicable in the damping matrix is a function of the 

percentage of critical damping, e, and the critical damping coefficient, ccr 

c = e • ccr — 2 • e • m • u. (37) 

The damping coefficient is function of the wind speed and therefore remains con

stant in the model for a given wind speed. 

4.2 Model solution 

4.2.1 Euler method 

The numerical integration of the ordinary differential equations of the dynamic model 

has been performed using the Euler method. It is a first order numerical procedure 

used to solve differential equations with a given initial value. 

In this case, the objective was to reproduce the test when the model was initially 

at rest and self-induced vibrations were observed and compare the amplitude of the 

oscillations once the build-up phase was completed. Therefore, the initial values for 

the body's initial positions and initial velocities were: 

• initial position in heave : 0 mm; 

• initial velocity in heave : 0 m/s; 

• initial position in pitch : 0°; and 

• initial velocity in pitch : 0°/s. 

All other parameters such as model mass, damping coefficient, and spring stiffness 

were obtained from the parameters of the dynamic tests of Chapter 2. 
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To enable the calculation of the position and velocity in the two degrees of freedom 

at the next time step, a force has to be applied on the system to determine the 

acceleration. 

The forces are determined using the integrated pressures presented in Section 

3.3.3. The average of the pressure data has been adjusted to match the average of 

the balance data for each degree of freedom by multiplying the time series by the 

corresponding factor. This procedure has been performed to decrease the effect of 

the limited number of pressure taps on the surface of the model. The balance data 

measured the effect of the flow on the whole body, therefore, the average is more 

reliable. The corrected integrated force and moment present the same average as the 

balance data, but contain also the measured variations. 

The forces inserted in the dynamic model are dependant on the position of the 

model. The simulation therefore starts with the data acquired at the initial position. 

As the pitch angle and/or the ride height change, the force data applied to the model 

continuously changes to match the corresponding case measured in the wind tunnel. 

Limits have been assigned to determine the range associated with each set of data 

acquired during the stationary test of Chapter 3. 

The forces are inserted in the model as acquired in the wind tunnel to correspond 

to the development of the flow around the body. The modification of this signal would 

not simulate the displacement of the flow along the side, top and bottom panels. Each 

time that the simulation programme changes the configuration, a random position is 

picked in the time series to use the data. 

Once the forces in heave and pitch at t=0 were determined, the initial acceleration 

could be determined. 

Since the two motions, in heave and pitch, are assumed independent, the equations 

of motion could be used to determine the state of the system at the next step in time 

by applying the following integration rule both for the heave and pitch: 
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dt+At = dt + vtAt + -aAt2 (38) 

and 

vt+At -vt + aAt (39) 

where: 

• dt is the body's initial position; 

• dt+At is the final position; 

• vt is the body's initial velocity; 

• Vt+At is the final velocity; and 

• a is the acceleration that is assumed to remain constant between those two 

points. 

The final position and velocity for both heave and pitch were taken as the ini

tial values of the next step. With the new position of the model, the appropriate 

unsteady pressure data were selected. Another random force was determined and a 

new acceleration was calculated, leading to the new final position and velocity. This 

loop was repeated by small increment of time, 0.0014 second, until the preselected 

simulation run time of 120 seconds elapsed. 

4.3 Validation of the model 

4.3.1 Decay traces 

The first validation of the model performed was the reproduction of the decay traces. 

An initial displacement in heave or in pitch was determined in the model and the 
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(a) Modeled decay trace 

(b) Experimental decay trace 

Figure 67: Comparison between the decay trace of the dynamic model and the 
experimental one in heave for the small weight case. 

forces were equal to zero. This allowed validating the amplitude and the frequency 

of the modeled signal. 

For the small weight and large weight cases, the frequency and amplitude of the 

signals matched very well with the experimental data, as shown in Figures 67 through 

70. 
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(b) Experimental decay trace 

Figure 68: Comparison between the decay trace of the dynamic model and the 
experimental one in pitch for the small weight case. 
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(a) Modeled decay trace 

(b) Experimental decay trace 

Figure 69: Comparison between the decay trace of the dynamic model and the 
experimental one in heave for the large weight case. 
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(a) Modeled decay trace 

(b) Experimental decay trace 

Figure 70: Comparison between the decay trace of the dynamic model and the 
experimental one in pitch for the large weight case. 
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4.3.2 Application of a steady force and moment 

The second test performed with the dynamic model was to input a steady force and 

moment corresponding to the mean forces from the reference configuration. This 

represented the utilization, in the industry, of the aerodynamic force and moment 

coefficients in simulations. 

In the industry, the coefficients used are the structural damping and stiffness coef

ficients. Using the coefficients measured without wind, the mean forces and moments 

measured during the stationary test where applied on the system. 
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Figure 71: Graph of the simulation of the displacement in heave and pitch of the 
small weight case at 11 m/s for a constant force input, structural coefficients. 

As observed in Figures 71 through 73, the oscillations are damped in the three 
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Figure 72: Graph of the simulation of the displacement in heave and pitch of the 
small weight case at 13 m/s for a constant force input, structural coefficients. 

cases, with an augmentation of the amplitude of the displacement and the steady-

state value. The graphs of the displacement in heave and pitch for the large weight 

case are presented in Appendix D. The same conclusions can be drawn. 

This test was also performed using the total damping and stiffness of the corre

sponding wind speed with the mean forces and moments applied on the body. This 

test was applied for the small weight case at 11 m/s and for the large weight case at 

11 m/s, 13 m/s and 15 m/s. The model with the small weight was too unstable in 

pitch to obtain valuable data to insert in the model. 

The simulation with the small weight case (Figure 74) became unstable because 

the total damping was negative. Therefore, the movement of the model is amplified. 
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Figure 73: Graph of the simulation of the displacement in heave and pitch of the 
small weight case at 15 m/s for a constant force input, structural coefficients. 

In the large weight case (Figure 75), the damping coefficient was positive and the 

signal was damped in both heave and pitch until the model stabilized at a certain 

distance and angle. For higher speeds (the figures are presented in Appendix D), the 

stabilization occured at a higher amplitude in heave and a slightly larger pitch angle. 

This test was performed to represent the utilization of the aerodynamic charac

teristics in the industry and to compare the results with the cases where unsteady 

measurements are used. 
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Figure 74: Graph of the simulation of the displacement in heave and pitch of the 
small weight case at 11 m/s for a constant force input. 
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4.3.3 Self-induced movement 

The model developed in the previous section was then used to simulate four different 

cases of self induced movement, from a stationary position of the model with the 

small weight at 11 m/s and the model with the large weight at 11 m/s, 13 m/s and 15 

m/s. The unsteady forces corrected with the balance data measured at different wind 

speeds during the stationary were input into the model to observe the amplitude and 

the frequency of the simulated oscillations. 
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Figure 76: Graph of the simulation of the small weight model position as a function 
of the time at 11 m/s. 

The self induced movement in the small weight case in the simulation (Figure 

76) is not similar to the measured time series (Figure 77). The amplitude of the 

displacement in heave in the simulation increased rapidly and became unstable due 
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Figure 77: Time series of the displacement as a function of time as measured for 
the small weight case at 11 m/s. 

to the negative total damping. In pitch, the simulation showed a very small oscillation. 

In both cases, motion-induced forces, not represented in this simulation, proba

bly had an effect on the times series. The response to the aerodynamic excitation 

appeared to be self limited for the experiments of Chapter 2. The forces due to the 

wake appeared to be limited in amplitude, probably because of the interference of 

the wall. If the motion induced forces were in phase with the movement of the model 

and were not limited, they could amplify it. 

The frequencies of oscillations in both cases are similar, only the amplitude of the 

displacements are different. 

For the large weight case, the simulation (Figure 78) presents a large displacement 



113 

60 

E 40 
c 
o 

« 20 
o 

JjlftMAAAAiwv^L ^ _...; „.. .• ; 

-g -0.005 

c 
g 

w -0.01 
o 
Q_ 

-0.015 
10 15 20 25 

Time (s) 
30 35 

10 15 20 25 30 35 40 45 

Time (s) 

40 45 

Figure 78: Graph of the simulation of large weight model position in function of 
time at 13 m/s. 

in heave in the first five seconds, but the amplitude of the displacement decreases and 

the amplitude of the oscillations, when stabilized are of the same order as the time 

series measured (13 vs 20 mm) (Figure 79). The amplitude of the pitch angle is, again, 

very small compared to the measured data. The conclusions are the same for all the 

wind speeds. The others cases are presented in Appendix D. 
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Figure 79: Time series of the displacement in function of time as measured, large 
weight 13 m/s. 
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4.4 Conclusions regarding the dynamic model 

The dynamic model presented in this chapter can recreate decay traces without wind 

using the structural damping and stiffness coefficients measured. The amplitude and 

the frequency of the time series data can be reproduced with high precision. 

For the cases with wind, the results are less accurate. The model doesn't consider 

the motion-induced forces which might have an influence on the system, particularly 

in pitch. 

The amplitude of the movement in heave for all the small weight cases becomes 

unstable due to the negative damping measured at 11 m/s on the non stationary 

model. This instability is not observed in the wind tunnel when the self-induced 

movement experimentation was performed. 



Chapter 5 

Concluding remarks 

5.1 Motion induced forces 

The main objective of this thesis was to determine if unsteady aerodynamic forces ex

isted around an Ahmed body. This objective was reached when sustained oscillations 

of the model were observed in the experiments reported in Chapter 2 carried out in 

the 5 m Vertical Wind Tunnel. Self-induced vibrations imply unsteady aerodynamic 

forces. Aerodynamic damping and stiffness of the system were measured for a wide 

range of speeds, until instability of the system was reached. 

The second objective was to determine the type of aerodynamic forces. The 

measurement performed in the 2 m x 3 m Wind Tunnel with the Cobra probe did 

allow the detection of a peak in the vertical component of the wake at a frequency 

close to the frequency at which the Ahmed body was excited. The amplitude of this 

peak increased at the same wind speeds at which movement was observed in the non-

stationary test; however, this alone is not sufficient to conclude that it is the only 

cause of the sustained oscillations. 

Furthermore, with the surface measurements performed during the stationary test 

and the aerodynamic characteristics of the Ahmed body calculated in the non sta

tionary test, it has been shown that the aerodynamic characteristics and the unsteady 
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forces due to the shape of the model are not sufficient to reproduce the movement 

observed in the wind tunnel based on the simulation model presented in Chapter 4. 

The presence of motion induced forces is therefore probable. The displacement of the 

model towards the wind tunnel wall influenced the behaviour of the body and it is 

impossible to predict those influences using the surface pressure measurements. 

5.2 Shape sensitive 

The non-stationary and stationary test results are both very sensitive to the shape of 

the model. Therefore, the results obtained in this research are not applicable to any 

other vehicle shape. 

Measurement of the aerodynamic stiffness and damping curves as a function of 

wind speed for different body shapes would have to be performed to evaluate their 

sensitivity to the shape. 

The pressure distribution on the body is unique to the Ahmed body and so is the 

frequency content of the wake. If another body had been used in this project, the 

results could have been completely different. 

5.3 Other dynamic model 

This thesis focused only on the unsteady aerodynamic forces without interfering with 

the dynamics of the vehicle. 

It would be interesting to investigate this other aspect with a comprehensive 

vehicle dynamics model to methodically evaluate the impact of the variation of the 

damping and stiffness characteristics. Currently, vehicle dynamics models consider 

that the damping and stiffness due to the aerodynamics are constant as a function of 

wind speed. 
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Such a model would determine the sensitivity of a car to unsteady aerodynamic 

forces in different situations. It would also offer a better understanding of the impor

tant aerodynamic characteristics in the handling of a car and the vehicle character

istics that could increase the chance of undesirable behaviour of the vehicle due to 

unsteady aerodynamic forces. 

Such handling problems have been observed on different production cars and have 

been fixed with aerodynamic devices. The understanding of the causes of the be

haviour and their sensitivity could improve the safety of the vehicle, particularly 

considering the steady trend towards lighter production vehicles that are likely more 

subject to this kind of problem. 

5.4 Future work 

This thesis is a starting point in understanding the unsteady aerodynamic forces 

around vehicles. An extensive body of existing work on aircraft flight dynamics and 

ship dynamics, including their response to air turbulence and roughness is available in 

the literature. It would be interesting to investigate the extent to which it is possible 

to take advantage of it to address the problem of unsteady aerodynamic loads and the 

dynamic response of road vehicles as well as to define the vocabulary of the field [27]. 

More testing should be done with a set-up allowing the investigation of the move

ment over a larger range. Therefore, the transitions would be less aggressive and the 

quality of the mapping on the aerodynamic damping and stiffness, improved. 

The set-up should also facilitate the movement in yaw and side to obtain data in 

the 4 degrees of freedom. 

More unsteady measurements should be performed on vehicles with an increased 

number of pressure taps. Higher speeds should be used to decrease the error on the 

pressure measurements at low speed. 
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The effect of the Reynolds number could also be investigated. These tests were 

performed at really low Reynolds number and its effect is unknown on the results. 

Further, a refined dynamic model should be developed for introducing unsteady 

aerodynamic loading both to simulations of dynamic experimental models and sub

sequently to comprehensive vehicle dynamics models. 
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Appendix A 

Location of the pressure taps 

-toe.o-
^46.0-

-189.0-
-233.0-

-278.0-
-323.0-

-3B8.0-
-398.0-

150.0 

78.0 

Top 

All dimensions are In mm. 

Figure 80: Positioning of the pressure taps in mm (top). 
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Figure 81 : Positioning of the pressure taps in mm (side and bottom). 
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Appendix B 

Balance data 
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Yaw angle in degrees Yaw angle in degrees 

Figure 83: Static force and moment coefficients as a function of pitch angle in 
degrees, for five pitch angles at a constant ride height of 25 mm and a constant wind 
speed of 11 m/s. 
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Figure 84: Static force and moment coefficients as a function of pitch angle in 
degrees, for five pitch angles at a constant ride height of 25 mm and a constant wind 
speed of 13 m/s. 
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Figure 85: Static force and moment coefficients as a function of pitch angle in 
degrees, for five pitch angles at a constant ride height of 18 mm and a constant wind 
speed of 11 m/s. 
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Figure 86: Static force and moment coefficients as a function of pitch angle in 
degrees, for five pitch angles at a constant ride height of 18 mm and a constant wind 
speed of 13 m/s. 
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Figure 87: Static force and moment coefficients as a function of pitch angle in 
degrees, for five pitch angles at a constant ride height of 18 mm and a constant wind 
speed of 15 m/s. 
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Figure 88: Static force and moment coefficients as a function of pitch angle in 
degrees, for five pitch angles at a constant ride height of 33 mm and a constant wind 
speed of 11 m/s. 
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Figure 89: Static force and moment coefficients as a function of pitch angle in 
degrees, for five pitch angles at a constant ride height of 33 mm and a constant wind 
speed of 13 m/s. 
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Figure 90: Static force and moment coefficients as a function of pitch angle in 
degrees, for five pitch angles at a constant ride height of 33 mm and a constant wind 
speed of 15 m/s. 



Appendix C 

Measurements of the frequency response 

of the pressure measurement system 

Calibration of the pressure measurement system was performed to measure the fre

quency response of each tube. Since the tubes were all the same length and diameter, 

the responses are similar. But the bent metal inserts and small variations of the 

inside diameter of the tube might have an effect on the response. The length of the 

tubes inside the temperature control unit of the ZOC33 also influenced the frequency 

response, but this was controlled by turning on the ZOC33 at least one hour before 

the calibration or the test. 

The calibration has been performed using a spectrum analyzer. A band-width 

limited noise source was sent through a power amplifier to a horn driver. The noise 

frequency band was 0-800 Hz to cover all the frequencies acquired at the sampling 

frequency determined for this project. The horn driver was applied hermetically on a 

pressure tap of the model to prevent pressure leaks. The horn driver was producing 

pressure waves corresponding to the noise emitted by the source. 

This pressure wave was measured by a calibrated fast response transducer, Kulite, 

positioned at 6 mm from the surface of the model. The Kulite measurement is used 

as a reference and the phase between the lecture at the Kulite and the entrance of 
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the port is considered to be zero. Considering that the speed of sound is 343.3 m/s 

at 20°C, it takes 2.33xl0~5 seconds for the pressure wave to cover the 6 mm. 

The pressure is also measured through the pneumatic tubes by the ZOC. The 

spectrum analyzer acquires the data from the ZOC on channel B and can compare 

the signal with the reference. This calibration has to be performed for each port, one 

at the time. A schematic illustration of the set-up is presented in Figure 91. 
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Figure 91: Schematic illustration of the set-up of the pressure taps calibration 
system. 



Appendix D 

Graphs of the dynamic model 
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Figure 92: Graph of the simulation of the displacement in heave and pitch of the 
large weight case at 11 m/s for a constant force input, structural coefficients. 
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Figure 93: Graph of the simulation of the displacement in heave and pitch of the 
large weight case at 13 m/s for a constant force input, structural coefficients. 
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Figure 94: Graph of the simulation of the displacement in heave and pitch of the 
large weight case at 15 m/s for a constant force input, structural coefficients. 
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Figure 95: Graph of the simulation of big weight model position in function on the 
time at 11 m/s. 



141 

60 

E 40 

•w 20 
o 
CL 

10 15 20 25 30 35 40 45 
Time (s) 

s 
CL 

-0.005 

-0.01 

-0.015 

-0.02 
10 15 20 25 30 

Time (s) 
35 40 45 

Figure 96: Graph of the simulation of big weight model position in function on the 
time at 15 m/s. 


