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ABSTRACT 

 

This study involved experimental and equivalent computational 

investigations into the automobile-type 3―D flow physics of a diffuser bluff 

body in ground-effect and novel passive flow-control methods applied to the 

diffuser flow to enhance the diffuser’s aerodynamic performance. The bluff 

body used in this study is an Ahmed-like body employed in an inverted 

position with the slanted section together with the addition of side plates 

along both sides forming the ramped diffuser section.  

The first part of the study confirmed reported observations from 

previous studies that the downforce generated by the diffuser in proximity 

to a ground plane is influenced by the peak suction at the diffuser inlet and 

subsequent static pressure-recovery towards the diffuser exit. Also, when 

the bluff body ride height is gradually reduced from high to low, the diffuser 

flow as indicated by its force curve and surface flow features undergoes four 

distinct flow regimes (types A to D). The types A and B regimes are 

reasonably symmetrical, made up of two low-pressure core longitudinal 

vortices travelling along both sides of the diffuser length and they increase 

downforce and drag with reducing ride height. However, below the ride 

heights of the type B regime, types C and D regimes are asymmetrical 

because of the breakdown of one vortex; consequently a significant loss in 

downforce and drag occurs. 

The second part of the study involved the use ― near the diffuser exit ― 

of a convex bump on the diffuser ramp surface and an inverted wing 

between the diffuser side plates as passive flow control devices. The 

modification of the diffuser geometry with these devices employed 

individually or in combination, induced a second-stage pressure-drop and 

recovery near the diffuser exit. This behaviour was due to the radial 

pressure gradient induced on the diffuser flow by the suction surface 
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curvature of the passive devices. As a result of this aerodynamic 

phenomenon, the diffuser generated across the flow regimes additional 

downforce, and a marginal increase in drag due to the profile drag induced 

by the devices. 

 

Keywords: ground-effect aerodynamics, diffuser, passive flow control, 

inverted wing, convex bump, downforce, drag 
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NOMENCLATURE 

 

Notation 

𝐴   = bluff body frontal area (𝑚2) 

𝐴1   = diffuser inlet area (𝑚2) 

𝐴2   = diffuser exit area (𝑚2) 

𝑏   = inverted wing span (𝑚) 

𝑐   = chord length of inverted wing (𝑚) 

𝐶𝐷   = coefficient of drag  
𝐷

𝑞∞ 𝐴
 

𝐶𝐷𝐸𝑆 , 𝐶𝐷𝐸𝑆1 , 𝐶𝐷𝐸𝑆2  = empirical model constants 

𝐶𝑓   = skin friction coefficient  
𝜏𝑤

𝑞∞
 

𝐶�̿�   = streamwise-length-averaged skin friction coefficient 

𝐶𝑓𝑥   = local skin friction coefficient at any given 𝑥 −wise position 

𝐶𝐿   = coefficient of lift  
𝐿

𝑞∞ 𝐴
 

𝐶𝑝   = coefficient of pressure  
𝑝 − 𝑝∞

𝑞∞
 

𝐶�̅�                    = overall pressure-recovery coefficient of diffuser with a  

   single-stage pressure recovery 

𝐶�̅�𝑠  = overall pressure-recovery coefficient of diffuser with a two-  

   stage pressure recovery  

𝐶𝜇 , 𝐶𝜔   = model constant 

𝐶𝜔1 , 𝐶𝜔2 , 𝐶𝜔3,  = model constants 

𝑑   = bluff-body half-width of diffuser (𝑚) 

𝑑𝜔   = distance to the nearest wall 

𝐷   = aerodynamic drag (𝑁) 

𝐷𝐿   = near-wall laminar dissipation term 

𝐷𝑇   = near-wall turbulent dissipation term 

𝑓𝑑   = empirical blending function 

𝑓𝑒   = elevating function 

𝑓𝑊   = damping function 

𝐹𝜃𝑡   = switching function 

𝐹1   = blending function 

𝑔𝑝   = gap between inverted wing and diffuser ramp or bump (𝑚) 

ℎ   = bluff body ride height (𝑚) 

ℎ𝑑  = distance between the rolling-road and diffuser bluff  

    body side plate vertex at a pitch angle 𝜂 

ℎ𝑚𝑎𝑥   = maximum cell edge length 
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𝐻   = bluff body height (𝑚) 

𝑙𝑟  = distance between leading edge of diffuser bluff body  

                          flat underbody section and side plate vertex 

𝐿   = aerodynamic downforce (𝑁) 

𝐿𝐵   = bluff body length (𝑚) 

𝐿𝐷   = diffuser length (𝑚) 

𝐿𝑓   = flat underbody section length (𝑚) 

𝑙𝑑   = diffuser ramp surface length (𝑚) 

𝑙𝐼𝐷𝐷𝐸𝑆 , 𝑙𝐿𝐸𝑆 , 𝑙𝑅𝐴𝑁𝑆  = length scale for IDDES, LES and RANS 

𝑁   = weight of vehicle or bluff body (𝑁) 

𝑝   = static pressure (𝑃𝑎) 

𝑝∞   = atmospheric pressure (𝑃𝑎) 

𝑃𝑘   = production term 

𝑃𝑘𝐿   = production term for laminar kinetic energy 

𝑃𝑘𝑇   = production term for turbulent kinetic energy 

𝑞∞   = freestream dynamic pressure  
𝜌𝑈∞

2

2
 

Re   = Reynolds number  
𝑈∞ 𝐿𝐵

𝜈
 

𝑅𝐵𝑃   = model term for bypass transition 

𝑅𝑁𝐴𝑇   = model term for natural transition 

𝑆   = diffuser ramp surface area (𝑚2) 

∆𝑡   = time-step 

∆𝑡𝑚𝑖𝑛   = minimum time-step 

𝛥𝑈   = baseline diffuser 𝑈 𝑚𝑖𝑛𝑢𝑠 modified diffuser 𝑈, (𝑚 𝑠−1) 

𝛥𝑢′   = baseline diffuser  𝑢′ 𝑚𝑖𝑛𝑢𝑠 modified diffuser 𝑢′, (𝑚 𝑠−1) 

∆𝑥   = grid size in the 𝑥 direction 

𝑢𝑖 , 𝑢𝑗   = ensemble-averaged velocity tensors 

𝜇𝑡    = dynamic turbulent viscosity  

𝑢, v, 𝑤   = velocity components in 𝑥, 𝑦, 𝑧 directions 

𝑢′   = root mean square of turbulent velocity fluctuations (𝑚 𝑠−1) 

𝑈   = total velocity √𝑢2 + v2 + 𝑤2, (𝑚 𝑠−1) 

𝑈1   = diffuser inlet velocity (𝑚 𝑠−1) 

𝑈2   = diffuser outlet velocity (𝑚 𝑠−1) 

𝑈∞   = freestream velocity (𝑚 𝑠−1) 

𝜈𝑡    = kinematic eddy-viscosity 

𝑊   = width of diffuser (𝑚) 

𝑥𝑖 , 𝑥𝑗    = directional tensors 

𝑥, 𝑦, 𝑧 = Cartesian coordinates from origin: 𝑥 is positive downstream,   

             𝑦 is positive upwards, 𝑧 is positive to port side 

𝑦+ = dimensionless distance from wall in y direction 
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Greek Symbols 

𝛼   = angle of attack of inverted wing (𝑑𝑒𝑔𝑟𝑒𝑒𝑠) 

𝛼𝑇   = effective diffusivity 

𝛽∗, 𝛽   = model constants 

𝛾   = intermittency 

𝛾𝑠   = specific heat ratio 

𝛤   = circulation (𝑚2𝑠−1) 

𝜂   = diffuser bluff body pitch angle 

𝜃   = diffuser ramp angle/divergence angle (𝑑𝑒𝑔𝑟𝑒𝑒𝑠) 

𝑘   = turbulent kinetic energy 

𝜇   = dynamic viscosity (𝑘𝑔 𝑚−1 𝑠−1) 

σ   = closure coefficient 

𝜐   = kinematic viscosity  
𝜇

𝜌
, (𝑚2𝑠−1) 

𝜌   = air density (𝑘𝑔 𝑚−3) 

𝜏𝑖𝑗   = viscous stress tensor 

𝜏𝑤   = wall shear stress (𝑃𝑎) 

𝜔𝑠   = specific dissipation rate 

𝜔𝑥   = streamwise vorticity (𝑠−1) 

 

Abbreviations 

1-D   = one-dimensional 

2-D   = two-dimensional 

3-D   = three-dimensional 

CAD   = computer aided design 

CFD   = computational fluid dynamics 

DES   = detached eddy simulation 

DDES   = delayed detached eddy simulation 

F1   = Formula One 

FIA   = Fédération Internationale de l’Automobile 

IDDES  = improved delayed detached eddy simulation 

LDA/ LDV  = laser Doppler anemometry (velocimetry) 

LES   = large eddy simulation 

PIV   = particle image velocimetry 

RANS   = Reynolds-averaged Navier-Stokes 

SRANS  = steady Reynolds-averaged Navier-Stokes 

TKE   = turbulent kinetic energy 

URANS  = unsteady Reynolds-averaged Navier-Stokes 
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THESIS OVERVIEW 

 

The ground-effect diffuser has become a mainstay on the aft section of 

the underbody of automobiles ― more so on racing cars. Its application on 

racing cars of the modern era leads to an aerodynamic performance benefit 

due to the additional downforce it generates. At this point in time, 

numerous documented studies have been done to understand its complex 

flow behaviour. However, the flow physics behind advanced diffuser 

concepts applied in the auto racing industry over the years has not been 

extensively explained. More so, research that could generate a further 

performance improvement of the diffuser has not been defined and 

presented. The thesis presented here intends to validate the flow physics 

established by background research work done on this subject and also 

present an understanding of the aerodynamics of a diffuser in ground effect. 

In addition, it investigates novel diffuser geometrical alterations aimed at 

enhancing its downforce production and its aerodynamic performance. 

The focus of the thesis is on the flow through the diffuser of a bluff body 

in freestream. Chapter 1 presents a background of the diffuser from its use 

in aeronautical and industrial applications to its inception as a ground 

effect-diffuser on racing cars. The chapter also presents an exposition of the 

aerodynamic principles behind the application of the ground-effect diffuser. 

Chapter 2 presents and discusses previous research done to understand the 

characteristics of the diffuser flow. Flow control principles that could 

potentially enhance the aerodynamic performance of the diffuser are also 

discussed in the chapter. The chapter concludes by describing the incentives 

for this research and sets out its objectives. Chapter 3 elucidates the 

experimental and computational methods employed in this research work. 

Chapters 4  to  6 presents the result data extracted from the research 

methods used in the study and also provides an analysis of the results. 

Chapter 4 and 5  focuses on experimental and computational results 
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analysis for the plane diffuser as the baseline while Chapters 6 presents 

experimental and computational data, and analysis for two novel passive 

flow control techniques applied to enhance the baseline diffuser’s 

aerodynamic performance. Finally, Chapter 7 presents an overall summary 

drawn from the study and proffers future research ideas to further enhance 

the understanding of the subject presented in this thesis. 
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Chapter 1  
 

 

Introduction 
 

The chapter begins by explaining the aerodynamic principles behind the 

ground-effect phenomenon. Then the fundamental fluid dynamics principles of 

internal flow diffusers are introduced. This is followed by a description of a 

diffuser in ground effect together with the flow physics that governs its 

downforce production. The functionality of the ground-effect diffuser on racing 

cars is also outlined and the aerodynamic performance of the ground-effect 

diffuser is defined. 

1.1 Research Background 
 

1.1.1 Ground-effect aerodynamics  

 

Ground-effect aerodynamics is a term associated with aircraft and racing 

cars. When an aircraft flies in close proximity to the ground (typically at a 

height of one to two times its wingspan), the 3―D flow around its (up-lifting) 

wings is influenced by the ground. This is as a result of the downwash 

produced by the wing-tip vortices being obstructed by the surface of the 

ground. Consequently, this obstruction diminishes the downwash from the 

wings and results in a reduced rearward tilt of the local lift vector. The 

induced drag decreases and an increase of the useful component of the lift 

vector takes place (Asselin, 1997).  

A flow interaction also occurs between the front wing of a racing car and 

the road surface but because the lift is acting downwards, the effect of the 

ground proximity is different. As the racing car travels with its inverted front 

wing near to the road surface, the airflow between the wing and road surface is 
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constrained. The constrained airflow accelerates due to the curvature of the 

wing suction surface. Therefore the airflow accelerates between the suction 

surface of the inverted wing and the road surface causing a drop ― below free 

air pressure ― of the static pressure on the suction surface of the wing and 

road surface (Knowles et al., 1994; Ranzenbach & Barlow, 1994,  1995,  1996, 

1997; Jasinski & Selig, 1999). This results in an increase of the negative lift 

vector (downforce) on the wing. Comparably, an airflow interaction occurs in 

the displacement between the smooth underbody floor/diffuser of a racing car 

and the road surface when the underbody is in near proximity to the road 

surface. As in the case of the front wing, when the car travels along the road, 

the velocity of the airflow between the underbody and road surface increases. 

This then lowers the static pressure of the underbody surface and road surface 

consequently generating downforce on the car (Hucho, 1998; Sovran, 1994). 

The ground-effect phenomenon associated with the front wing and underbody 

of the racing car is governed by the Bernoulli principle which states that an 

increase in velocity of an inviscid flow simultaneously occurs with a decrease 

in static pressure. 

1.1.2 Internal flow diffusers 

 

The distinct feature of a diffuser is its increasing cross sectional area 

which extends from the diffuser inlet to its exit. As deduced from the 

continuity principle for an incompressible flow, the mean velocity at the inlet 

is higher than the mean velocity at the exit. This implies that if a minimal loss 

in the kinetic energy of the flow occurs, then the pressure at the exit is higher 

than the pressure at the inlet (Massey & Ward-Smith, 2012). Before the 

inception of ground-effect diffusers as applied in the automobile industry, 

internal flow diffusers have been employed in aeronautical and industrial 

applications. Internal flow diffusers (Figures 1―1a and 1―1b) such as conical, 

annular and plane-walled type diffusers (ESDU, 2007) exist in symmetric or 

asymmetric shapes. The use of internal flow diffusers includes: in reducing the 

velocity and increasing the pressure of the airflow supplied to the combustion 



3 
 

chamber of jet engines; in heating, ventilating and air condition (HVAC) 

systems; and in industrial turbomachinery. The performance of an internal 

flow diffuser with inlet pressure coefficient 𝐶𝑝1 and outlet pressure coefficient 

𝐶𝑝2 is reflected by its pressure recovery1 coefficient [𝐶�̅� = (𝐶𝑝2 − 𝐶𝑝1) (1 − 𝐶𝑝1)⁄ ] 

which in turn is generally influenced by the diffuser ramp angle, inlet and 

outlet conditions (Kline et al., 1959; Sovran & Klomp, 1967). The area ratio and 

aspect ratio of the plane-walled diffuser illustrated in Figure 11b is ℎ2 ℎ1⁄  

and 𝑊 ℎ1⁄   respectively.  

 

Figure 1-1: Illustrations of (a) 2-D conical (b) 3-D plane-wall diffuser dimensional 
parameters 

 

As deduced from the incompressible 1-D continuity equation (Dixon, 1998; 

White, 2011), which is represented as 𝑈1𝐴1 = 𝑈2𝐴2, the diffuser flow can be 

represented mathematically (Equation  1.1) as: 

                                                           
1
 The term “pressure recovery” here refers to the rise in pressure through the diffuser. 
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𝑈1
𝑈2
⁄ =

𝐴2
𝐴1
⁄                                                        (1.1) 

This implies (as in Equation  1.2) that the ideal pressure rise coefficient (which 

is a frictionless and reversible pressure recovery) is then represented as: 

                                     𝐶𝑝𝑟 = 1 − (
𝑈2

𝑈1
⁄ )

2

= 1 − (
𝐴1
𝐴2
⁄ )

2

                                        (1.2) 

However, the pressure recovery will be adversely reduced if there is boundary 

layer separation from the diffuser walls. Duncan et al. (1970) observed that for 

a particular diffuser area ratio, the diffuser will have to be long if it is to 

maintain a small diffuser angle (Ө) to avoid separation, but this then leads to a 

large flow resistance for a real viscous flow. Likewise, the total pressure loss 

will also be large if Ө is large; in this case due to flow separation from the 

diffuser wall giving rise to an enhanced mechanical energy dissipation and 

formation of eddies. Furthermore, there is a negative slope linear relationship 

between the dimensionless parameter  𝜃𝛿𝑡 𝑑1⁄  and the diffuser pressure 

recovery coefficient. Thus, if 𝜃𝛿𝑡 𝑑1⁄   increases then the diffuser pressure 

recovery coefficient will reduce (Winternitz & Ramsey, 1957) with 𝛿𝑡 

representing the boundary layer momentum thickness of the diffuser inlet and 

𝑑1 is the inlet diameter for a conical diffuser (ℎ1  for a plane wall diffuser) as 

shown in Figure  11. 

1.1.3 The ground-effect diffuser 

 

The ground-effect diffuser is generally located at the aft section of a racing 

car’s underbody. It is asymmetric in shape ― unlike the plane-walled diffuser; 

it consists of a solitary diverging ramp surface. When in near proximity to the 

road surface, the diffuser becomes an increasing area duct which provides a 

region in which the high-velocity/low-pressure underbody airflow entering the 

diffuser exits the diffuser as low velocity/high pressure airflow. This velocity-

pressure relationship of a diffuser flow in ground effect was first employed 

effectively in 1977 on the Lotus 78 and 79 Formula 1 cars to generate 



5 
 

downforce (Katz, 2006a). The underbody of the Lotus racing cars were designed 

in the shape of cambered aerofoils with the inclusion of vertical side skirts to 

seal the underbody to the road surface (Tipler, 2009). This design as shown in 

Figure 12, exploited the 2―D effects (thickness, camber, and angle of attack) 

of an infinite inverted wing and the skirts prevented the interruption of 

underbody low pressure by the higher pressure outside the underbody.  

Extensive experimental investigations by Zerihan & Zhang (2000); Zhang 

& Zerihan (2002, 2003a, 2003b) of an inverted wing over a range of ride 

heights close to the ground and a range of incidence angles generally indicated 

that the suction surface of an inverted wing produces low pressure. For a flat 

plate in proximity to a ground plane, the constrained flow acceleration 

underneath the plate generates equal low static pressure on the surfaces of the 

plate and the ground plane. However for an inverted wing in ground effect, the 

low pressure suction underneath the wing is further enhanced as a result of 

the flow-curvature induced on the constrained flow between the curved suction 

surface of the wing and the ground surface. This in turn increases flow velocity 

and generates a radial pressure gradient between both surfaces and as a 

consequence downforce is produced. Likewise, when the Lotus racing cars 

travel along the racing track, the airflow traveling between their aerofoil-

shaped underbody and the road surface accelerates and creates a low-pressure 

region between both surfaces (Wright, 1982; Dominy, 1992; Agathangelou & 

Gascoyne, 1998). As a consequence, downforce is produced and it pushes the 

tyres of the cars onto the road surface. In turn, lap times around the race track 

reduces as the enhanced tyre grip enables the cars to become much quicker 

through the corners due to the application of ground effect (Zhang et al., 2006). 

The plot in Figure 13 demonstrates the influence of downforce on the 

cornering speeds of a racing car when slick and grooved tyres are used in dry 

and wet conditions respectively (Barnard, 2011). In modern road cars, where 

having less drag is paramount to their performance, a smooth underbody-

diffuser combination can reduce the disturbance of the airflow traveling 



6 
 

underneath the vehicle thereby leading to a decrease in aerodynamic drag 

(Tortosa et al. 2011; Palin et al. 2012). 

 

 

Figure 1-2: Illustrations of (a) an inverted aerofoil and (b) the Lotus 78 and 79 underbody 

 

 

 

Figure 1-3: Downforce effect on cornering speeds around a corner radius of 40 𝑚 at 

maximum effective tyre cornering coefficient 𝒌𝒄 (max), (Barnard, 2011) 
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1.2 The Ground-effect Diffuser and Downforce Production 
 

The major aerodynamic components of a Formula 1 racing car include its 

front wing, rear wing, the underbody floor and diffuser. At the maximum speed 

of the racing car its aerodynamic devices generate a significant downforce far 

in excess of its weight (Rendle, 2011). The downforce-producing aerodynamic 

devices also generate aerodynamic drag and, as a result, there is an 

interdependent relationship between downforce and drag (Jeffrey & 

Alperin, 2000). A downforce increase that will increase tyre grip and speed on 

the corners of the race track implies that there is an analogous increase in 

drag that will slow the racing car on the straights of the race track. Figure 14 

outlines the distribution of downforce and drag across the entire F1 racing car. 

As shown in Figure  14, the underbody floor and diffuser together produce the 

most downforce and the least drag among other major aerodynamic 

components of the racing car (Toet, 2013).  

Downforce is generated by the ground-effect diffuser due to the suction 

effect created underneath the racing car. As the airflow with a high velocity 

travels underneath the smooth underbody-floor of the car, the diffuser ― which 

starts downstream of the floor ― serves as an area where the airflow gradually 

transitions into low velocity airflow at the exit of the diffuser. Likewise, the 

diverging area of the diffuser eases the low pressure airflow at its inlet into 

higher pressure airflow at its exit. This creates a pressure recovery which 

begins from the suction peak (due to peak velocity) at the diffuser inlet to the 

higher pressure downstream of the inlet (due to reduced velocity). It is this 

ground effect phenomenon that generates downforce. The downforce 

mechanisms that further explain the downforce-producing effect of the diffuser 

are namely: ‘diffuser pumping’, ‘diffuser upsweep’ and ‘diffuser ground 

interaction’ (Cooper et al., 1998). 

Diffuser pumping denotes the interaction of the diffuser exit on the inlet 

due to pressure recovery between both points thus indicating the underlying 

purpose of a diffuser as a pressure recovery device. Because the area ratio 
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increases along the diffuser length, the static pressure rises along the length 

but must reach the constant base pressure (atmospheric pressure) at the 

diffuser exit. As a result, the pressure at the diffuser inlet becomes lower than 

the diffuser exit pressure. Consequently, the diffuser acts as a ‘pump down’ 

mechanism which decreases the underbody static pressure as the airflow 

travels through the diffuser. Thus, the underbody flow velocity increases and 

downforce is generated.   

Diffuser upsweep describes the change in flow momentum between the 

diffuser inlet and outlet. Similar to the suction surface (or lower surface) of an 

inverted airfoil, it is cambered in shape (Figure  12). When airflow travels 

through the diffuser, the change in airflow to an upward direction to follow the 

ramp requires a resultant pressure force causing the pressure on the diffuser 

surface at inlet to be lower than that on the ground. The upsweep of the 

diffuser also orientates upwardly the counter-rotating streamwise vortex pair 

generated by the pressure difference within the diffuser and outside its 

longitudinal sides as shown in Figure 15.  

Diffuser ground interaction represents the existing relationship between 

the ride height of the underbody-diffuser and the level of downforce it 

produces. A body with a flat underbody and in proximity to the ground 

generates low pressure close to the underbody leading edge assuming that 

there is no flow separation at that location. However, pressure recovery 

quickly occurs downstream of the underbody leading edge. The inclusion of a 

diffuser at the end of the flat underbody delays the pressure recovery 

upstream of the diffuser inlet and gradually recovers pressure towards the 

diffuser exit due to the diffuser pump down effect.   

Therefore, a smooth symmetrical body in freestream high above the ground 

plane generates negligible downforce. However, if the body is within proximity 

to the ground plane, the flow velocity above and underneath the body becomes 

asymmetrical due to the ground constraint causing the underbody flow to 



9 
 

accelerate. Therefore, when a body with a smooth underbody surface and a 

diffuser is brought closer to the ground, the combined effect of the constrained 

underbody flow acceleration and the pressure difference created between the 

diffuser inlet and exit lowers underbody static pressure and generates 

downforce. If the ride height is further reduced, the flow interaction 

consequently leads to a gradual downforce increase up to a point where the 

ride height becomes too small and the effects of fluid viscosity dominate the 

underbody flow. Consequently, the downforce reduces with further height 

reductions. 

 

Figure 1-4: Drag and downforce distribution of a 2009 F1 racing car (Toet, 2013) 
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Figure 1-5: An illustration of vortex upwash along the diffuser channels of a racing car 

 
 

1.3 Aerodynamic Performance Definition of the Ground-

effect Diffuser 

A typical geometry used to study automotive-type bluff body flows is the 

Ahmed bluff body (Ahmed et al., 1984) as illustrated in Figure 16a. However 

in relevant studies (such as Cooper et al., 1998 & 2000; Senior, 2002), Ahmed-

like bluff bodies with alternative dimensions have been employed as discussed 

below. In using an Ahmed body-like bluff body for ground-effect diffuser 

research, the body is inverted with the slanted section (with angle φ) forming 

the diffuser ramp surface (with a diffuser angle θ) as shown in Figure 16b. 

The ground-effect diffuser performance can be evaluated by the static pressure 

on its ramp surface. As represented in Equation 1.3, this can be expressed 

mathematically by the pressure coefficient. 

 

                                                             𝐶𝑝 = 
𝑝 − 𝑝∞
0.5 𝜌𝑈∞2

                                                             (1.3) 
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Figure 1-6: (a) Schematic of an Ahmed body dimensioned in 𝑚𝑚 as outlined by Ahmed et 
al., (1984) and (b) an inverted Ahmed-like bluff body as a diffuser bluff body 

 

A net downforce and net drag (as represented in Equations 1.4 and 1.5) is 

created due to the static pressure distribution on the whole surface of the 

diffuser bluff body. A representative pressure distribution along the centreline 

of the nose and underbody of the diffuser bluff body is presented in Figure  17.  

 

Figure 1-7: Schematic of the centreline pressure behaviour along the flat underbody and 
diffuser sections of a diffuser bluff body; adapted from Marklund (2013) 
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The stagnation point is at the centre of the nose section with negative 

pressures along the underbody floor. A suction peak occurs at the diffuser inlet 

with a pressure recovery at the diffuser exit. Assuming that the centreline 

pressures appropriately represent the average pressures at all cross sections 

and across the span of the diffuser body with width represented as  𝑊, then the 

aerodynamic downforce 𝐿 (due to pressure differences) and the net drag 𝐷 

(pressure drag) of the body can be expressed in Equations 1.4 and 1.5 as: 

𝐿    =    𝑊

[
 
 
 
 

[
 
 
 
 

∫ 𝑝𝑓(𝑥) 𝑑𝑥  
𝐿𝐵−𝐿𝐷

0⏟          
𝐹𝑙𝑎𝑡 𝑈𝑛𝑑𝑒𝑟𝑏𝑜𝑑𝑦 (𝑓𝑙𝑜𝑜𝑟)  

  +  ∫ 𝑝𝑑(𝑥) 𝑑𝑥 
𝐿𝐵

𝐿𝐵−𝐿𝐷⏟          
𝐷𝑖𝑓𝑓𝑢𝑠𝑒𝑟 ]

 
 
 
 

  −  ∫ 𝑝𝑢(𝑥) 𝑑𝑥  
𝐿𝐵

0⏟        
𝑈𝑝𝑝𝑒𝑟𝑏𝑜𝑑𝑦 ]

 
 
 
 

         (1.4) 

 

𝐷   =    𝑊

[
 
 
 
 

∫ 𝑝𝑛(𝑦) 𝑑𝑦  
𝐻

0⏟        
𝑁𝑜𝑠𝑒

  −   

[
 
 
 
∫ 𝑝𝑑(𝑦) 𝑑𝑦  
ℎ0

0⏟        
𝐷𝑖𝑓𝑓𝑢𝑠𝑒𝑟

  +   ∫ 𝑝𝑏(𝑦) 𝑑𝑦 
𝐻

ℎ0⏟        
𝐵𝑎𝑠𝑒 ]

 
 
 

]
 
 
 
 

                            (1.5) 

 

As illustrated in Figure 17, the distance between the floor plane of the 

diffuser and the top of the diffuser exit is represented as  ℎ0. Also, the complete 

length of the bluff body and diffuser length are represented by 𝐿𝐵 and  𝐿𝐷 

respectively. In addition, the static pressures for the flat underbody floor, 

diffuser, upper body, nose and the base of the diffuser bluff body are 

represented by the subscripts: 𝑓, 𝑑, 𝑢, 𝑛, 𝑏, respectively. 

An extensive mathematical formulation of the performance of a ground-

effect diffuser subjected to an incompressible and inviscid flow was presented 

(in Equations 1.6 to 1.10) by Cooper et al. (1998, 2000). In extrapolating the 

diffuser performance, it was noted that the downforce on the entire body is 

determined by the static pressure difference between the upper and underbody 

surfaces. Hence, to investigate the influence on underbody pressures by the 

underbody airflow, a simple bluff body with varying diffuser lengths and ride 

heights was studied. Fundamentally, as expressed in Equation 1.6, the 
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streamwise-distanced-averaged pressure coefficient 𝐶�̿�𝑖  across a streamwise 

length 𝑥𝑖 was defined as: 

                                                             𝐶�̿�𝑖 =̅
1

𝑥𝑖
∫ 𝐶𝑝

𝑥𝑖

0

(𝑥)𝑑𝑥                                                              (1.6) 

Thus, to evaluate the specific value of the mean-effective pressure coefficient 

across the streamwise length of the whole underbody 𝐶�̿�𝑙 , it was defined (in 

Equation  1.7) as a whole component which is comprised of the mean-effective 

pressure coefficients of the flat underbody section 𝐶�̿�𝑓  and the diffuser section 

𝐶�̿�𝑑 . 

                                                  𝐶�̿�𝑙 = (1 −
𝐿𝐷
𝐿𝐵
) 𝐶�̿�𝑓 + (

𝐿𝐷
𝐿𝐵
) 𝐶�̿�𝑑                                      (1.7) 

The overall pressure recovery coefficient of the diffuser 𝐶�̅� was then 

established (Equation 1.8) with 𝐶𝑝1 and 𝐶𝑝2  (illustrated in Figure 1.7) as the 

pressure coefficients at the diffuser inlet and exit respectively. 

                                                               𝐶�̅� =
(𝐶𝑝2 − 𝐶𝑝1)

(1 − 𝐶𝑝1)
                                                     (1.8) 

This means that if 𝑝2 is the static pressure at the diffuser exit with 𝑝∞ and 𝑞∞ 

representing the static and dynamic pressures of the freestream flow 

respectively, then the diffuser exit pressure coefficient 𝐶𝑝2 is expressed in 

Equation 1.9 as:  

                                                                 𝐶𝑝2  =̅ (
𝑝2 − 𝑝∞
𝑞∞

)                                                    (1.9) 

Cooper et al. (2000) then formulated (Equation 1.10) the mean-effective 

pressure coefficient of the diffuser 𝐶�̿�𝑑  as: 



14 
 

                                                    �̿�𝑝𝑑 = 1 − 
(1 − 𝐶𝑝2)

√1 − �̅�𝑝

                                                  (1.10) 

In conclusion, it is noted that the distribution of centreline pressures of the 

diffuser is non-linear in shape. Also, the downforce generated by the entire 

underbody is influenced by the pressure recovery performance of the diffuser. 

Hence, as presented in Equation  1.7, if 𝐶�̿�𝑑 is more negative then 𝐶�̿�𝑙  is also 

correspondingly more negative which implies that the downforce produced will 

be larger. 
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Chapter 2  
 

 

Literature Review 
 

As stated in the previous chapter, the production of downforce by the 

diffuser is dependent on the velocity-pressure relationship that exists in the 

diffuser flow. Despite that, the flow behaviour within the diffuser also depends 

on particular design variables which consequently dictate the downforce and 

aerodynamic drag produced by the diffuser. The characteristic influences of 

these design parameters are highlighted with the diffuser area ratio which 

regulates the diffuser pressure recovery, and for a fixed diffuser length, it 

determines the angle of the diffuser. As a result, the diffuser angle can affect 

the flow entering the diffuser because a high diffuser angle (and also a low ride 

height) can lead to flow separation at the diffuser inlet. In addition, another 

major property of the diffuser flow is the counter-rotating longitudinal vortex 

pair. The vortices originate from the sides of the diffuser inlet and travel 

downstream along the diffuser endplates. As an integral component of the 

diffuser flow physics, the vortices enhance the streamwise flow velocity of the 

diffuser which in turn increases the suction created by the diffuser. In spite of 

this, the vorticity, swirl and streamwise pressure gradient of the diffuser flow 

governs the formation and breakdown of the counter-rotating vortices. 

 In this chapter, a review of research studies on the diffuser in ground 

effect is presented. The studies include experimental and numerical research 

work done to understand the flow physics and characteristics of the diffuser 

flow. Furthermore, as a means of enhancing the aerodynamic performance of 

the diffuser, studies on flow control methods that influence the boundary layer 

of wall-bounded flows are reviewed. Also, flow control measures applied over 

the years on F1 racing cars are also discussed.  



16 
 

2.1 Experimental Studies 

 

2.1.1 Longitudinal vortices 

Likewise to the trailing vortices generated by the pressure difference 

around airplane wing-tips or by front wing endplates of a Formula 1 racing car 

(Pegrum, 2006), the vortices of the ground effect diffuser travel in the 

streamwise direction. The vortices in a diffuser flow are critical to its 

aerodynamic performance because they enhance the underbody suction 

generated by the diffuser through the increase of near-wall flow velocity and 

flow separation suppression. Several definitions of a vortex have been used 

widely. Green (1995) described a vortex flow as ‘a region of concentrated 

vorticity’. However, succinct definitions as that are not adequate because there 

is no general margin over which vorticity can be considered as high. Also, some 

of the definitions seem to inadequately only identify re-circulatory streamlines 

at a particular point in time or different structures as vortices in frames that 

rotate relative to each other (Lugt, 1979; Haller, 2005).  

However, the streamwise vortex of the ground-effect diffuser can be 

described as a region of rotating flow characterised by a region of vorticity at 

its core. The low pressure linked to the vortex core is as a result of its 

rotational velocity. Furthermore, the occurrence of an abrupt change of the 

vortex structure with flow retardation along its axis, which causes the stream 

surfaces near the axis to diverge can be described as a vortex breakdown (Hall, 

1972). Leibovich (1978) explains further that a vortex breakdown is the 

formation of an internal stagnation point on the vortex axis followed by a 

region of axial flow reversal. In the case of the longitudinal vortices of the 

diffuser, it is a region of streamwise flow reversal. Even so, the emergence and 

breakdown of streamwise vortices can have a favourable or adverse effect. In a 

ground-effect diffuser the breakdown of its longitudinal vortices reduces the 

downforce generated. The images in Figure 21 illustrate the types of a vortex 

breakdown including spiral, bubble and the double-helix.  
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Figure 2-1: (a) Bubble and spiral types of vortex breakdown on a delta wing, (Lambourne 
& Bryer, 1962) (b) Double-helix vortex breakdown in a swirling flow through a tube, (Van 
Dyke, 1982) (c) Q-criterion velocity iso-surfaces of spiral type vortex breakdown within a 
diffuser bluff body (CFD studies by thesis author) 

 

In fixed- and moving-ground wind tunnel conditions George (1981) 

investigated the aerodynamic effects of the diffuser flow using a diffuser-

equipped bluff body. Two diffuser angles (10° and  20°) and the pitch angle  𝜂 

sensitivity of the bluff body were investigated. The pitch angles of the bluff 

body studied were in 5° increments within the range of −10° (nose up) to +35° 

(nose down) and were defined at the transverse centre point of the sides of the 

bluff body. Additionally, the inclusion of 10° and 20° upswept upper body 

surface, underbody roughness and wheels were also studied (Figure  22). 

It was observed that when 𝜂 was gradually increased from zero by 5° 

increments for the 20° diffuser, a longitudinal vortex pair close to the side 

edges of the underbody was formed. At low pitch angles the vortices travel 

towards the rear of the underbody and as 𝜂 was further increased, the vortices 

extended further forward in the streamwise direction and are strengthened. 

This vortex behaviour was linked to the induced inflow into the diffuser which 

averted a separation bubble from appearing on the ramp surface of the 
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diffuser. Moreover, when the pitch was at the maximum angle of +35° where 

the separation bubble appeared upstream of the underbody, the strong vortices 

enabled the flow reattach downstream of the underbody. At a pitch angle of 

−10° with a 10° diffuser and 10° upswept upper body, an upstream separating 

shear layer established the longitudinal vortex flow.  

However, when wheels were added to the bluff body with a 20° diffuser 

angle and 20° upswept upper body surface, the flow remained attached as a 

result of the vortices created by the wheels. Also, the flow remained attached 

with the further inclusion of roughness strips on the flat underbody section. In 

spite of that, the strength of the vortices reduced at a 5° pitch angle and this 

caused the flow to separate downstream of the strips. Moreover, the flow 

separation diminished when a test model configuration comprising of zero 

pitch, flat upper body, 20° diffuser and the addition of wheels was tested. This 

was as a result of an enhanced vortex strength which in turn led to an increase 

in downforce. Despite that, the strength of the vortices diminished when 

roughness strips where added to the test configuration. This was attributed to 

the flow separation created on the diffuser ramp by the strips and this 

culminated to a considerable increase in drag and decrease in downforce. 
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Figure 2-2: Schematic of bluff body geometries (with dimensions in 𝑚𝑚) as studied by 
George (1981) 

 

Dissimilar longitudinal vortex behaviour was observed in the study done 

by George and Donnis (1983). In the wind tunnel study, the characteristic 

influences of side skirts were investigated. The “Venturi” bluff body employed 

in the study was equipped with a Venturi-like diffuser channel as shown in 

Figure 2―3. When the diffuser of 5° was tested with side skirts that sealed the 

underbody and diffuser to the ground, the downforce generated was larger 

than the downforce produced when there was a ground displacement between 

the skirts and the ground. This was due to the discharge of the low pressure 

flow underneath when underbody/diffuser was unsealed despite the existence 

of weak vortices that kept the flow attached to the diffuser ramp surface. In 

contrast, when 10° and 15° diffusers with skirts that sealed the underbodies to 

the ground were tested, the diffuser flow stalled. This was attributed to the 

restriction of inflow into the diffuser from the longitudinal edge vortices 

formed in the diffuser. As a result, the downforce generated was less than that 
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generated when there was a clearance between the side skirts and the ground 

surface.  Therefore, the delta wing-like roll-up vortices from the open skirt 10° 

and 15° diffusers were critical to their aerodynamic performance. Moreover, 

when a centre body (‘‘Tub’’) was added to the underbody-diffuser surface of the 

test model (Figure  23), it decreased the effective area of the diffuser ― 

inhibiting the diffuser flow and consequently reducing downforce. 

 

 

Figure 2-3: Schematics of the ‘Venturi’ bluff body model as studied by George and Donis 
(1983) 

 

2.1.2 Diffuser length and area ratio 

The existence of the aerodynamic performance relationship between the 

diffuser area ratio and its length was studied by Cooper et al. (1998 & 2000). In 

the investigation, two diffusers of 25% and 75% bluff body lengths as shown in 

Figure 24 were tested in both fixed and moving wind tunnel ground 

conditions. Also, the diffusers were studied within a diffuser angle range of 

0° to 16°. It was observed from the pressure recovery and contour maps 

extracted from the experiments that the optimum performance geometry of the 

diffuser relies on the use of a fixed or a moving ground condition. This was 

attributed to a less significant boundary layer flow development with a moving 

ground plane when compared with a fixed ground plane. Consequently, if the 

boundary layer flow blockage is considered, then the effective area ratio for a 
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given geometric area ratio is larger with a moving ground plane than with a 

fixed ground. Hence, a particular pressure recovery for a given diffuser length 

can be achieved with a lesser geometric area ratio when a moving ground is 

employed relatively to a fixed ground.  

 

Figure 2-4: Illustrations of the bluff body diffuser geometries (with dimensions in 𝑚𝑚) and 
pressure tap positions as used by Cooper et al. (1998, 2000) 

 

The relationship between the area ratio of the asymmetric ground-effect 

diffuser and the diffuser length was then formulated and represented in 

Equation 2.1 as: 

                                                             𝐴𝑅 = 1 + (
𝐿𝐷
ℎ
) tan𝛳                                                 (2.1) 

Where, 

𝛳 = diffuser angle 

ℎ = ride height 

 

Thus, it also implies that a large ride height will have a lesser area ratio for a 

given diffuser angle relative to a diffuser with a lower ride height. 



22 
 

Alternatively, Bresolouer & George (2008) noted that severe flow 

separation and downforce loss can occur for a small diffuser area ratio due to 

the restriction of sufficient air expansion and pressure recovery within the 

diffuser. A comparable downforce investigation by George and Bresolouer 

(2008) using an approximate 25% bluff body diffuser length as used by Cooper 

et al. (1998 & 2000) reflected a similar downforce production as the ride height 

was reduced. Despite that, there was a deviation at the ride heights 

(Figure  25) where the maximum downforce2 exists. It can be inferred that the 

deviation, which is more profound in the 9° diffuser, may have been due to the 

use of a diffuser angle of 9° rather than 9.64° as employed by Cooper et al. 

(1998 & 2000).  

Even so, the disparities ― at the ride heights where the maximum 

downforce was measured ― occurred within and near the estimated boundary 

layer region for both the 0° and 9° diffusers. This is if a flat plate boundary 

layer approximation is considered because the experiments of George and 

Breslouer (2008) were done under a fixed ground condition unlike the moving 

ground investigations done by Cooper et al., (1998 &  2000). Also, the 

experiments of George and Bresolouer (2008) were done under a body-length-

based Re = ~6.91 𝑥 105 unlike the Re of  ~8.3 𝑥 105 employed by Cooper et al. 

(1998  & 2000). These experiments further highlight the possibility of Reynolds 

number sensitivity on diffuser downforce production and at maximum 

downforce ride heights the effects of Reynolds number variation can become 

profound due to induced flow instabilities. Finally, the downforce disparities 

can also be attributed to the different freestream velocity and slight difference 

in bluff body geometry employed between the two investigations. Cooper et al. 

(1998 & 2000) used a freestream velocity of 30 𝑚/𝑠 while George & Bresolouer 

(2008) stated a freestream of 90 𝑘𝑚/ℎ𝑟  (~25 𝑚/𝑠). Also, the bluff body (with a 

                                                           
2
 In this thesis, 𝐶𝐿 is +ve upwards so −𝐶𝐿 represents downforce and −𝐶𝑝 represents suction (sub-atmospheric 

pressures). 
. 
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diffuser length of 25% bluff body length) employed for both investigations had 

a 7.3 𝑚𝑚 and 9.2 𝑚𝑚 difference in width and length respectively.  

 

Figure 2-5: Downforce comparison for bluff body diffusers of Breslouer & George (2008) 
and Cooper et al. (1998 & 2000) presented in Breslouer & George (2008) 

 

2.1.3 Diffuser ride height 

The amount of downforce produced by the diffuser is dependent on its ride 

height. This is because the diffuser flow is sensitive to the diffuser ground 

displacement. Therefore, when the ride height is reduced gradually, the flow 

through the diffuser channel changes from an attached flow to a separated 

flow and as a result the aerodynamic performance of the diffuser is affected. 

This ground-effect interaction was highlighted in the studies of Senior and 

Zhang (2000a, 2000b), Senior (2002), and Zhang et al. (2004) where the 

downforce levels of a bluff body with a 17° diffuser (Figure  26) were tested 

over a range of ride heights. 
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Figure 2-6: Schematic of the diffuser-equipped bluff body geometry (with dimensions in 

𝑚𝑚) used by Senior & Zhang. (2000a, 2000b) 

 

 

 

 

 

 

Figure 2-7: Flow regions within plots of lift coefficient against normalized ride height as 
presented by Senior (2002) 
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Force measurements extracted from the investigations mentioned above 

and presented in Figure 27 show that over the range of normalized ride 

heights (ℎ ⁄ 𝑑) studied, four distinct flow regions (A-D) were identified. As the 

ride height was reduced from the highest point in region A, the downforce and 

drag increased and this region was designated as the force enhancement 

region. Subsequently, a further reduction of ride height in region B (or 

maximum force region) led to a further increase in downforce and drag until a 

peak for both quantities was reached. However, in region C, an additional 

reduction of ride height from that of maximum downforce and drag in region B 

led to a decrease in downforce and drag and this region was described as the 

force reduction region. In region D, a further reduction in ride height from that 

of region C resulted in low force measurements due to the flow entering the 

diffuser being largely dominated by slow-moving boundary layer flow. Velocity 

profile measurements using LDA and PIV indicated the presence of a 

strengthening longitudinal vortex pair along the length-wise sides of the 

diffuser (as reported by George, 1981 and George & Donnis, 1983) as the ride 

height was lowered towards that of maximum downforce. Thereafter, the 

velocity measurements indicated an asymmetric weakening of the vortices 

initially beginning with the breakdown of one of the vortices when a 

subsequent ride height reduction past that of maximum downforce was 

implemented. 

However, the wind tunnel investigations by Ruhrmann & Zhang (2003) 

done over a diffuser angle range (5° to 20°) with the same diffuser bluff body as 

employed in the studies of Senior and Zhang (2000a & 2000b), Senior (2002), 

and Zhang et al. (2004) indicated the occurrence of flow hysteresis. As shown 

in Figure  28, the flow hysteresis (Regions b’ and c’) occurred between regions 

b (maximum force region) and c (force reduction) as the ride height was 

decreased and increased across the range of ride heights studied. Flow 

instability and the increasing dominance of boundary layer flow entering the 

diffuser at low ride heights were attributed as the cause of the distinct flow 
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hysteresis. Furthermore, a further downforce reduction region (region e) after 

the low force region (Region d) was identified by Ruhrmann & Zhang (2003), 

which is in contrast to the studies of Senior and Zhang (2000a & 2000b), Senior 

(2002), and Zhang et al. (2004). This is because the lowest ride height tested by 

Ruhrmann & Zhang (2003) is lower than those of Senior and Zhang (2000a 

& 2000b), Senior (2002), and Zhang et al. (2004). 

 

 

Figure 2-8: Downforce curve for flow regions (a-e) and flow hysteresis regions (b’ and c’) 
for the 15° diffuser angle as presented by Ruhrmann & Zhang (2003) 

 

2.1.4 Diffuser angle 

Further to the diffuser ride height studies by Ruhrmann & Zhang (2003), 

the effects of diffuser angles on the diffuser flow and its influence on the 

diffuser’s aerodynamic performance was also investigated. The relationship 

between the diffuser area ratio and diffuser angle has a characteristic 

influence on flow stability as represented in Figure  29. In the investigation of 

the 5° diffuser angle, there was no flow separation bubble (Figure  210) on the 

diffuser ramp surface when the diffuser ride height was reduced towards that 

of maximum downforce. Also, the longitudinal vortices within the diffuser flow 

were observed to be weak and this is similar to the observations made by 

George and Donnis (1983). In contrast, a flow separation bubble appeared on 

the diffuser ramp of the 10° diffuser at a position downstream of the diffuser 
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inlet. In addition, an onset of a breakdown of the longitudinal vortices occurred 

downstream of the diffuser inlet. However, for the 10°, 15° and 17° diffusers, 

the separation bubble appeared near the diffuser inlet with a much earlier 

breakdown of the vortices due to the entrainment of the separation bubble. 

Due to vortex breakdown being the only cause of the loss of downforce in the 

case of the 5° diffuser it was designated as a low-angle diffuser. However, the 

10° diffuser was categorized as a transitional angle because its diffuser flow 

consists of a separated flow and a breakdown of the longitudinal vortices. Also, 

the 15°, 17° and 20° diffuser angles were classified as high-angled diffusers due 

to the existence of a separated flow close to the diffuser inlet and an increased 

breakdown of the vortices within the diffuser flow of these angles. Above all, 

the 20° diffuser produced the largest downforce at its maximum downforce ride 

height and this is because the strength of the vortices remained strong enough 

to create additional low pressure along the sides of the diffuser.  

 

 

Figure 2-9: Flow regime maps for diffuser angles and corresponding area ratios 
Ruhrmann & Zhang (2003) 
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Figure 2-10: Flow visualisation on the ramp surfaces of (a) 5°, (b) 10° and (c) 15° 
diffusers at maximum-downforce ride height (flow direction from top to bottom) (Ruhrmann 
& Zhang, 2003) 

 

In the studies of Jowsey & Passmore (2010) and Jowsey (2013), a range of 

diffuser angles (0° to 30°) were studied in plane and multiple flow channel 

configurations as illustrated in Figure 211. However, a contrasting 

observation to Ruhrmann & Zhang (2003) was made by a similar diffuser 

angle investigation by Jowsey & Passmore (2010) and Jowsey (2013). It was 

observed that the 13° plane diffuser produced the most downforce. Also, 

surface pressure measurements indicated that the separation bubble appeared 

near the diffuser inlet for diffuser angles above 13°. Unlike in the studies of 

Ruhrmann & Zhang (2003), the separation bubble appeared initially on the 10° 

diffuser and the 20° diffuser generated the most downforce. Despite that, the 

disparities between the studies of Ruhrmann & Zhang (2003) and those of 

Jowsey & Passmore (2010) and Jowsey (2013) was because the latter was 

conducted in a wind tunnel under a fixed ground condition. This implies that 

the enhanced boundary layer development along the fixed ground (as also 
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observed by Breslouer & George, 2008) may have contributed to the disparities 

between the studies of Ruhrmann & Zhang (2003) and those of Jowsey & 

Passmore (2010) and Jowsey (2013).  

 

Figure 2-11: Diagrams of the diffuser bluff body (with dimensions in 𝑚𝑚) and splitter 
configurations as used by Jowsey & Passmore (2010) and Jowsey (2013) 

 

Also, the PIV measurements extracted from the experiments of Jowsey & 

Passmore (2010) and Jowsey (2013) indicated that the multiple-channel 

diffuser had an improved aerodynamic performance than that of the plane-

diffuser because the former generated an enhanced diffuser pump down effect. 

The three- and four-channel diffusers were also discovered to produce more 

downforce at high diffuser angles because the channels appeared to inhibit 

flow separation by constraining the vortices. The largest downforce created 

among the diffuser configurations was from the four-channel diffuser. This was 

because longitudinal secondary vortices were generated along the sides of the 

inner splitters close to the outer end plates of the diffuser. These secondary 
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vortices were generated from the cross flow of the primary longitudinal 

vortices along the outer end plates of the diffuser. 

2.2 Computational Studies 

A numerical study on the ground-effect diffuser provides additional 

information on the flow physics of the diffuser flow and can be validated by 

wind tunnel experiments. Comprehensive numerical modelling using 

computational fluid dynamics (CFD) have been conducted on the ground-effect 

diffuser. These studies include the use of steady-state Reynolds-Averaged 

Navier-Stokes (RANS) modelling and advanced models such as Detached Eddy 

Simulation (DES) and Large Eddy Simulations (LES). 

2.2.1 Steady-state numerical simulations 

The Realizable  𝜅―휀  turbulence RANS model was employed by Marklund 

& Lofdahl (2009) and Marklund (2013) to model bluff body flow and was 

validated by wind tunnel experiments. In the numerical study, five bluff-body 

shapes (‘square back’, ‘boat tail’, ‘fastback 21°’, ‘fastback 30°’ and sedan/wagon 

shaped models) with a range of diffuser angles from 0° to 14°. As shown in 

Figure 212, the ‘boat tail’ model is made up of a 21° backlight section that 

converges by 15° on both sides and a 9.4° diffuser ramp with no endplates. 

It was observed from the experiments of the boat-tail model under a 

moving ground condition and at a ride height (ℎ =  40 𝑚𝑚) that the underbody 

mid-plane surface pressure coefficients reflected the characteristic underbody 

pressure recovery behaviour. As plotted in Figure  213, there is a pressure 

downstream of the nose section followed by a suction peak at the diffuser inlet 

and a subsequent pressure recovery towards the diffuser exit. Notably, the 

pressure at the diffuser exit is above that of freestream. This occurrence may 

be attributed to the additional pressure recovery from other sides of the 

converging backlight section. Among the various bluff body models tested, the 

pressure distribution on the base plate of the ‘boat tail’ model was the highest 

(with 𝐶𝑝 within 0.15 to 0.2). 
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In addition, the pressure coefficients extracted from CFD to a large extent 

correlates with the wind tunnel measurements as shown in Figure 213. 

However, at the diffuser inlet the CFD measurements appeared to over-predict 

the peak suction of the inlet. Marklund (2013) credited this occurrence to the 

use of a ‘very dense’ mesh which enhanced numerical resolution, but more so 

due to the lack of a pressure tap at the start of the diffuser to measure the 

suction peak. However, it is imperative to note that the Realizable  𝜅―휀  

turbulence RANS model is capable of predicting swirling flows and boundary 

layers in a separated or adverse pressure gradient flow. Despite that, the 

addition of mean rotation effects in the computation of turbulent viscosity 

generates non-physical turbulent viscosities (Shih et al. 1994). Hence, the 

possible effects of turbulent viscosities on the peak suction at the diffuser inlet 

could have been investigated with the 𝜅―𝜔  SST turbulence model. It is worth 

noting (as explained by Menter, 1994) that the 𝜅―𝜔  SST turbulence model also 

performs efficiently in modelling adverse pressure gradient and separated 

flows without producing non-physical turbulent viscosities. 

 

Figure 2-12: Schematic of the ‘boat tail’ model (with dimensions in 𝑚𝑚) as used by 
Marklund & Lofdahl (2009) and Marklund (2013)  
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Figure 2-13: Centreline underbody surface pressure comparison between CFD and 

experimental measurements at the normalised ride height of  ℎ 𝐻⁄ = 0.2  (ℎ 𝑑⁄ = 0.286) for 
a boat-tailed diffuser bluff-body (Marklund, 2013) 

 

2.2.2 Transient numerical simulations 

Time-averaged transient CFD computations using LES were done by 

Puglisevich & Page (2011) and Puglisevich (2013) to correlate wind tunnel 

measurements from the studies done by Jowsey (2013). In the numerical 

investigation of the 13° plane-diffuser it was observed that the mesh 

refinement from 10 million cells to 20 million cells enhanced the correlation 

between CFD and wind tunnel underbody pressure measurements 

(Figure 214). However, the 20 million cell computational grid did not predict 

accurately the surface pressures in the diffuser section even though it 

improved its prediction along the nose and flat section of the underbody of the 

bluff body. This mesh inadequacy may have resulted in the insufficient 

computational modelling of the underbody laminar-to-turbulent transition 

flow. In addition, mesh inadequacy can prevent the LES standard 

Smagorinsky subgrid-scale (SGS) model (Smagorinsky, 1963) from excessively 

dissipating energy for resolved small scale motions in near-wall turbulence 

because of the severe eddy-viscosity in boundary layers of turbulent flows 

(Piomelli, 1999; Lévêque et al., 2007; Layton, 2016). 
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It is also worth noting that the numerical solution in the investigations of 

Puglisevich & Page (2011) and Puglisevich (2013) captured the flow 

interactions between the upper and lower recirculation in the near-wake of the 

‘square back’ bluff body similar to the studies of Krajnovic & Davidson (2001). 

Howell (1998) and Soso & Wilson (2008) observed that the flow interaction 

between the near-wake vortex structures dominates the near-wake region of 

the bluff body. Consequently, this near-wake flow interaction regulates the 

extraction levels of the underbody flow through the diffuser exit (which 

determines downforce) and the base pressures of the bluff body (which 

determines drag). This implies that the exit of the flow from the diffuser can be 

restricted and the base pressure reduced if the upper near-wake flow 

recirculation generated by the downwash from the backlight is dominant over 

the lower near-wake flow recirculation generated by the upwash from the 

diffuser. All things considered, a further mesh refinement of the computational 

domain or only within the diffuser may have improved the correlation between 

pressure measurements of LES and wind tunnel experiments. This is because 

LES turbulence modelling is sensitive to the 𝑥𝑦𝑧 grid size of any given 

computational domain.  

 

Figure 2-14: Time-averaged CFD surface pressure coefficients 𝐶𝑝  (at  ℎ 𝐻⁄ =

0.09 or ℎ 𝑑⁄ = 0.140) along the centre-line length of the underbody surface of a bluff body 
(Puglisevich, 2013) 
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2.3 Ground-effect Diffuser Performance Enhancement  

The experimental and numerical studies presented and discussed in this 

chapter have provided an understanding of the flow physics of the ground-

effect diffuser. Also, the impact of the diffuser flow on the aerodynamic 

performance of the diffuser has been analytically discussed. In summary, the 

maximum downforce produced by the diffuser is dependent on its ride height. 

In addition, the diffuser angle (and ride height) can determine if the diffuser 

flow will separate from the diffuser ramp or if flow separation will occur at the 

diffuser inlet or at a positon downstream of the diffuser inlet. Also, the 

longitudinal vortices along the length-wise sides of the diffuser enhance the 

aerodynamic performance of the diffuser by creating additional suction within 

the diffuser. 

However, there is a gap in ground effect diffuser research. While previous 

studies have provided an understanding of the characteristics of the diffuser 

flow, a means to enhancing its aerodynamic performance has not been defined. 

It is well documented that the pressure recovery within the diffuser is critical 

for downforce production. Therefore, an alteration of the diffuser pressure 

recovery behaviour ― which has not been explored ― can lead to gains in 

downforce. A possible performance enhancement exploration involves the use 

of a flow control device to induce a second pressure recovery at a location 

downstream of the diffuser inlet. The flow control device when positioned close 

to the diffuser exit acts to delay flow separation and enhance the exit flow 

velocity. This thereby induces a pressure drop close to the diffuser exit and a 

subsequent pressure recovery occurs as the airflow exits from the diffuser.  

As presented in Equation 1.8, Cooper et al. (2000) mathematically 

expressed the overall pressure-recovery coefficient 𝐶�̅� of a diffuser with a 

solitary pressure-recovery curve as: 𝐶�̅� = (𝐶𝑝2 − 𝐶𝑝1) (1 − 𝐶𝑝1)⁄ . 

This implies that downforce can be enhanced if a second pressure-recovery 

region which begins at a location downstream of the diffuser inlet and 
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congruent with the initial pressure-recovery which begins at the diffuser inlet 

is induced. As a result, we can theoretically express the overall pressure 

recovery coefficient for a two-stage pressure-recovery diffuser 𝐶�̅�𝑠 in Equation 

2.2 as: 

                          �̅�𝑝𝑠 =   
(𝐶𝑝3 − 𝐶𝑝1)

(1 − 𝐶𝑝1)⏟        
𝐶�̅�1

+ [
(𝐶𝑝2 − 𝐶𝑝3)

(1 − 𝐶𝑝3)
]

⏟        
𝐶�̅�2

(1 − 𝐶𝑝3)

(1 − 𝐶𝑝1)
                            (2.2) 

 

 
Figure 2-15: 2-D illustration of the pressure behaviour along the underbody with a 2-stage 
pressure recovery on the diffuser section of a diffuser bluff body (adapted from Marklund, 
2013) 

 

As illustrated in Figure 215, the second pressure recovery region that 

develops from the initial pressure-recovery is induced by flow control and 𝐶𝑝3 is 

the pressure coefficient at the start of the second pressure-recovery region. As 

represented in Equation 2.2, 𝐶�̅�1 and 𝐶�̅�2 are the constituent pressure recovery 

coefficients of the first and second pressure recovery stages respectively. This 

implies that comparatively, the two-stage pressure-recovery diffuser produces 
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a greater downforce than the diffuser with a single-stage pressure-recovery. 

The two-stage pressure recovery diffuser accomplishes this because its average 

pressure is lower than that of the single-stage diffuser. As a result, an 

alteration of the pressure-recovery of the diffuser by employing a flow control 

device close to the diffuser exit to keep the flow attached and enhance the exit 

airflow velocity can enhance the performance of the diffuser. 

2.3.1 Active and passive flow control 

Active flow control technologies have been developed over the years to 

manage aerodynamic flows. Active flow control was first used in 1945 and 

defined as a system that employs the injection of energy into a flow to delay 

flow separation on high-lift surfaces (Crowther et al., 2010). Likewise active 

flow control devices have used on aerofoils to control the shedding of vortices or 

on road cars to reduced aerodynamic drag. Active flow control systems either 

employ ‘suction’ or ‘blowing’ actions to manage continuous flows (Gad-el-Hak & 

Bushnell, 1991a; Gad-el-Hak & Bushnell, 1991b; Gad-el-Hak et al. 1998; Gad-

el-Hak, 2000). As illustrated in Figure 216, the suction action implies the 

extraction of slow-moving boundary layer flow while the blowing action 

involves the injection of higher energy flow to energize a continuous flow. 

Moreover, another effectual active flow control system involves the use of 

moving surfaces to control boundary layer separation thereby increasing lift 

and reducing drag (Modi et al., 1988; Modi et al., 1990). All in all, the total 

power consumed ― including propulsive power ― by a controlled system must 

be less than an uncontrolled system for the system to be of practical use. 

In racing cars, active flow control devices have been used over the years in 

underbody designs. In the Chaparral 2J and Brabham BT46B racing cars of 

1969 and 1978 engine-driven fan(s) positioned at the rear of the cars were 

employed to extract streamwise airflow underneath the cars (Katz, 2006b). 

This action enhanced the suction underneath the car and thus enabled the 

cars to maintain a high downforce even at low speeds. The discharge of airflow 

at the rear of the cars was employed to reduce base drag of the Chaparral 2J 
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racing car and in the case of the Brabham BT46B it was used to cool the 

engine. On other aerodynamic devices of F1 racing cars, such as the rear wing, 

active flow control systems (like the drag reduction system or DRS) have been 

employed to reduce the aerodynamic drag of the rear wing. However, due to 

restrictive racing technical regulations, active flow control technologies are 

banned to a large extent. One of such is the exhaust-blown diffuser which 

involved the use of engine exhaust gases to energise the diffuser flow and to 

prevent the intrusion of high pressure turbulent inflow into the diffuser. 

Despite that, it is worth noting that the unfavourable cost of energy to power 

active flow control technologies coupled with the legalities of their use on F1 

racing cars has led to less focus on exploring active flow control technologies 

for ground-effect diffusers. However, active flow control techniques employed 

on aerofoils such as the use of a trapped vortex to delay flow separation 

(Ringleb, 1961; Rossow, 1992; 1994) can be explored in managing flow 

separation from the diffuser ramp surface (Figure 217) even though it may 

require suction in the cavity to maintain vortex stability (Donelli et al., 2010).   

 

Figure 2-16: Illustration of (a) ‘blowing’ and (b) ‘suction’ flow control mechanisms as 
described by Gad-el-Hak, 2000 
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Figure 2-17: A schematic of a trapped-vortex cavity on a diffuser ramp surface 

 

Passive flow control techniques largely involve the alteration of the surface 

of a high-lift aerodynamic surface. Passive flow control first appeared 20 years 

after the onset of active flow control, and passive flow control methods mainly 

act on a continuous flow by redistributing the energy in the flow (Crowther et 

al., 2010). Geometric or aerodynamic surface alterations employed as passive 

flow control techniques includes vortex generators and rough surfaces that re-

energise slow-moving boundary flow and as a result delay flow separation 

(Gad-el-Hak & Bushnell, 1991a; Gad-el-Hak & Bushnell, 1991b; Gad-el-Hak et 

al. 1998; Gad-el-Hak, 2000). A major advantage of passive techniques is that 

they require no energy input or feedback control to function. However, this 

implies that they continuously act on the flow even in instances where their 

actions may be of less aerodynamic benefit.   

In racing car applications, such as the ground-effect diffuser of Formula 1 

racing cars, passive flow control methods have been employed over the years to 

enhance aerodynamic performance. The double-deck diffuser design of  2009, 

as illustrated in Figure 218, involved the inclusion of an additional diverging 

ramp surface above the central section of the main diffuser. This increases the 

diffuser area ratio (due to the increase of the diffuser exit area). As a result, 

airflow expansion is enhanced and suction at the diffuser inlet is increased 

thus leading to an increase in downforce (Rendle, 2011). Vortex generators 
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employed in ground effect (Garcia & Katz, 2003; Katz & Morey, 2008; Kuya et 

al., 2009) can be used to redistribute energy to locations on a diffuser ramp 

where the flow stalls. Garcia & Katz (2003) discovered that large rectangular 

vortex generators (with height above boundary layer thickness) generated the 

most downforce on a flat plate in ground effect while the large triangular 

vortex generators were efficient in terms of incremental lift-to-drag ratio. 

However, Kuya et al. (2009) observed that on an inverted wing in ground 

effect, both counter rotating small vortex generators (with height below 

boundary layer thickness) and large vortex generators control flow separation 

effectively and enhance downforce with a low drag penalty. On the other hand, 

co-rotating small vortex generators were found to diminish the aerodynamic 

performance of the wing in ground-effect. Moreover, as shown in Figure  219, 

small aerofoil-shaped flaps have been employed on diffusers of F1 racing cars 

to enhance the extraction of airflow through the diffuser exit. The flap is 

mounted above the trailing edge of the diffuser exit across the span of the 

diffuser. At an attack angle (𝛼), the suction surface of the aerofoil-shaped flap 

generates low pressure and this accelerates the extraction of airflow from the 

diffuser and thus downforce is increased. 
 

 
 

Figure 2-18: Schematic of the double-deck diffuser concept and its centreline cross-section 
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Figure 2-19: An illustration of a diffuser trailing edge flap on a Formula 1 racing car 

 

It is worth noting that passive flow control techniques on aerofoils can be 

transferable to the diffuser ramp surface. This implies that the ramped surface 

of the diffuser can be considered as the suction surface of an inverted wing in 

ground effect. Low pressure suction underneath the wing is produced by the 

high velocity airflow traveling through the constrained area between the 

suction surface of the wing and ground surface. This flow behaviour is similar 

to the flow travelling through a diffuser in ground effect. Hence, passive air-jet 

vortex generators (Prince et al., 2009) that enhance the velocity of the 

boundary layer of a flow over a wing can be applied to the diffuser ramp. 

 

 

Figure 2-20: A schematic of air-jet vortex generator configurations on a diffuser ramp 
surface 
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 As illustrated in Figure 220, passive air-jet generators located near the 

exit of the diffuser ramp can delay flow separation and create a second 

pressure drop/pressure recovery region downstream of the diffuser inlet. Such 

a passive system can be provided with a high pressure flow through ducts from 

a stagnation point on the aerodynamic body. However, due to potential losses 

in flow pressure through the duct as a result of skin friction, a more efficient 

pulsed pneumatic system can be employed. The vortex air-jet pulsed 

pneumatic system generator as investigated by Johnston & Nishi (1989); 

Johari & Rixon (2003) and Scholz et al. (2008) actively works to delay flow 

separation by energizing the slow-moving boundary through the generation of 

longitudinal vortices and turbulent mixing. Additionally, spanwise grooves can 

be employed on the diffuser ramp surface also to manage flow separation 

passively. Howard & Goodman (1985) discovered that radiusing and grooving 

(both longitudinal and circumferential) were effective in reducing the 

aerodynamic drag of a bluff body by reducing the separation of airflow from 

the high-angled slanted section of a cylindrical bluff body. 

2.3.2 Coandă effect 

Since its discovery by Henri Coandă in 1910, the Coandă effect has been 

applied either as a part of an active flow control system or passive flow control 

technique. The phenomenon is established on the premise that a jet flow 

travelling over a convex surface tends to remain attached to the surface 

(Bradshaw, 1973; Newman, 1981; Trancossi, 2011). Houghton & Carpenter 

(2003) indicated that the phenomenon is readily explained by the radial 

pressure gradient that forms for a curved flow and keeps the flow attached to 

the curved surface (as outlined in Figure 221). Why the jet follows the surface 

in the first place is hypothesized to be due to viscous drag and/or enhanced 

entrainment between the jet flow and the curved wall. However, as the jet 

decays downstream it slows and eventually separates. Relative to a jet stream 

over a plane wall, a jet stream over a convex surface tends to generate lower 

pressure and increase its velocity due to the flow curvature while entraining 
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surrounding fluid as it moves over the curved surface. This then implies that 

the pressure 𝑝 of the inviscid tangential jet flow over the curved surface is less 

than ambient freestream pressure 𝑝∞. 

 

 

Figure 2-21: Coandă flow effect over a curved surface (adapted from Houghton & 
Carpenter, 2003) 

 

Freund & Mungal (1994) discovered that the application of a Coandă jet 

blowing flow control system produced a drag reduction on a cylindrical bluff 

body by increasing base pressure. This was achieved by the elimination of the 

recirculating wake of the bluff body and its replacement with entrained 

freestream. The Coandă effect has also been applied in racing cars to enhance 

diffuser performance. Before its ban in 2012, the Coandă effect was employed 

in F1 racing cars to direct the jet stream of engine exhaust gases over a convex 

surface into the diffuser channels and along the outer sides of the diffuser 

endplates (Figure 222). The diffuser flow is energized and the turbulent high 

pressure wake from the tyres is prevented from disturbing the diffuser flow by 

the blowing action of the exhaust gases (Rendle, 2011). It is worth noting that 

due to the operational dependence of the jet stream from the engine exhaust 

when the throttle is engaged by the driver the ‘exhaust-blown diffuser’ can be 

classified partly as an active flow control system. Thus, the additional 

downforce generated by the Coandă effect is dependent on throttle position. 
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Figure 2-22: The curved surface along the exhaust exit on a 2012 F1 racing car. The 
surface induces the Coandă effect by turning the flow downwards towards the diffuser at 
the rear of the car Available at: www.f1fanatic.co.uk/2012/10/12/lotus-coanda-exhaust-
race (Accessed: September, 2016) 

 

2.3.3 Flow-curvature effect 

Ground-effect diffuser performance can be enhanced by employing the 

effect of flow-curvature. The Coandă effect as described in Section 2.3.2 

involves a jet stream, however, a potential flow travelling over a convex 

surface due to flow turning causes the flow to increase its velocity and induces 

a turbulent boundary layer thickness smaller than that of a flat surface. This 

in turn leads to a pressure drop and a reduction in wall friction, turbulent 

intensities and shear stress of the wall-bounded flow (So & Mellor, 1973; 

Gibson et al., 1984; Muck et al., 1985). As a means of augmenting the 

downforce produced by a diffuser, flow-curvature effect can be employed near 

the diffuser exit to induce a similar suction peak and subsequent pressure 

recovery that occurs at the diffuser inlet and downstream respectively. 

As illustrated in Figure 223, the second-stage pressure recovery near the 

exit of the diffuser can be created by the addition of a convex surface on the 

diffuser ramp surface close to the diffuser exit. The convex surface acts as a 

suction surface as the flow accelerates over the surface due to the induce flow-

curvature. Subsequently, the flow recovers its pressure and exits the diffuser 

at a higher pressure. As a result, downforce is enhanced because the two-stage 

pressure-recovery enables the diffuser maintain a low average pressure longer 
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than a single-stage pressure-recovery diffuser before the flow exits the diffuser 

into freestream at a much higher pressure.   

 

 

Figure 2-23: A schematic of flow curvature effect over a curved diffuser ramp surface 

 
 

2.4 Aims and Objectives of the Current Work 

As established in the literature review, previous research work on the 

ground-effect diffuser has focused on understanding its flow physics and 

aerodynamic effects. However, the alteration of the diffuser pressure recovery 

behaviour as a means of enhancing the diffuser aerodynamic performance has 

not been adequately explored. This presents a major gap that this thesis 

intends to fill by firstly corroborating with extensive baseline investigations 

the diffuser flow physics as established by the studies presented in the 

literature review. Secondly, novel flow-control methods governed by 

aerodynamic principles are developed and studied to examine their potential 

in enhancing the aerodynamic performance of the diffuser.  

The diffuser flow studied in this thesis is applicable to the ground effect 

aerodynamics of diffusers of racing and road cars. Further knowledge 

presented by this thesis will not only extend the database of diffuser flow 

research but can be applied on racing cars to increase downforce or on road 

cars to reduced underbody flow drag. 
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The aim of this study is to improve understanding and performance of the 

ground-effect diffuser. The objectives to be achieved over the course of this 

research project are as follows: 

1. To investigate the 3―D flow field within a fixed-angle diffuser in ground 

effect. 

2. To validate pre-existing diffuser flow physics understanding and further 

extend the experimental and computational database of the diffuser flow 

field. 

3. To correlate experimental data with CFD using RANS and URANS 

turbulence models in addition to the more advanced IDDES approach. 

4. To develop and provide analysis of novel passive flow control methods 

that enhance the aerodynamic performance of the diffuser in ground 

effect. 

 

As a means of accomplishing the set objectives, wind tunnel model testing 

under moving ground conditions and equivalent numerical investigations 

using CFD were determined as the effective means of conducting the research. 

The subsequent chapter delineates in detail the experimental and 

computational methods employed in the research. Also, details of the test 

model (including the baseline and the three novel passive flow control 

geometries) as well as the experimental and computational conditions are 

presented in Chapter 3. Details of ground-effect diffuser research reviewed in 

this chapter are listed in Table 21. 
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Table 2-1: Details of diffuser research reviewed in Chapter 2 

Study 
Author(s) 

Exp/CFD Model 
Geometry 

Diffuser 
Angle 
(deg.) 

Freestream 
velocity (m/s) 

Time step (s) Number 
of cells 

Re Ground 
Condition 

Result Types 

 
George [1981] 

 
Exp 

 
Bluff body 

diffuser 

 
0 - 20 

 
― 

 

 
― 

 
― 1.4 –  3.4 𝑥 106 

  
stationary, 

moving 

 
force, oil flow, 

smoke, tuft 

 
George & 

Donis [1983] 

 
Exp 

 
Bluff body 

diffuser 

 
5 - 15 

 
30 

 

 
― 

 
― 9.0 𝑥 106 

  
stationary, 

moving 

 
force, oil flow 

 
Howell [1994] 

 
Exp 

 
Road car type 

body 

 
0-20 

 
25 

 
― 

 
― 

 
― 

 
stationary, 

moving 

 
force, pressure 

 
Cooper et al. 
[1998, 2000] 

 
Exp/CFD 

 
Bluff body 

diffuser 

 
0 - 15.6 

 
30 

 
― 

 
― 8.3 𝑥 105 

  
stationary, 

moving 

 
force, pressure 

 
Breslouer & 

George [2008] 

 
Exp 

 
Bluff body 

diffuser with 
wheels 

 
0, 9 

 
25 

 
― 

 
― 

 
― 

 
stationary 

 
force, flow 

visualization 
(tuft, helium 

bubbles) 
 

Senior [2002] 
 

Exp 
 

Bluff body 
diffuser 

 
17 

 
8 - 30 

 
― 

 
― 0.7 –  2.7 𝑥 106 

  
stationary, 

moving 

 
force, pressure, oil 

flow, LDA, PIV 
 

Ruhrmann & 
Zhang [2003] 

 
Exp 

 
Bluff body 

diffuser 

 
5 - 20 

 
30 

 
― 

 
― 

 
― 

 
moving 

 
force, pressure, oil 

flow, LDA 
 

Soso & Wilson 
[2008] 

 
Exp 

 
Bluff body 

diffuser with wing 

 
5 – 16.7 

 
20 

 
― 

 
― 3.0 –  3.09 𝑥 105 

  
moving 

 
force, pressure, oil 

flow, LDA 
 

Jowsey [2013] 
 

Exp 
 

Bluff body 
diffuser 

 
0 – 30 

 
5 - 45 

 
― 

 
― 3.16 𝑥 106 – 

2.5 𝑥 106 

  
stationary 

 
force, pressure, 

PIV 

 
Marklund 

[2013] 

 
Exp/CFD 
(RANS) 

 
Bluff body 

diffuser and Road 
car type body 

 
0 - 14 

 
30 - 45 

 
― 

 
55 – 70 
million 

 
― 

 

 
stationary 

 
force, pressure, 

velocity, flow 
streamlines 

 
Puglisevich 

[2013] 

 
CFD (LES) 

 
Bluff body 

diffuser 

 
13 

 
80 3.6 –  5.9 𝑥 10−8 

  
10 – 20 
million 

1.01 𝑥 106 
  

stationary 
 

force, pressure, 
velocity, flow 
streamlines 
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Chapter 3  
 

 
 

Research Methods and Set-up  
 

This chapter provides a description of the wind tunnel facility employed for 

the experiments. Also, details of the wind tunnel test models investigated in 

this research are outlined and presented. This is followed by descriptions of 

the experimental procedures and measurement techniques used in extracting 

data from the experiments. Thereafter, details of the numerical methods 

employed to correlate with the experimental data are also presented. 

Measurement repeatability and uncertainties are presented in Appendix A of 

this thesis. 

3.1 Experimental Set-up 

 

3.1.1 Wind tunnel facility and test operating conditions 

The wind tunnel experiments for this research project were conducted in 

the DS Houghton wind tunnel of Cranfield University. The wind tunnel is a 

2.74 𝑚 𝑥 1.66 𝑚 closed-return, three-quarter open jet tunnel. The wind tunnel 

facility also includes a continuous-belt rolling-road system to simulate a 

moving ground condition. This makes the wind tunnel appropriate for testing 

automobile-related ground-effect aerodynamics. The belt is moved by a set of 

tension rollers, and boundary layer across the belt surface is removed by a 

boundary layer suction system.  The boundary layer control system comprises 

of a perforated plate near the nozzle exit of the wind tunnel and suction is also 

applied below the splitter plate to remove any residual boundary layer built up 

on the returning belt. The distribution and a priori optimisation of suction 
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keeps boundary layer growth on the belt at a minimum. In addition, the lifting 

of the belt as a result of aerodynamic loading is prevented by an equal 

distribution of suction underneath the rolling belt. Also, chiller units and heat 

exchangers are employed to regulate the temperature of the belt platen and 

freestream tunnel air. A Pitot-static tube located above the test model was 

used to measure total pressure in the working section. Freestream turbulence 

was recorded to be about 0.3% with 98.4% of total pressure recorded at 2 𝑚𝑚 

above the belt. A schematic of the wind tunnel is outlined in Figure 31. 

 

Figure 3-1: A schematic of the Cranfield University DS Houghton wind tunnel 

 

The overhead strut of the wind tunnel was employed to hold the test model 

in position and a force balance used to measure aerodynamic forces on the test 

model was mounted on the strut. Due to the possible interference of the LDA 

equipment, it was positioned outside the working section. Most of the 

experiments were done at a Reynolds number of 1.8 𝑥 106 based on bluff body 

length, which correlates to a freestream velocity 𝑈∞ of  20 𝑚/𝑠. Likewise, the 
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rolling road was also run at a velocity of 20 𝑚/𝑠. However, additional force 

measurements were conducted at Reynolds numbers of  1.35 𝑥 106 and 

2.25 𝑥 106 which equates to 15 𝑚/𝑠 and 25 𝑚/𝑠 respectively. The blockage 

created by the streamwise cross section of the model was  2.25%. No 

corrections were made to results extracted from the experiments because the 

open test section of the tunnel minimises the need for blockage corrections. 

Also, the wind tunnel was equipped with the Pi Aero computer-controlled 

system to automate the hydraulic motor on the strut (for ride height 

adjustment), to regulate the rolling road and freestream at the same velocity, 

and to control other wind tunnel operating conditions. The computer-controlled 

system was also employed for logging of data before transfer to Microsoft Excel 

for post-processing. Further details of the facility are provided by Knowles and 

Finnis (1998).  

3.1.2 Wind tunnel test models 

To understand the complex flow physics of an underbody diffuser flow, it 

was imperative to study the diffuser in isolation before the addition of further 

aerodynamic devices. A generic bluff body, as described in Section 1.3, is a 

suitable geometry to study representative complex flows around bluff bodies 

such as automobiles. This also makes it the appropriate representative 

geometry to study the diffuser flow. The nose section curvature of the bluff 

body enables freestream to travel around all sides of the body without flow 

interruption. The flat section underneath the bluff body represents the 

underbody floor of a racing car and a slanted section serves as a diffuser. The 

inclusion of side plates along the lengthwise sides of the diffuser section 

consummates the diffusing section as a complete representation of a racing car 

diffuser. 

For this study, the 3―D  bluff body employed has a diffuser length of about 

41% of the bluff body length. This ensured that the underbody ground effect 

phenomenon is largely dictated by the diffuser. The overall dimensions of the 

baseline bluff body and its diffuser are the same as that used in the studies of 
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Senior (2002). However, geometrical differences exist between the bluff body 

employed by Senior (2002) and in this present study. In the case of Senior 

(2002), the nose section was comprised of two merging radii and also the 

lengthwise top and bottom edges were radiused (Figure 32). The bluff body 

model for this present study was made from aluminium with the nose section 

made from SikaBlock Polyurethane and the bluff body model is 0.326 𝑚 high, 

0.314 𝑚 wide, and 1.315 𝑚 long (Figure 33). Its diffuser ramp angle is 17° with 

5 𝑚𝑚-thick endplates extending along the edges of the diffuser length. The 

start of the diffuser (or inlet) is faired with its ramp surface at a radius of 

0.04 𝑚 and the diffuser length is 0.538 𝑚 with a height of 161.5 𝑚. 

 

 

Figure 3-2: Isometric CAD representations of the diffuser-equipped bluff body geometries 
used by Senior (2002) and in this present study 

 
 

 

Figure 3-3: Schematic of the cross-sectional and rear views of the diffuser bluff body 

(Dimensions in  𝑚𝑚) for the plane diffuser (baseline)  
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Figure 3-4: Schematic of the cross-sectional and rear views of the diffuser bluff body 

(Dimensions in  𝑚𝑚) for the diffuser with convex bump  

 

 

 

Figure 3-5: Schematic of the cross-sectional and rear views of the diffuser bluff body 

(Dimensions in  𝑚𝑚) for the diffuser with wing  
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Figure 3-6: Schematic of the cross-sectional and rear views of the diffuser bluff body 

(Dimensions in  𝑚𝑚) for the diffuser with both the convex bump and wing 

 

Additional passive flow control devices were tested within the diffuser flow 

channel to examine their potential to control flow separation and enhance the 

aerodynamic performance of the diffuser. The passive flow control components 

of the diffuser model included a 0.092 𝑚 long, 0.0056 𝑚 high, and 0.304 𝑚 wide 

convex-shaped bump on the diffuser ramp positioned near the diffuser exit 

(Figure 34). The other passive flow control device (as illustrated in 

Figure 35) is a modified NASA GA (W) type LS (1) -0413 inverted wing 

(Zerihan & Zhang, 2000) with a chord length 𝑐 of 0.0837 𝑚 and a span 𝑏 

between both diffuser end plates of 0.304 𝑚 (aerofoil profile coordinates in 

Appendix B). The inverted wing is mounted close to the exit of the diffuser flow 

channel at a distance or gap 𝑔𝑝 of 0.01435 𝑚 from the diffuser ramp surface 

(which is about 50% more than the estimated boundary layer thickness before 

the diffuser inlet). Here turbulent boundary layer thickness 𝛿 (to 99% of local 

freestream velocity) of the underbody flat section of the diffuser bluff body was 

estimated using the boundary layer theory for a flat plate in Equation 3.1. In 

addition, the use of both the bump and wing together (with a gap 𝑔𝑝 

of  0.00875 𝑚) as shown in Figure 3―6 was also investigated. 
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𝛿 ≈  
0.382𝐿𝑓

𝑅𝑒0.2
= 10.6 𝑚𝑚                                                (3.1) 

 

Most of the wind tunnel experiments were done without a fixed transition 

on the body. This was done to investigate the correlative efficacy of the 

advanced computational turbulence models in predicting the location of 

laminar-to-turbulent transition and in capturing the laminar separation 

bubble formed on all sides of the bluff body’s nose section. However, force 

measurements across the range of ride heights tested were also done with a 

fixed transition at a location 0.1 𝑚 from the leading edge of the nose section 

using a 1.2 𝑚𝑚-diameter wire trip (Figure 37a). This was done to study the 

effects of a flow with fixed transition on the aerodynamic forces acting on the 

bluff body. Also, to measure surface pressures, a second flat underbody and 

diffuser ramp surface was made and fitted with pressure tappings along the 

centreline of the underbody and across the diffuser ramp in the spanwise 

direction respectively. In addition, pressure taps were also fitted along the 

vertical centreline of the base surface at the rear of the bluff body. Technical 

drawings of the bluff body model and passive flow control devices (convex 

bump and wing) are presented in Appendix B.  

(a)                                                                                             (b) 
 

 

Figure 3-7: Photographs of diffuser bluff model wind tunnel setup showing: (a) The nose 
section of the model fitted with a wire trip for fixing transition and (b) The model mounted 
on the strut of the DS Houghton wind tunnel open test section  
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3.1.3 Test model installation and ride height positioning 

The bluff body test model was held above the rolling road surface by an 

aerofoil-shaped overhead strut (Figure 37b). The strut was attached to the 

bluff body via the force balance inside the body which was fastened to an 

aluminium mount frame positioned 0.113 𝑚 above the floor of the body. This 

provided enough enclosure inside the bluff body model to house the force 

balance and the section of the strut which was attached to the force balance. 

The strut was positioned at the centre of the bluff body’s top surface and a 

lateral pin attached to the mount of the strut that held the force balance was 

used to adjust the position of the bluff body model to the centre of the rolling 

road. The distance between the trailing edge of the strut and the rear of the 

bluff body is about 0.595 𝑚 while the distance between the leading edge of the 

strut and the leading edge of the nose section of the bluff body is 0.575 𝑚. 

As a means of ensuring that the bluff body ride height was even along its 

length and span, and also parallel to the rolling road, a Vernier drop height 

gauge was employed to measure the heights in four locations to within 

±0.02 𝑚𝑚. These locations were at both sides of the body ― the leading corner 

of the bluff body’s flat section and the trailing corner of the end plates. The 

ride height of the bluff body was pre-determined and calibrated by using a 

24 𝑚𝑚 aluminium block and the computer-controlled motion system of the 

overhead strut was employed to set the ride height to within ±0.01 𝑚𝑚. Also, 

to ensure that the yaw of the model was kept to within ±0.05° from zero, the 

distances between the bluff body sides to the lengthwise edges of the rolling 

belt platen were measured to within ±0.05 𝑚𝑚 at two locations, the leading 

corner of the bluff body’s flat section and the trailing corner of the end plate, 

on either side of the bluff body. The positional measurements of the bluff body 

were examined before and after each run of the wind tunnel to maintain a high 

level of accuracy. 
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3.2 Experimental Techniques 

 

3.2.1 Force measurements 

As described in Section 3.1.3, a force balance mounted on the overhead 

strut and attached to the bluff body test model was employed to measure 

aerodynamic forces acting on the model during the wind tunnel runtime. This 

AEROTECH 6-component force balance (Figure  38) measured drag, side force 

and downforce, and rolling, pitching and yawing moments. Force and moment 

measurements were taken for thirty five ride heights within the range 120 𝑚𝑚 

to 10 𝑚𝑚 (normalised to ℎ 𝑑⁄ = 0.764 to 0.064 ).  

 

 

Figure 3-8: AEROTECH 6-component force balance 

 

The test run was a computer-automated process which started by taking 

the zero of the force balance with the wind tunnel turned off. Then, the wind 

tunnel was run up to the required freestream dynamic pressure and 

corresponding rolling road velocity. After a settling time of 3 𝑠 between each 

ride height, force and moment measurements for each ride height were taken 

for a sampling time of 8 𝑠 at a logging frequency of 1 𝑘𝐻𝑧 while the tunnel was 

running. A total of four thousand and ninety six samples were averaged for 

each ride height force measurement after which the wind tunnel was turned 

off and another zero measurement was taken. The data extraction settings 

were implemented because they sufficiently enabled measurement 

repeatability as presented in Appendix A. Also, the measurement procedure 
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implies that the force measurements extracted were only dictated by the 

freestream traveling around the bluff body test model. The force 

measurements were reduced to coefficients of lift 𝐶𝐿 and drag 𝐶𝐷 with the 

datum offset between the zero force measurements taken with the tunnel off at 

the start and end of each test run, and also with the density and dynamic 

viscosity of freestream recorded for each measurement.  

A detailed description of experimental uncertainties is presented in 

Appendix A, however, the uncertainties of 𝐶𝐿 and 𝐶𝐷 are ±0.0025 and ±0.0032 

respectively. Also, as noted earlier, 𝐶𝐿 values are positive upwards so negative 

values correspond to downforce. Force measurement test cases are detailed in 

Table 31. 

3.2.2 Surface pressure measurements 

Surface pressure measurements were taken along the centreline of the flat 

underbody and diffuser sections of the bluff body, across the diffuser and on 

the base surface of the body. As shown in Figure 39a, there were 11 tappings 

along the flat underbody, 12 tappings along the diffuser centreline and forty 

tappings distributed equally across the ramp surface in four transverse rows 

(𝑥 𝑑⁄ = 3.63, 4.10, 5.02, 5.95) with an additional fifth row (𝑥 𝑑⁄ = 6.29) of eight 

tappings. In the case of the diffuser with convex bump, the additional row of 

tappings was along the transverse centreline of the bump. Finally, five 

pressure tappings were also positioned along the vertical centreline of the base 

surface of the bluff body to capture surface pressure in the wake region. Each 

surface pressure tapping consists of an outer hole, 2 𝑚𝑚 deep and 0.5 𝑚𝑚 in 

diameter and an inner hole of 1.67 𝑚𝑚 in diameter and 3 𝑚𝑚 deep to tightly fit 

the hypodermic tubes of 20 𝑚𝑚 in length. Plastic tubes were attached to the 

hypodermic tubes and connected to the ports of Scanivalve pressure 

transducers (Figure 39b). A total of seventy six pressure tappings were 

created, therefore two Scanivalve pressure transducers with each having forty 

eight ports were attached inside the bluff body model and employed for the 

experiments. Pressure tappings were not provided on the wing when it was 
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fitted in the diffuser because its thickness of about 11.34 𝑚𝑚 was not sufficient 

to accommodate the holes and hypodermic tubes. Also, if the wing were 

pressure tapped, the plastic tubes would have intruded in the flow through the 

diffuser channel. 

(a) 

 

 

 

(b) 

 

Figure 3-9: Details of pressure measurements setup: (a) A schematic of the pressure 

tapping distribution on the 17° diffuser ramp bluff body (Dimensions in  𝑚𝑚)                      
(b) Photograph of Scanivalve pressure transducer 
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Calibration checks of the Scanivalve transducers were done and it 

confirmed that for the same pressure measurement taken by both transducers, 

the variation was within 0.1 𝑃𝑎 of each other’s measurements. Also, the 

transducer ports were set to zero before each run and checks were done to 

ensure that the ports returned to zero after each run. Pressure readings were 

measured at five ride heights representing the four flow regimes (ℎ 𝑑⁄ = 0.764, 

0.382, 0.191, 0.153, and 0.064). For each reading from the ports connected to a 

pressure tapping on the diffuser body, a total pressure 𝑝𝑡 reading was likewise 

measured by the tunnel’s overhead Pitot-static tube. In addition, the surface 

pressure measurement data extracted for each pressure tapping was averaged 

at a logging frequency of 20 𝑘𝐻𝑧 from four thousand and ninety six samples. 

The samples were collected over 12 𝑠 of sampling time and 3 𝑠 of settling time 

as it gave a satisfactory repeatability at these data extraction conditions. Each 

tapping’s reading was taken one after the other during the tunnel runtime. As 

a result, a 1.5 𝑠 delay response time was set for the Scanivalve transducers to 

provide ample time for it to switch from one measurement port to another 

before readings were taken. Coefficient of pressure 𝐶𝑝 for each static pressure 

𝑝 reading from the tappings was calculated by subtracting freestream dynamic 

pressure 𝑞∞ from the corresponding Pitot-static total pressure reading  𝑝𝑡  to 

obtain freestream static pressure 𝑝∞. Using 𝐶𝑝 = 
𝑝 − 𝑝∞

0.5 𝜌𝑈∞
2  as delineated in 

Equation 1.3, 𝐶𝑝 is then calculated. As a means of ascertaining repeatability, 

repeat runs were conducted and the uncertainty of surface pressure 

measurements was calculated to be ±0.057. Further details of surface pressure 

uncertainties and details of test repeatability are presented in Appendix A. 

Surface pressure test cases are detailed in Table 32. 

3.2.3 Surface flow visualisation 

Visualisation of the flow pathlines across surfaces of the bluff body test 

model was done with a mixture of fluorescent pigments, paraffin and oleic 

acid. The quantity distribution of each component of the mixture was: 250 𝑚𝑙 

of paraffin, 85 𝑔 of fluorescent pigments, and 10 𝑚𝑙 of oleic acid. After the test 
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model was set to the required ride height, the mixture was applied to the 

surface(s) of interest by a paint brush roller. Then the wind tunnel was run for 

about 35 to 40 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 at the required freestream and rolling road velocity ― 

providing sufficient time for the mixture dry. The flow features are highlighted 

by the residue of dry pigments and ultra-violet fluorescent lights were 

employed to illuminate the flow features. This provided a high contrast for 

images of the flow features to be taken by a high resolution camera. The digital 

camera used was a FUJIFILM FinePix 𝑆5700 and images were taken in 

shutter-priority exposure mode with the shutter speed adjusted between 1 25⁄  

to 1 4 ⁄ 𝑠 corresponding to an aperture focal ratio (or f-stop) setting of F3.5 at a 

light sensitivity ISO number of 100. Figure 310 shows the experimental setup 

of bluff body test model, ultra-violet lights, and a mirror to reflect the 

underbody image to the camera mounted on a tripod stand. The camera was 

inclined at 107° in order to align parallel the reflected image captured on the 

mirror to the 17° diffuser ramp. Surface flow visualisation test cases are shown 

in Table 32. 

 

 

Figure 3-10: Experimental setup for flow visualisation image capture 
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3.2.4 Laser Doppler velocimetry measurements 

Off-surface velocities of the boundary layer flow upstream of the diffuser 

and the near-wake downstream of the diffuser exit were measured using laser 

Doppler velocimetry (LDV). LDV is a laser-based system used for the non-

intrusive, pointwise measurement of mean and instantaneous velocity in a 

fluid flow (McKeon et al., 2007). Velocities of flow particles are measured when 

the intersection of two laser beams forms interference fringes of low and high 

intensities (Durrani & Greated, 1977). When a seed particle travels through 

the intersection of the beams it scatters light that contains light components 

from the beams. However, the intensity of the components fluctuates with a 

Doppler shift – which is the frequency that is proportional to the velocity of the 

particle perpendicular to the bisector of the beams (Beauvais, 1994; Eder et 

al., 2001). The flow velocity of a particle is measured by an optical sensor on 

the LDV equipment as the seed particle travels through the intersection of the 

beams. It is also noteworthy that negative velocities, which are profound in 

recirculating and separated flows, are determined by the motion of 

interference fringes as the frequency of one beam is shifted by a fixed amount 

relative to the other (Senior, 2002).  

The LDV equipment employed in this research was an LA6000 TSI Argon-

ion LDV flow field measurement system. The LDV system includes a two-

component TR160 series 83 𝑚𝑚 long fibre optic probe (with an XPD60 series 

beam expander); two 1 𝑊 Multicolour Beam Generators (Separator) with two 

Bragg cells producing beams of wavelengths 514 𝑛𝑚 and 488 𝑛𝑚; four fibre 

couplers (two for each beam generator); a photodetector module and a signal 

processor. The function of the fibre optic probe is to transmit the laser beams to 

form the measurement volume and also collect the scattered light from the 

travelling particles in the measurement volume. During operation, the Bragg 

cell of each beam generator splits the laser light into two beams with a shift 

frequency of 40 𝑀𝐻𝑧 between them. The collimated beams exit the probe and 

the beam expander which is attached to the probe increases the beam diameter 
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and fringe spacing. At the beam expander exit, the beams collimate once more 

and the lens ahead of the beam expander focuses and crosses the parallel 

beams to form the measurement volume. The probe is connected to the beam 

generator with a secondary connection to the photodetector module. The beam 

generator separates light from the argon-ion laser into different wavelengths of 

blue and green beams (representing the 𝑢, 𝑣 velocity components). The optic 

fibres that connect the probe to the fibre couplers on the beam generators are 

linked to the green and blue beams (violet beams representing the 𝑤 velocity 

component can be obtained by connecting additional fibre couplers to the beam 

generator). Scattered light from the particles are separated into colours and 

transformed into electrical signals by the photodetector module. The signals 

are extracted from the frequency data by the signal processor and interpreted 

by the FlowSizer Data Acquisition and Analysis 64 version 4.2.0 software 

installed on a Windows desktop computer. 

Three grids are defined for three streamwise-oriented planes 

(Figure 311a) within the near-wake of the diffuser – one grid on the mid-plane 

and the two other grids were on planes positioned 77 𝑚𝑚 from the mid-plane 

on each side (𝑧 𝑑⁄ = 0.490, 0, 0.490). The streamwise planes have dimensions 

of 340 𝑚𝑚 by 290 𝑚𝑚 with each plane having a total of 380 grid points and 

spatial resolution of 17 𝑚𝑚  between each grid point. The positions of the grid 

planes were selected in order to capture the near-wake features of the vortex 

pair on either side of the diffuser mid-plane and the spatial resolution of the 

grid was chosen to prevent the overlapping of grid points.  Two flow velocity 

components (𝑢, 𝑣) are obtained at each grid point and the movement of the 

beam focus from one grid point to another is achieved by a two-directional 

automated probe traverse system. The computer-controlled probe mount was 

positioned outside the wind tunnel open test-section, requiring the use of a 

probe lens with a focal length (ƒ) of  2.29 𝑚. Boundary layer profiles were 

measured at the diffuser inlet (𝑥 𝑑⁄ = 3.14 see Figure 311b ) on vertically-

assembled grid points with 1 mm spacing at three spanwise locations (𝑧 𝑑⁄ =
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0.363, 0, −0.363) – one at the centreline and two others 57 𝑚𝑚 apart from 

either side of the centreline position. A matrix transformation is employed in 

the TSI Flow Sizer 64 v 4.2.0 software to resolve the flow velocities from the 

beams’ axis system into the 𝑥𝑦𝑧 coordinates of the wind tunnel.  

Flow seeding particles with a mean particle size 0.9 𝜇𝑚 where dispersed 

within the wind tunnel using a PIVTECH Part45 aerosol seeding generator. 

The generator was in operation throughout the duration of each test and 

produced seeding at ambient temperature for the seed particles in a solution of 

di (2-ethylhexyl) sebacate (DEHS) (see particle size distribution in Appendix 

C). Also, the generator was located outside the tunnel and the fog containing 

the seeding particles was supplied into the diffusing section of the subsonic 

tunnel downstream of the bluff body. This enabled the homogenous mixing of 

the fog and freestream before the circulating freestream reaches the nozzle of 

the test-section. Mean velocity at each data point was measured from an 

ensemble average of two thousand samples taken at each data point over a 

sampling time of 20 𝑠 because a reasonable test repeatability was achieved at 

this sampling time and number of samples. In addition, a settling time of 5 𝑠 

was included after each probe movement to the next grid measurement point 

to allow the decay of probe-induced vibration. The sample size was determined 

by a comparison of mean velocities from the pitot-static tube of the tunnel and 

the LDV system. The tests were conducted at a freestream velocity of 20 𝑚/𝑠 

for the maximum force and force reduction ride heights (ℎ 𝑑⁄ =

0.191 and 0.153). The uncertainties at a 95% confidence level indicate that 50% 

of the velocity measurements points had an error smaller than 1% and the 

remainder had an error below 8%. Details of the experimental errors and 

uncertainties are presented in Appendix A and were calculated as described by 

Knowles (2005), Saddington et al. (2007) and Correia (2015) who all carried out 

similar LDV experiments in the same wind tunnel as used in this present 

study. Figures 312, 313a,  and 313b show the experimental setup of the 

LDV tests while Table 33 and 34 presents tabular details of the LDV test 
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cases. The system settings used in the LDV experiments are shown in the 

computer screenshots in Appendix C.  

 

 

Figure 3-11: Schematics of LDV measurement planes and locations showing:                       
(a) Measurement planes behind diffuser near-wake in isometric view (dimensions in 𝑚𝑚) 
and (b) Underbody boundary layer measurement location 

 

 

Figure 3-12: Photograph of diffuser bluff body and LDV probe on traverse mount 
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Figure 3-13: Details of experimental laser velocimetry setup: (a) Top view schematic of 
wind tunnel working section with LDV probe, traverse and seeding generator                  
(b) Schematic of LDV system components (adapted from TSI LDV system manual) 
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3.3 Computational Set-up and Techniques 

As a means of providing further understanding of the complex diffuser flow 

physics, equivalent investigations were done using computational fluid 

dynamics (CFD). Computational fluid dynamics provides a more detailed 

solution than experimental investigations. This means that a relatively simple 

computational solution provides more details of the flow physics to analyse 

than a similar experiment in the wind tunnel. 

Thus, CFD investigations using a combination of Reynolds-Averaged 

Navier Stokes (RANS) modelling and the more advanced Detached Eddy 

Simulation (DES) modelling were employed to compare with wind tunnel 

results. The CFD studies were implemented for five ride heights from the 

range of thirty five ride heights investigated in the wind tunnel. It is worth 

noting that though CFD solutions produce a detailed flow solution, the 

computational cost and time can be expensive. The selection of ride heights 

investigated with CFD (in Table 3―2) includes two ride heights from the force 

enhancement flow regime (ℎ 𝑑⁄ = 0.764  and  0.382), the maximum downforce 

ride height  (ℎ 𝑑⁄ = 0.191), and a single ride height each from the force 

reduction and low downforce flow regimes (ℎ 𝑑⁄ = 0.151 and 0.064). The 

computational work for this research project was done on the DELTA High 

Performance Computing (HPC) facility at Cranfield University and subsequent 

sections in this chapter provide details of the CFD methodology employed in 

this research work. 

3.3.1 Computational domain and grid 

In replicating the test section of the Cranfield University DS Houghton 

wind tunnel used for the experimental studies, the computational domain for 

the equivalent CFD studies was setup with use of the tunnel open test section 

dimensions. The computational domain dimensions as illustrated in Figure 

314 includes, 2.74 𝑚 wide, 1.66 𝑚 high and 6 𝑚 long. In addition, the CAD 

geometry of the bluff body model (with length 𝐿𝐵) was positioned in the domain 
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as shown in Figure 314 with a distance of ~1.50𝐿𝐵 in front, ~2.06𝐿𝐵 behind 

and ~0.92𝐿𝐵 on each side. Surface and volume grids of the computational 

domain were created with the commercial ANSYS ICEM CFD meshing 

software (ANSYS 17.2). The grid generated for the domain is hybrid 

combination of unstructured tetrahedral and prism layers (Figure 315). The 

hybrid grid moderates the expense of CPU time and memory storage. 

However, hexahedral grids are more aligned (grid uniformity) with the flow 

than tetrahedral grids. This can lead to computational errors with tetrahedral 

grids due to numerical diffusion which is dependent on the rate-of-change of 

grid point spacing. Therefore, large changes in spacing or local mesh resolution 

in high gradient regions (like boundary layers) can lead to large truncation 

errors (Thompson et al.,1999).  

Despite this, the combination of tetrahedral and prismatic boundary layer 

cells provides flexibility which enhances the alignment of the mesh with the 

boundary layer flow. The surface mesh of the bluff body was created by a 

tessellation of the CAD surface of the body. The x-wise surface mesh size on 

the bluff body was 0.006 𝑚 and a maximum x-wise volume mesh size of 0.010 𝑚 

for a ‘virtual box’ which was created around the model and extends from the 

inlet to the outlet of the domain. The box, which has a height of 

0.689 𝑚 (~0.52𝐿𝐵) and width of 0.64 𝑚 (~0.12𝐿𝐵 from each side of the bluff 

body), was created to enhance the resolution of the flow solution by 

maintaining a dense mesh around the bluff body and along the upstream 

freestream flow paths and downstream wake. This enabled the reduction of 

computational cost and time because the cells away from the bluff body model 

and ‘virtual box’ had a maximum x-wise mesh size of  0.070 𝑚 (with a 

maximum x-wise mesh size of  0.050 𝑚 for the rest of the moving ground). 
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Figure 3-14: The computational domain showing mesh resolution distribution and 

dimensions in 𝑚 representing the wind tunnel test section 

 

 

Figure 3-15: A cross section of the computational domain for the bluff body diffuser with a 
wing showing prismatic cells 

 

The volume mesh of the domain was created from the surface mesh using 

the Delaunay triangulation, which ensures that the circumcircle associated 

with each triangle contains no other point in its interior. In addition, it enables 

a smoother volume transition between two different mesh densities within the 

domain. After each of the surface and volume generation steps, the mesh was 

smoothed using a patch-based technique that relies on the cell surface normal 

to adjust sizes of grid elements beyond a pre-set quality criterion. Boundary 



68 
 

layer flow resolution was enhanced by prism layers generated around the 

boundary of the model using an iso-parametric method in the wall-normal 

direction to attain a suitable resolution while also avoiding self-intersection of 

the elements (Figure 3―15). The computational domain 𝑦+ was within the 

range 𝑦+ ≤ 1 and this met the meshing software user requirements. The 

sensitivity of the grid to 𝐶𝐿 values was noticeable between a coarse mesh of  

~14 million cells and a fine mesh of  ~27 million cells. When the fine mesh was 

further refined to about ~50 million cells, an imperceptible difference between 

the 𝐶𝐿 values for the fine and refined grid was observed. As a result, the need 

to conserve computational cost was prioritized and a minimum grid of ~27  

million cells across the ride height test cases was used for this study. 

Depending on the ride height of the bluff body, the number of prism layers 

and cell count were from 15 to 33 and 27 million to 40 million respectively with 

an exponential growth ratio ranging from 1.2 to 1.6. The first prism layer 

height ℎ𝑖 was estimated using Equations 3.2 to 3.5 as defined in the boundary 

layer theory (Schlichting, 1999; White, 2011). 

 

                                                              𝐶𝑓 =  0.0576𝑅𝑒
1/5                                                          (3.2) 

 

                                                             𝜏𝑤 =  0.5𝐶𝑓 𝜌𝑈∞
2                                                                (3.3) 

 

                                                               𝑈𝑓 = √
𝜏𝑤
ρ
                                                                         (3.4) 

 

                                                  ℎ𝑖  =  
𝑦+𝜇

  𝜌𝑈𝑓
  = 1.2 𝑥 10−5 𝑚                                                    (3.5) 

Where,  𝐶𝑓 is the skin friction coefficient; 𝑈𝑓 is the friction velocity and  𝜏𝑤  is  

the wall shear stress. 

 

The prism height ℎ𝑛 for a given layer number n and height ratio r is defined 

with the exponential growth law in Equation 3.6 as: 
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                                                                ℎ𝑛 = ℎ𝑖𝑟
𝑛−1                                                                   (3.6) 

 

Prism layers were grown exponentially with total prism layer height ℎ𝑡  

mathematically defined in the ANSYS ICEM CFD commercial software 

(ANSYS ICEM 17.2 User Guide) and represented in Equation 3.7 as: 

 

                                                             ℎ𝑡  = 
(𝑟𝑛 − 1)ℎ𝑖
(𝑟 − 1)

                                                             (3.7) 

 

3.3.2 Boundary conditions 

In addition to replicating the wind tunnel test section dimensions in the 

computational domain, the test conditions were also reproduced within the 

domain. The upstream boundary was defined as the velocity inlet with a 

20 𝑚/𝑠  (𝑅𝑒 ≈ 1.8 ×  106) freestream velocity. The downstream boundary was 

specified as a pressure outlet with a 0 𝑃𝑎 gauge pressure. In addition, a 0.01 𝑚 

turbulence length scale, which corresponded to ~0.3% turbulence intensity of 

the wind tunnel, was specified for both the velocity inlet and pressure outlet. 

As a means of simulating the moving ground of the wind tunnel, a no-slip 

moving wall condition with a translational velocity of 20 𝑚/𝑠 was specified for 

the ground boundary of the domain. The surface of the bluff body within the 

domain was defined as a stationary wall with a no-slip condition. The 

surrounding boundaries (top and side walls of the domain) were defined as 

symmetry boundary condition slip walls (to represent the open test section of 

the wind tunnel). This boundary condition incorporates a zero normal velocity 

and zero normal gradients of all variables on the boundary. As a result, 

boundary layer development is mitigated and a steady static pressure is 

maintained on the boundary. 

3.3.3 Numerical methods 

The implicit pressure-based solver using the 3―D finite volume method 

was employed to solve the incompressible flow within the computational 
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domain. Initial SRANS simulations were done for the ride heights (ℎ 𝑑⁄ =

0.764, 0.382, 0.191, 0.153, 0.064) presented in this research. The standard 

𝜅―𝜔 SST turbulence model (Menter,1994) was employed for the force 

enhancement flow regimes of ℎ 𝑑⁄ = 0.784   and  0.382; the 𝛾𝑅𝑒𝛳 (Gamma −

Re Theta) transition SST turbulence model (Menter et al., 2006; Langtry & 

Menter, 2009) was used for the force reduction flow regime (ℎ 𝑑⁄ = 0.153). 

However, the 𝑘𝑘𝑙𝜔  transition model (Walters & Cokljat, 2008) was 

employed for the maximum force flow regime (ℎ 𝑑⁄ = 0.191) and the low force 

flow regime (ℎ 𝑑⁄ = 0.064). The transition turbulence models were used to 

capture the separation bubble at the region of laminar-turbulent transition 

located about 0.3 𝑚 from the leading edge of the bluff body’s nose section. This 

separation bubble becomes dominant in defining the surface/off-surface flow 

structure and pressure distribution of the diffuser ramp located downstream. 

As a result, the standard 𝜅 − 𝜔 SST becomes ineffective in correlating 

comparative wind tunnel experiments for ride heights from the maximum 

force flow regime ride height and below. Convective and viscous terms of the 

SRANS turbulence models were discretized using the second-order upwind 

scheme. In addition, the pressure term spatial discretization was implemented 

with the standard interpolation scheme. The Green-Gauss node-based scheme 

was applied in computing cell gradients with the SIMPLE algorithm employed 

in coupling the pressure-velocity fields.   

Time-averaged solutions using URANS and IDDES methodologies were 

computed from the converged SRANS solutions. The IDDES approach was 

employed with SRANS solutions for ride heights ℎ 𝑑⁄ = 0.784, 0.382 and 0.153, 

while URANS was employed with the transition turbulence models for ride 

heights ℎ 𝑑⁄ = 0.191 and  0.064. The URANS and IDDES computations were 

implemented using the bounded central differencing scheme for the 

momentum terms. However, the second-order scheme was employed for 

temporal discretization and the pressure term made use of the standard 

interpolation scheme. Cell gradients were computed using the Green-Gauss 
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node-based scheme with the bounded second-order implicit method used for 

the transient formulation. Pressure-velocity fields were coupled using the 

PISO scheme with a factor of 1 for both the neighbour and skewness mesh 

correction factors. This was implemented to satisfy the corrected velocities of 

the momentum and continuity equations and to mitigate convergence 

difficulties. 

3.3.4 Governing equations 

The computational simulations were done using the ANSYS Fluent solver 

(ANSYS Fluent 17.2). The 𝜅𝜔 SST turbulence model used in modelling the 

diffuser force-enhancement flow regime (ℎ 𝑑⁄ = 0.784 and 0.382), performs 

adequately in adverse pressure gradients and in separated flows. This is 

because it was developed by Menter (1994) to employ the fundamental 𝜅𝜔 

formulation (Wilcox, 1988) in the inner boundary layer region (viscous sub-

layer) and interchanges to the standard 𝜅―ɛ  model (Launder & Spalding, 1972) 

in the outer boundary layer and in free shear flow. Also, a modification to its 

eddy-viscosity definition allows it to account for the turbulent shear stress. 

The two-equation eddy-viscosity transport governing formulations are given in 

Equations 3.8 and 3.9 as: 

 

                               
𝜕(𝜌𝑘)

𝜕𝑡
+
𝜕(𝜌𝑢𝑗𝑘)

𝜕𝑥𝑗
= 𝜏𝑖𝑗

𝜕𝑢𝑖
𝜕𝑥𝑗

− 𝛽∗𝜌𝜔𝑘 +
𝜕

𝜕𝑥𝑗
[( 𝜇 + 𝜎𝑘𝜇𝑡)

𝜕𝑘

𝜕𝑥𝑗
]                         (3.8) 

 

  

𝜕(𝜌𝜔)

𝜕𝑡
+
𝜕(𝜌𝑢𝑗𝜔)

𝜕𝑥𝑗
=
𝛾𝑠
𝜈𝑡
𝜏𝑖𝑗
𝜕𝑢𝑖
𝜕𝑥𝑗

− 𝛽𝜌𝜔2 +
𝜕

𝜕𝑥𝑗
[( 𝜇 + 𝜎𝜔𝜇𝑡)

𝜕𝜔

𝜕𝑥𝑗
] 

                              +2(1 − 𝐹1)
𝜌𝜎𝜔2
𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗
                                                                                              (3.9) 

 

With 𝑥𝑖 and 𝑥𝑗 defined as directional tensors, 𝑢𝑖 and 𝑢𝑗 are the ensemble-

averaged velocity tensors, 𝜇𝑡 is the dynamic turbulent viscosity 𝑣𝑡 is the 

kinematic eddy-viscosity, 𝜎 is a closure coefficient, 𝑘 is the turbulent kinetic 
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energy, γ𝑠 is the specific heat ratio, ω is the specific dissipation rate, 𝜏𝑖𝑗 is the 

viscous stress tensor, 𝐹1 is a blending function, 𝛽∗ and 𝛽 are constants. 

 

In modelling the force-reduction diffuser flow regime (ℎ 𝑑⁄ = 0.153), the 

dominance of the laminar-turbulent transition upstream of the diffuser inlet in 

dictating the flow behaviour within the diffuser was taken into account. As a 

result, the natural transition of the flow, at  ℎ/𝑑 =  0.153, was modelled using 

the 𝛾𝑅𝑒𝛳 (Gamma-Re Theta) transition SST turbulence model. The transition 

model, developed by Menter et al. (2006), determines the onset of transition 

with a combination of experimental correlations and locally formulated 

transport equations. As a means of modelling the natural transition, two 

transport equations for intermittency 𝛾 and the transitional momentum 

thickness Reynolds number 𝑅𝑒𝛳 are coupled with the transport formulations of 

the 𝜅―𝜔  SST model.  

 

The intermittency function is employed to trigger the turbulent kinetic 

energy production term downstream of the boundary layer transition point. 

The intermittency factor also determines the percentage of time the flow is 

turbulent with a factor of 1 signifying a fully turbulent flow and 0 for a fully 

laminar flow. For the simulations at  ℎ 𝑑⁄ = 0.153, an intermittency factor of 

0.46 was employed because it was observed that the lateral location of the 

asymmetric diffuser flow features at that ride height was dependent on the 

intermittency factor. In addition, the 𝑅𝑒𝛳 transport formulation captures the 

non-local influence of the turbulence intensity as the decay of turbulent kinetic 

energy and change in the free stream velocity outside the boundary layer 

alters the turbulence intensity. The 𝑅𝑒𝛳 also connects the empirical correlation 

to the onset criteria of the intermittency formulation – enabling the use of the 

model on general geometries such as aerofoils. The governing equations for 

intermittency 𝛾 and the transitional momentum thickness Reynolds number 

𝑅𝑒𝛳 are presented in Equations 3.10  to  3.14. 
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Intermittency equation: 

                                
𝜕(𝜌𝛾)

𝜕𝑡
+ 
𝜕(𝜌𝑈𝑗𝛾)

𝜕𝑥𝑗
= 𝑃𝛾 − 𝐸𝛾 + 

𝜕

𝜕𝑥𝑗
[𝜇 + (𝜇 +

𝜇𝑖
𝜎𝑓
)
𝜕𝛾

𝜕𝑥𝑗
]               (3.10) 

With transition source terms 𝑃𝛾 and the destruction/re-laminarization term 𝐸𝛾 

defined as: 

                                           𝑃𝛾 = 𝐹𝑙𝑒𝑛𝑔𝑡ℎ𝑐𝑎2𝜌𝑆𝑟[𝛾𝐹𝑜𝑛𝑠𝑒𝑡]
0.5(1 − 𝑐𝑒1𝛾)                               (3.11) 

 

                                                    𝐸𝛾 = 𝑐𝑎2𝜌𝛺𝛾𝐹𝑡𝑢𝑟𝑏(𝑐𝑒1𝛾 − 1)                                               (3.12) 

Where, 𝑆𝑟 is the strain rate magnitude; 𝐹𝑙𝑒𝑛𝑔𝑡ℎ is an empirical correlation for 

the transition region length; 𝐹𝑜𝑛𝑠𝑒𝑡 defines the onset location of transition and 

𝛺 is the magnitude of vorticity. 

 

The transition momentum thickness Reynolds number ( 𝑅𝑒𝛳𝑡̅̅ ̅̅ ̅̅  ) transport 

equation is expressed in Equation 3.13 as follows: 

 

                          
𝜕(𝜌𝑅𝑒𝛳𝑡̅̅ ̅̅ ̅̅ )

𝜕𝑡
+
𝜕(𝜌𝑈𝐽𝑅𝑒𝛳𝑡̅̅ ̅̅ ̅̅ )

𝜕𝑥𝑗
= 𝑃𝛳𝑡 +

𝜕

𝜕𝑥𝐽
[𝜎𝛳𝑡(𝜇 + 𝜇𝑡)

𝜕𝑅𝑒𝛳𝑡̅̅ ̅̅ ̅̅

𝜕𝑥𝑗
 ]                 (3.13) 

The 𝑃𝛳𝑡 serves as a source term for forcing scalar 𝑅𝑒𝛳𝑡̅̅ ̅̅ ̅̅  transported to match 

the local value of 𝑅𝑒𝛳𝑡 calculated from an empirical correlation and is 

expressed in Equation 3.14 as: 

                                            𝑃𝛳𝑡 = 𝑐𝛳𝑡
𝜌

𝑡
(𝑅𝑒𝛳𝑡 − 𝑅𝑒𝛳𝑡̅̅ ̅̅ ̅̅  )(1 − 𝐹𝛳𝑡)                                        (3.14) 

 

Where, t is a time scale that is scaled to the transport equation’s convective 

and diffusive terms; 𝐹𝛳𝑡 is the switching function to turn off the source term in 

the boundary layer, with 𝐹𝛳𝑡 = 0 in the freestream and 𝐹𝛳𝑡 = 1 in the boundary 

layer. 

 

The diffuser flows for the maximum-force ride height, ℎ 𝑑⁄ = 0.191 and the 

low-downforce ride height, ℎ 𝑑⁄ = 0.064   were modelled using the  𝑘𝑘𝑙𝜔  

transition model. This turbulence model required a 𝑦+ ≤ 0.1 (with first prism 

layer height ℎ𝑖= 1.7 𝑥 10−6 𝑚 see Equation 3.5) to fully resolve the boundary 
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layer, transition location and adequately capture the lateral location of the 

symmetric and asymmetric diffuser flow features at  ℎ 𝑑⁄ = 0.191 and  ℎ 𝑑⁄ =

0.064  respectively. The transition process of the 𝑘𝑘𝑙𝜔  turbulence model as 

defined by Walters and Cokljat (2008) is based on the transfer of laminar 

kinetic energy to turbulent kinetic energy. The laminar kinetic energy 𝑘𝐿 is the 

energy from streamwise fluctuations (or Klebanoff modes as described by 

Klebanoff, 1971) in the pre-transitional boundary layer of the flow. The 

turbulent kinetic energy 𝑘𝑇 represents the energy of fluctuations that exhibit 

behaviours of a fully turbulent flow such as considerable viscous dissipation, 

multiple length and timescales. When a shift in mean velocity boundary layer 

profile is followed by the growth of high amplitude fluctuations with an 

increase in skin friction and heat transfer, a transition through the breakdown 

of the fluctuations indicates the occurrence of bypass transition.  

In the 𝑘𝑘𝑙𝜔  transition model, the pressure-strain terms during the 

transition process represent the growth in strength of the turbulence 

fluctuations with a reduction in magnitude of the pre-transitional streamwise 

fluctuations. Hence, the action of the pressure terms denotes the energy 

transfer from laminar kinetic energy to turbulent kinetic energy. The onset of 

bypass transition is determined when the time-scale ratio (of turbulence 

production time-scale/molecular diffusion time-scale) is at a critical value. 

However, the criterion for the onset of natural transition is determined as a 

function of the ratio of Tollmien-Schlicting time-scale to the time-scale of 

molecular diffusion. The governing transport equations representing the 

turbulent kinetic energy  𝑘𝑇, laminar kinetic energy  𝑘𝐿 and the scaling 

variable 𝜔 = ɛ 𝐾𝑇⁄  (with ɛ denoting isotropic dissipation) are expressed in 

Equations 3.15 to 3.17. 

 

Turbulent kinetic energy 𝑘𝑇: 

                          
𝐷𝑘𝑇
𝐷𝑡

= 𝑃𝑘𝑇 + 𝑅𝐵𝑃 + 𝑅𝑁𝐴𝑇 −𝜔𝑘𝑇 − 𝐷𝑇 +
𝜕

𝜕𝑥𝑗
[(𝜈 +

𝛼𝑇
𝜎𝑘
)
𝜕𝑘𝑇
𝜕𝑥𝑗

]             (3.15) 
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Laminar kinetic energy 𝑘𝐿: 

                                      
𝐷𝑘𝐿
𝐷𝑡

= 𝑃𝑘𝐿 + 𝑅𝐵𝑃 + 𝑅𝑁𝐴𝑇 − 𝐷𝐿 +
𝜕

𝜕𝑥𝑗
[𝜈
𝜕𝑘𝐿
𝜕𝑥𝑗

]                               (3.16) 

Scaling variable 𝜔: 

  
𝐷𝜔
𝐷𝑡
= 𝐶𝜔1

𝜔

𝑘𝑇
𝑃𝑘𝑇 + (

𝐶𝜔𝑅
𝑓𝑊

− 1)
𝜔

𝑘𝑇
(𝑅𝑁𝐴𝑇 + 𝑅𝑁𝐴𝑇) − 𝐶𝜔2𝜔

2 + 𝐶𝜔3𝑓𝜔𝛼𝑇𝑓𝑊
2
√𝑘𝑇
𝑑3

+
𝜕

𝜕𝑥𝑗
[(𝜈

𝛼𝑇
𝜎𝑘
)
𝜕𝜔
𝜕𝑥𝑗
]                                                                                           (3.17) 

Where 𝑃𝑘𝐿 and 𝑃𝑘𝑇 are production terms for laminar and turbulent kinetic 

energies respectively. 𝑅𝐵𝑃 and 𝑅𝑁𝐴𝑇 are model terms for bypass and natural 

transition respectively. 𝐷𝐿 and 𝐷𝑇 are near-wall dissipation terms respectively. 

𝑓𝑊 represents the damping function, 𝛼𝑇 is the effective diffusivity while 

𝐶𝜔1, 𝐶𝜔2, 𝐶𝜔3 are model constants. 

 

For the ride height cases (ℎ 𝑑⁄ = 0.191 and ℎ 𝑑⁄ = 0.064) modelled using 

the  𝑘𝑘𝑙𝜔  turbulence model, time-averaged simulations were done by 

initializing the URANS transient mode of the ANSYS Fluent solver. However 

time-averaged simulations for the force-enhancement ride heights ℎ 𝑑⁄ = 0.784,

0.382 and the force-reduction ride height ℎ 𝑑⁄ = 0.153 were implemented using 

the Improved Delayed Detached Eddy Simulation (IDDES) approach. The 

standard DES methodology involves the use of a hybrid RANS/LES approach 

to compute near-wall regions of the flow with RANS and the far-wall flow 

regions with LES (Spalart, 1997;  2000). However, the standard DES has a 

tendency to quickly trigger transition to LES mode in regions that require 

RANS. The Delayed-DES (DDES) methodology was designed as a modification 

of the standard DES and it includes blending functions in the governing 

formulations of the 𝜅―𝜔  SST turbulence model to curtail the quick transition 

to LES mode in the boundary layer region (Spalart, 2006). However, the DDES 

methodology produces log-layer mismatch anomalies along boundaries 

between the RANS and LES regions. As a result, the Improved Delayed 
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Detached Eddy Simulation (IDDES), which combines the strengths of DDES 

and the wall-modelled LES, was developed with the inclusion of empirical and 

elevating functions to curb log-layer mismatch and grid-induced separation 

(Shur et al., 2008; Spalart, 2009). The governing equations for the IDDES as 

developed from the 𝜅―𝜔  SST turbulence model are defined in Equations 3.18 

and 3.19 as: 

 

                 
𝜕(𝜌𝑘)

𝜕𝑡
+
𝜕(𝜌𝑢𝑗𝑘)

𝜕𝑥𝑗
=
𝜕

𝜕𝑥𝑗
[( 𝜇 + 𝜎𝑘𝜇𝑡)

𝜕𝑘

𝜕𝑥𝑗
] + 𝑃𝑘 −

𝜌√𝑘3

𝑙𝐼𝐷𝐷𝐸𝑆
                               (3.18) 

 

 

𝜕(𝜌𝜔)

𝜕𝑡
+
𝜕(𝜌𝑢𝑗𝜔)

𝜕𝑥𝑗
=
𝜕

𝜕𝑥𝑗
[( 𝜇 + 𝜎𝜔𝜇𝑡)

𝜕𝜔

𝜕𝑥𝑗
] + 2(1 − 𝐹1)

𝜌𝜎𝜔2
𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗
 

                                + 𝛼3
𝜌

𝜇𝑡
𝑃𝑘 − 𝛽𝜌𝜔

2                                                                                      (3.19) 

 

The grid scale ∆ is defined in Equation 3.20 as: 

 

                                          ∆ = 𝑚𝑖𝑛{𝐶𝜔  max[𝑑𝜔 , ℎ𝑚𝑎𝑥], ℎ𝑚𝑎𝑥}                                             (3.20) 

Where  𝛼3  in Equation 3.19 is defined as in Equation 3.21: 

                                                  𝛼3  = 0.25 − 
𝑑𝜔
ℎ𝑚𝑎𝑥

                                                                   (3.21) 

With the empirical constant 𝐶𝐷𝐸𝑆 expressed in Equation 3.22 as: 

                                      𝐶𝐷𝐸𝑆 = 𝐶𝐷𝐸𝑆1 ⋅ 𝐹1 + 𝐶𝐷𝐸𝑆2 ⋅ (1 − 𝐹1)                                               (3.22) 

 

Then IDDES length scale 𝑙𝐼𝐷𝐷𝐸𝑆 in Equation (3.18) includes the empirical 

blending function 𝑓𝑑 and elevating function 𝑓𝑒 to mitigate log-layer mismatch 

and is defined in Equations 3.23 to 3.25 as follows: 

 

                                                               𝑙𝐿𝐸𝑆 = 𝐶𝐷𝐸𝑆∆                                                                  (3.23) 
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                                                             𝑙𝑅𝐴𝑁𝑆 = 
√𝑘

𝐶𝜇𝜔
                                                                   (3.24) 

 

                                   𝑙𝐼𝐷𝐷𝐸𝑆 = 𝑓𝑑 ⋅ (1 + 𝑓𝑒) ⋅ 𝑙𝑅𝐴𝑁𝑆 + (1 − 𝑓𝑑) ⋅ 𝑙𝐿𝐸𝑆                                 (3.25) 

 

With 𝑑𝜔 designated as the distance to the nearest wall and ℎ𝑚𝑎𝑥 is the 

maximum edge length of the cell; 𝑃𝑘 is a production term, and 

 𝐶𝜇 ,  𝐶𝜔,  𝐶𝐷𝐸𝑆1, 𝐶𝐷𝐸𝑆2 are model constants. In addition, when 𝑓𝑒 = 0, IDDES 

reverts to DDES and the IDDES length scale is simplified as  𝑙𝐼𝐷𝐷𝐸𝑆 = 𝑓�̌� ⋅

𝑙𝑅𝐴𝑁𝑆 + (1 − 𝑓�̌�) ⋅ 𝑙𝐿𝐸𝑆. A detailed formulation of IDDES is presented in Shur et 

al. (2008). 

 

3.3.5 Simulation procedure 

The SRANS simulations were initialized from the inlet and computed over 

10,000 iterations with solution convergence achieved as the residuals reach a 

magnitude  ≤ 10−5 (Figure 316). Subsequent transient simulations using the 

URANS and IDDES methodologies were initiated with corresponding SRANS 

solutions. The time-step 𝛥𝑡 used in the time-averaged computations was 

estimated using the guidelines established by Spalart (2001) in which the 

minimum time-step 𝛥𝑡𝑚𝑖𝑛 was employed as the time-step and is calculated for 

a given freestream velocity 𝑈∞ and smallest x-wise grid size 𝛥𝑥 as defined in 

Equation 3.26 as: 

                                                           𝛥𝑡𝑚𝑖𝑛  ≈  
𝛥𝑥

1.5𝑈∞
                                                               (3.26) 

Hence, with 𝛥𝑥 = 0.006 𝑚  for the baseline bluff body diffuser and bluff body 

diffuser with a convex bump and 𝛥𝑥 = 0.001 𝑚  for the bluff body diffuser with 

a wing and diffuser with both the bump and wing, the time step at 𝑈∞ =

20 𝑚/𝑠 was calculated to be 2.0 𝑥 10−4 𝑠 and 3.33 𝑥 10−5 𝑠 respectively. 

Furthermore, convergence of the numerical approximations of the finite 

volume partial differential equations was achieved by meeting the ANSYS 
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Fluent solver’s Courant–Friedrichs–Lewy (CFL) number criterion of 𝐶𝐹𝐿 ≤  1. 

Where CFL is expressed in Equations 3.27 and 3.28 as: 

For baseline diffuser and diffuser with convex bump using  𝛥𝑥 = 0.006 𝑚: 
 

                                                             𝐶𝐹𝐿 ≈
𝑈∞𝛥𝑡
𝛥𝑥

= 0.67                                                      (3.27) 

 

For diffuser with wing and diffuser with both bump and wing using  𝛥𝑥 = 0.001 𝑚: 
 

                                                           𝐶𝐹𝐿 ≈
𝑈∞𝛥𝑡
𝛥𝑥

=  0.4                                                         (3.28) 

 

For the transient URANS and IDDES simulations, the number of 

iterations determines the total simulation time (i.e. total simulation time = 

number of iterations 𝐱 time step ∆𝑡). Hence estimating the total time for time-

averaging was guided by the methodology described by Bruun (1995) and 

Romano et al. (2007) where the autocorrelation coefficient was calculated to 

ascertain the integral time scale  with a 95% confidence level. However, 

constraints in computational cost (computational capacity and time) on a 

computing cluster was also considered. Therefore the total simulation time for 

the various diffuser body test geometries was implemented based on the time it 

takes the transient simulations to reach a pseudo-steady state. Time histories 

for lift, drag and pressure coefficients were individually collated during the 

simulations and averaged across the pseudo-steady part (i.e. when the flow has 

become fully developed) of their respective time histories. However, other 

physical quantities of the flow were averaged across the total simulation time. 

The incompressible flow required a total simulation time of 6 𝑠 to fully develop 

and this equates to 30,000 time-step iterations for the bluff body diffuser 

baseline and the bluff body diffuser with a convex surface. For the case of the 

bluff body diffuser with a wing, the total simulation time was 3 𝑠 requiring 

90,091 time-step iterations. However, for all cases, coefficients of lift and drag 

convergence was achieved within three decimal places and within 20 sub-

iterations. Over the course of the total flow simulation time, a flow particle 
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travelling the length of the bluff body at freestream velocity completes 300 

passes for the baseline diffuser and convex surface diffuser, and 900 passes for 

the diffuser with a wing. A single pass is completed after 100 iterations and 

after a pseudo-steady state is reached by the end of the transient flow 

simulations, statistical data (mean) were then collated for lift, drag and 

surface pressure coefficients with averaging done after 10 passes. The average 

time taken to complete each transient simulation was about 140 hours using 

256 Giga Bytes of memory on the DELTA high performance computing (HPC) 

cluster at Cranfield University. 
 

 
 

Figure 3-16: Convergence of SRANS residuals over 10,000 iterations 

 
Table 3-1: Force measurements test cases (B = baseline; C = with convex bump; W = 
with wing; C&W = with convex bump and wing) 

𝒉 𝒅⁄  Diffuser bluff body 
diffuser type 

Reynolds number 
(Re) 

Ground Condition Transition 

0.064 
0.064 
0.064 

 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.076 
0.076 
0.076 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.089 
0.089 
0.089 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 
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0.102 
0.102 
0.102 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.115 
0.115 
0.115 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.8 0𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.127 
0.127 
0.127 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.140 
0.140 
0.140 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.153 
0.153 
0.153 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.166 
0.166 
0.166 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.172 
0.172 
0.172 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.178 
0.172 
0.172 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.185 
0.185 
0.185 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.191 
0.191 
0.191 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.197 
0.197 
0.197 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.204 
0.204 
0.204 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.210 
0.210 

B, C, W 
B, C, W, C&W 

1.35 𝑥 106 
1.80 𝑥 106 

Moving 
Stationary/Moving 

Free 
Free/Fixed 
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0.210 B, C W 2.25 𝑥 106 
 

Moving Free 

0.217 
0.217 
0.217 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.229 
0.229 
0.229 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.242 
0.242 
0.242 

 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.255 
0.255 
0.255 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.271 
0.271 
0.271 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.287 
0.287 
0.287 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.303 
0.303 
0.303 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.318 
0.318 
0.318 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.334 
0.334 
0.334 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.350 
0.350 
0.350 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.366 
0.366 
0.366 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.382 
0.382 
0.382 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 
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0.414 
0.414 
0.414 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.446 
0.446 
0.446 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.510 
0.510 
0.510 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.573 
0.573 
0.573 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.637 
0.637 
0.637 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.701 
0.701 
0.701 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

0.764 
0.764 
0.764 

B, C, W 
B, C, W, C&W 

B, C W 

1.35 𝑥 106 
1.80 𝑥 106 
2.25 𝑥 106 

 

Moving 
Stationary/Moving 

Moving 

Free 
Free/Fixed 

Free 

 
 
 Table 3-2: Surface pressure, surface flow visualisation and CFD test cases 

𝒉 𝒅⁄  Diffuser bluff body type Reynolds number 
(Re) 

Ground 
Condition 

Transition 

 
0.064 

 

Baseline, with convex bump, 
with wing, 

with convex bump & wing 

 
1.80 𝑥 106 

 
Moving 

 
Free 

 
0.153 

Baseline, with convex bump, 
with wing, 

with convex bump & wing 

 

1.80 𝑥 106 

 
Moving 

 
Free 

 
0.191 

Baseline, with convex bump, 
with wing, 

with convex bump & wing 

 
1.80 𝑥 106 

 
Moving 

 
Free 

 
0.382 

Baseline, with convex bump, 
with wing, 

with convex bump & wing 

 
1.80 𝑥 106 

 
Moving 

 
Free 

 
0.764 

Baseline, with convex bump, 
with wing, 

with convex bump & wing 

 
1.80 𝑥 106 

 
Moving 

 
Free 
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Table 3-3: LDV boundary layer profile measurements at diffuser inlet (𝑥 𝑑⁄ = 3.14) for 
baseline diffuser test cases 

 

𝒉 𝒅⁄  Measurement    Locations 
 

𝒛 𝒅⁄  

0.382 0.363 0 -0.363 

0.191 0.363 0 -0.363 

0.153 0.363 0 -0.363 

0.064 ― 0 ― 

  
 
 

Table 3-4: Diffuser near-wake streamwise plane LDV measurement test cases 

 

𝒉 𝒅⁄  Diffuser bluff body type Measurement     Planes   𝒛 𝒅⁄  
 

0.153 Baseline 0.490 0 -0.490 

0.191 Baseline 0.490 0 -0.490 

0.191 With Convex bump 0.490 0 ― 

0.191 With Wing 0.490 0 ― 

0.191 With Convex bump & Wing ― 0 ― 
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Chapter 4  

 

Plane Diffuser (Baseline): Forces, Pressures 

and Flow Characteristics  
 

Characteristic force measurements of the diffuser bluff body model and 

surface static pressure measurements on the flat underbody, diffuser ramp 

and base plate sections of the model are presented and discussed in this 

chapter. In addition, comparative CFD data are also presented as a means of 

correlating and validating computational modelling of the diffuser flow with 

experimental wind tunnel results. The analysis of the aerodynamic 

measurements and behaviour are presented with respect to the four distinct 

flow regimes as established by previous research on this subject. On-surface 

flow features captured by surface oil-flow visualisation on the diffuser ramp 

are also presented to highlight the distinctions among the diffuser flow 

regimes. 

4.1 Diffuser Flow Behaviour and Flow Regime Types 

When in proximity to the ground plane, the downforce generated by the 

diffuser is sensitive to ride height. However, Senior (2002) found that the flow 

through the diffuser exhibits four different flow regimes (‘A’, ‘B’, ‘C’ and ‘D’) as 

ride height is gradually reduced from a high to a low ride height. Senior (2002) 

classified the flow regimes across the ride height interval as: force 

enhancement (flow regime A), maximum force (flow regime B), force reduction 

(flow regime C) and low force (flow regime D). 

The four different flow regimes were also discovered in this present study, 

as the bluff body ride height was gradually reduced from ℎ 𝑑⁄  = 0.764 to 0.064 
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(see Figure 4―1). The boundaries between the flow regimes are determined by 

comparing the rate of change of the downforce and drag curves with on-surface 

flow visualisation from preliminary investigations using CFD for a more 

extensive range of ride heights than the five ride heights presented for the 

experiments. Flow visualisation on either side of the boundaries between 

regimes A & B and C & D indicates a distinct change in flow behaviour, which 

corresponds to the points of inflection on the force curves, while the boundary 

between regimes B and C is at the point of maximum force. Regime A as the 

force enhancement region is distinguished by a reasonably symmetrical 

diffuser flow due to the presence of a pair of longitudinal vortices. Regime B is 

the maximum force region characterised by increased inlet suction and vortex 

pair size. Regime C is denoted as the force reduction region where the diffuser 

flow becomes asymmetric, and regime D is classified here as the low downforce 

region where the asymmetric flow is increasingly dominated by flow 

recirculation.  

These flow characteristics that define the flow regimes are further 

explained in subsequent sections of this chapter using force curves, static 

pressure distributions, and flow features on the diffuser ramp surface. The 

flow regimes of the baseline diffuser with a plane ramp surface of this present 

study are distinguished from the curves of 𝐶𝐿  &  𝐶𝐷 and the rate of change of 

these curves with ride height; these are presented in Figures 41a  to  41d. 

Also a 𝐶𝐿 and 𝐶𝐷 comparison with the investigations of Senior (2002) is 

presented in Figures  42a  and  42b. In this chapter, the four distinct flow 

regimes are represented by data taken at ℎ 𝑑⁄ = 0.764,  0.382,  0.191,  0.153 and 

0.064 as shown in Figure 41. 

In this present study, the flow physics of the regimes (in Figures 41a 

and  41b) are explained with the coefficient of forces (𝐶𝐿 and 𝐶𝐷); surface 

pressures (𝐶𝑝) along the underbody centreline and across the diffuser ramp; 

and on-surface flow visualisation. Downforce and drag increased as ride height 

was reduced from ℎ 𝑑⁄ = 0.764 to 0.318 within flow regime A. However, a 
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gradient change around ℎ 𝑑⁄ = 0.318 indicated a transition into flow regime B 

despite a steady increase in downforce and drag. Moreover, peak downforce 

and drag are reached at ℎ 𝑑⁄ = 0.191 after which a distinct sharp drop in both 

downforce and drag occurred when the ride height was further reduced. This 

steep drop is as a result of a flow change from regime B to C, and this flow 

regime terminates around  ℎ 𝑑⁄ = 0.127. Below ℎ 𝑑⁄ = 0.127, a further drop in 

both downforce and drag as indicated by the change in slope from ℎ 𝑑⁄ = 0.127 

to the last ride height, ℎ 𝑑⁄ = 0.064 is defined as the low downforce region (flow 

regime D). 

 
Figure 4-1: Force measurements (wind tunnel) across ride heights (ℎ 𝑑⁄ =
0.764  to  0.064) and flow regimes (‘A’ to ‘D’): (a) lift coefficient (b) drag coefficient,   
(c) lift coefficient slope (d) drag coefficient slope 



87 
 

 

As shown in Figures 42a and 42b, downforce and drag comparison plots 

of wind tunnel investigations between this present study and that of Senior 

(2002) indicated a disparity. The diffuser bluff body of Senior (2002) appeared 

to have generated more downforce and drag respectively across most of the 

ride heights investigated than the diffuser bluff body used in this present 

study (∼ 11.5%  more 𝐶𝐿 and ∼ 11% more 𝐶𝐷 at the highest ride height tested, 

ℎ 𝑑⁄ = 0.764). In addition, the maximum downforce and drag occurred at 

ℎ 𝑑⁄ = 0.21 and ℎ 𝑑⁄ = 0.191 for Senior (2002) and the present study 

respectively. Figures 43a and 43b indicate that across ride heights, there 

were deviations between forces measured in the wind tunnel and forces 

predicted with CFD. The disparities in predicted forces were less profound 

with time-averaged transient CFD (DES) than with SRANS (𝜅―𝜔 SST 

turbulence model) employed by Genua (2009). Senior (2002) reported that 

maximum downforce and drag varied between ℎ 𝑑⁄ = 0.217 and 0.210 however, 

as shown in Figures 43a and 43b, DES and SRANS predicted the maximum 

forces at ℎ 𝑑⁄ = 0.217 and  0.159 respectively. This suggests that the hybrid 

RANS/LES modes of the DES turbulence modelling method captured the near-

wall flow physics and the separated flow region of the diffuser bluff body better 

than the SRANS  𝜅―𝜔 SST turbulence model. 

 
Figure 4-2: Force measurement (wind tunnel) comparison between present study and 
that of Senior (2002): coefficients of (a) lift (b) drag 
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Figure 4-3: Force measurement comparison between Senior (2002) wind tunnel 
measurements and CFD methods: coefficients of (a) lift (b) drag 

 

The disparities in experimental 𝐶𝐿 and 𝐶𝐷  between Senior (2002) and the 

present study might be attributed to the geometrical differences between the 

test models of the two studies and the fixed transition implemented by 

Senior (2002). The fixed transition eliminates the laminar separation bubble 

on the nose section and the radiused lengthwise corners (see Figure 32a) 

accelerate the underbody flow around the bottom corners of the bluff body thus 

further lowering underbody pressures. A further difference between the two 

studies, however, was the use of a closed section wind tunnel (Senior) versus 

the open test section of the present study. Using the wind tunnel blockage 

correction method (Maskell, 1963) in Equation 4.1 to estimate the corrected 

values for the coefficients of downforce and drag (𝐶𝐿𝑐  and  𝐶𝐷𝑐) of Senior (2002) 

reduced the deviation from 𝐶𝐿 and 𝐶𝐷 values of the present study (Figures 44a 

and 44b). As indicated by Senior (2002), wind tunnel corrections were not 

implemented in the diffuser bluff body study done in a closed test section wind 

tunnel. 
 

                                                                              
𝐶𝐷
𝐶𝐷𝑐

= 
𝑞𝑐
𝑞
                                                                           (4.1) 

 
 Where, subscript 𝑐 refers to the corrected values of  𝐶𝐷 and the dynamic pressure 𝑞.      
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Figure 4-4: Force measurement (wind tunnel) comparison between corrected values from 
Senior (2002) and present study: coefficients of (a) lift (b) drag 

 
 

 

Figure 4-5: Flat underbody and diffuser centreline pressure distribution measurements 
(wind tunnel) for the ride heights representing the four flow regimes for the present study 

 

The pressure distribution (Figure 45) along the underbody centreline for 

the ride heights from each of the four distinct flow regimes (ℎ 𝑑⁄ = 0.764,  0.382, 
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0.191, 0.153, and 0.064) indicates the variation of velocity of the flow 

underneath the diffuser bluff body. The curvature at the start of the 

underbody causes an increase in flow velocity and, hence an increased suction. 

Downstream of that location, pressure recovery occurred briefly due to a 

reduction in the flow velocity effect from the start of the flat section. However, 

beyond the brief pressure recovery, static pressure reduced gradually due to 

the ‘pump down effect’ of the diffuser located further downstream. This trend 

continues with the peak velocity at the diffuser inlet, caused by the local flow 

curvature, producing a corresponding peak suction at the same location. The 

subsequent pressure recovery downstream of the diffuser inlet indicated the 

presence of an adverse pressure gradient towards the diffuser exit. Peak 

suction at the diffuser inlet increased from that of the force enhancement ride 

height (ℎ 𝑑⁄ = 0.764) to the maximum force ride height  (ℎ 𝑑⁄ = 0.191). 

Subsequently, a reduction in the diffuser inlet peak suction occurred below the 

maximum force ride height as represented by the force reduction ride height 

of  ℎ 𝑑⁄ = 0.153 with a further force reduction at the low force ride 

height  ℎ 𝑑⁄  = 0.064. Also for both ride heights (ℎ 𝑑⁄  = 0.153 and 0.064), the 

pressure distribution upward curvature close to the diffuser exit indicates the 

severe adverse pressure gradient induced by flow reversal and recirculation (as 

discussed subsequently in Section 4.1.3 and 4.1.4) 

4.1.1 Force enhancement (flow regime A) 

 

As shown in the 𝐶𝐿 and 𝐶𝐷 plots of Figure 41, regime A starts from the 

highest normalised ride height,  ℎ 𝑑⁄ = 0.764 and ends at  ℎ 𝑑⁄ = 0.318. Within 

this sub-range of twelve ride heights, downforce and drag increased gradually. 

This increase in downforce and drag also indicates the existence of an 

interdependent relationship between the downforce/drag and the ride height of 

the ground effect diffuser. Between the normalised ride heights, ℎ 𝑑⁄ =

0.764  and  0.318,  𝐶𝐿 increased from −0.876  to − 1.779 due to increased suction 

and likewise, 𝐶𝐷 increased from 0.282 to 0.429 due to increased vortex drag. 
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Centreline and spanwise surface pressures of the flat underbody and 

diffuser ramp sections at ℎ 𝑑⁄ = 0.764  and 0.382 (within flow regime A) are 

presented in Figures 45, 46a  and 46b. At  ℎ 𝑑⁄ = 0.764, the peak suction at 

the diffuser inlet is 𝐶𝑝 = −1.192 and increased to 𝐶𝑝 = −1.682 at ℎ 𝑑⁄ = 0.382 

indicating a corresponding increase in peak velocity at the diffuser inlet with 

reducing ride height. The increase in diffuser inlet peak suction likewise 

induced an increase in diffuser ramp suction from measurements at ℎ 𝑑⁄ =

0.764 to those at ℎ 𝑑⁄ = 0.382. The curvature on both sides of the spanwise 

pressure measurements at both ℎ 𝑑⁄ = 0.764 (Figure 4―6a) and 0.382 

(Figure 4―6b) indicated that the diffuser flow is symmetric in flow regime A. 

However, the increase in the diffuser centreline and spanwise pressures at 

𝑥 𝑑⁄ = 3.63  to 𝑥 𝑑⁄ = 6.29 signified that the static pressure recovery of the 

diffuser flow occurred under an adverse pressure gradient. As a result, the 

pressure distribution curvature gradually becomes more flat downstream 

of  𝑥 𝑑⁄ = 3.63. Factually, the pressure recovery from the early to the later part 

of the diffuser ramp can be highlighted with the lowest 𝐶𝑝 of the spanwise 

pressure distributions. At  ℎ 𝑑⁄ = 0.764, the lowest 𝐶𝑝 at 𝑥 𝑑⁄ = 3.63 and 

𝑥 𝑑⁄  = 6.29 is −0.794 and −0.157 respectively, while at ℎ 𝑑⁄ =  0.382, the lowest 

𝐶𝑝 at 𝑥 𝑑⁄ =  3.63 and  𝑥 𝑑⁄  =  6.29  is −1.558 and − 0.195 respectively. 

Flow visualization on the surface of the diffuser ramp provided further 

information on the diffuser flow features. The on-surface flow features in the 

flow regime A  (ℎ 𝑑⁄ = 0.764 and  0.382)  as shown in Figure  47 and 48 

indicated the presence of longitudinal vortices (curved pathlines) along both 

lengthwise edges of the diffuser ramp. The existence of the vortex pair 

corroborated the observations by Senior (2002). In this study, the longitudinal 

vortices originating from both sides of the diffuser inlet are propelled in the 

streamwise direction by the pressure difference outside and inside the diffuser. 

The diffuser flow shows symmetry about the centreline (𝑧 𝑑⁄ = 0). This 

occurrence provides an explanation to the symmetric curvature of the 

spanwise surface pressure distribution. A thin separation region appears along 
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the span of the diffuser inlet except for the sides where the longitudinal vortex 

pair originates. However, the vortex pair appears to travel downstream 

towards the centre of the diffuser ramp indicating a separation from the 

diffuser end plates. Also, the diffusion of the curved pathlines at the lower half 

of the diffuser surface ― towards the diffuser exit ― indicates the weakening in 

strength of the vortex pair and a detachment from the diffuser surface. When 

ride height was reduced from ℎ 𝑑⁄ = 0.764 to 0.382, it can be observed that 

there is a stronger cross flow angle of the curved pathlines and they extend 

further downstream of the diffuser inlet. This indicates enhanced vortex 

strength (as detailed in Chapter 5) which translates to increased downforce.  

4.1.2 Maximum force (flow regime B) 

Flow regime B as indicated in Figure 41, falls within the normalised ride 

height interval  ℎ 𝑑⁄ = 0.318  to  0.191, and within this interval, a further 

increase in 𝐶𝐿 and 𝐶𝐷 occurred. Between ℎ 𝑑⁄  =  0.318  and  0.191, 𝐶𝐿 and 𝐶𝐷 

increased from −1.779 to −1.915 and 0.429 to 0.463 respectively. The 7.64% 

and 7.92% increase in downforce and drag respectively between both ride 

heights is an indication that flow regime B is an enhancement of the previous 

type A flow. As explained in the case of the ride height interval in the type A 

flow (in Section 4.1.1), the increase in downforce and drag implied an increase 

in the velocity of the diffuser flow. Therefore, the subsequent increase in 

downforce and drag within the ride height interval of the type B flow with an 

increased gradient of the 𝐶𝐿 and 𝐶𝐷 curves implies a further increase in 

strength of the vortices in the type B flow. Moreover, the maximum downforce 

and drag of all ride heights investigated in this study occurred at ℎ 𝑑⁄ = 0.191.  

At the maximum force ride height of the type B flow regime (ℎ 𝑑⁄ = 0.191), 

the centreline diffuser peak suction increased from the 𝐶𝑝 of −1.682 at 

ℎ 𝑑⁄ = 0.382  (type A regime) to a 𝐶𝑝 of −2.057 at  ℎ 𝑑⁄ = 0.191 (Figure 45). The 

increase in suction as indicated by underbody surface pressures also indicates 

an increase in downforce. The curvature on each end of the spanwise pressure 

distribution at ℎ 𝑑⁄ = 0.191 also indicated that the type B flow regime is 
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symmetric (Figure 46c). In addition, the pressure recovery and adverse 

pressure gradient encountered by the diffuser flow are reflected in the 

diminishing curvature and increase in static pressure of the surface pressure 

distribution from 𝑥 𝑑⁄ = 3.63  to 𝑥 𝑑⁄ = 6.29.  At ℎ 𝑑⁄ = 0.191, the lowest 𝐶𝑝 at 

𝑥 𝑑⁄  =  3.63 and 𝑥 𝑑⁄ = 6.29 is −1.850 and −0.246 respectively. Furthermore, 

the increased suction on either sides of the pressure distribution at 𝑥 𝑑⁄ =

3.63  of ℎ 𝑑⁄ = 0.191  relatively to that of  ℎ 𝑑⁄ = 0.382 indicated a relative 

enhancement of the flow physics along the lengthwise sides of the diffuser. 

In Figure  49, the increased size of the curved pathlines in the force 

enhancement flow regime as represented in  ℎ 𝑑⁄ = 0.191 further confirms that 

the strength of the vortex pair has further increased. Also, the diffuser flow 

remains reasonably symmetric on either side of the diffuser ramp centreline 

(𝑧 = 0) and the enhanced vortex strength is responsible for the lower surface 

pressures close to the endplates relative to those of  ℎ 𝑑⁄ = 0.382. The 

separation line along both lengthwise sides of the diffuser appeared to have 

extended downstream. Also, the central separation region along the diffuser 

inlet (between  𝑧 𝑑⁄ =  0.25 and − 0.25) has thickened with the separation 

bubble extending downstream and along the centre of the diffuser ramp. These 

flow features implied that there was an increase in both the streamwise flow 

velocity into the diffuser and the adverse pressure gradient encountered by the 

diffuser flow. In addition, the reduced presence of the curved pathlines 

towards the exit of the diffuser implied that the vortex pair had detached from 

the ramp. In contrast, the diminished presence of the separation bubble 

towards the exit of the diffuser inferred that the diffuser flow between the 

vortex pair had reattached to the diffuser ramp.  
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Figure 4-6: Diffuser ramp surface spanwise pressure measurements (wind tunnel) for 
flow regime types: (a & b) Type A; (c) Type B; (d) Type C; (e) Type D 
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Figure 4-7: Diffuser surface flow features with visualization paint for flow regime Type A 
(Flow direction from top to bottom) 

 

 

 



96 
 

 

  

 

Figure 4-8: Diffuser surface flow features with flow visualization paint for flow regime 
Type A (Flow direction from top to bottom) 
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Figure 4-9: Diffuser surface flow features with flow visualization paint for flow regime 
Type B (Flow direction from top to bottom) 
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Figure 4-10: Diffuser surface flow features with flow visualization paint for flow regime 
Type C (Flow direction from top to bottom) 
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Figure 4-11: Diffuser surface flow features with visualization paint for flow regime Type D 
(Flow direction from top to bottom) 
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4.1.3 Force reduction (flow regime C) 

Flow regime C occurs within the normalised ride height interval, ℎ 𝑑⁄ =

0.191 to  0.127  (Figure 41) and the steep drop in the slope preceded by the 

inflection of the 𝐶𝐿 and 𝐶𝐷 curves around ℎ 𝑑⁄ = 0.191, indicated the occurrence 

of another change in the diffuser flow. The flow regime within this ride height 

interval is denoted as the force reduction region due to the severe reduction of 

𝐶𝐿 and 𝐶𝐷 associated with the flow asymmetry of the type C diffuser flow. 

From  ℎ 𝑑⁄ = 0.191 to 0.127, 𝐶𝐿 and 𝐶𝐷 reduced from −1.915 to −1.276 and 0.463 

to 0.370 respectively. The 33.36% and 20.08% drops in 𝐶𝐿 and 𝐶𝐷 respectively 

confirm a significant transformation in the diffuser flow physics. 

The suction peak at the diffuser inlet also reduced from a 𝐶𝑝 of −2.068 

at ℎ 𝑑⁄ = 0.191 to a 𝐶𝑝 of −1.579  at ℎ 𝑑⁄ = 0.153  (Figure  45). In addition, there 

are lower surface pressures on one end of spanwise pressure distribution than 

at the other end as shown in Figure 46d, indicating that the diffuser flow of 

flow regime C is asymmetric. Furthermore, the static pressure recovery and 

adverse pressure gradient of the diffuser flow is exhibited by the gradually 

increasing pressure coefficients downstream of the diffuser inlet (~ 𝑥 𝑑⁄ =

3.08). At ℎ 𝑑⁄ = 0.153, the lowest 𝐶𝑝 on 𝑥 𝑑⁄  =  3.63  is −1.280 and this 

increased to a low of −0.359 at 𝑥 𝑑⁄ =  6.29. However, the higher static 

pressures on one end of the spanwise pressure distribution relative to the 

other end indicate that the suction-enhancing flow physics on side of the 

higher pressures is diminished. 

The on-surface flow features on the diffuser ramp at ℎ 𝑑⁄ = 0.153 

corroborate the asymmetric surface pressure distribution and provide further 

insights into the asymmetric flow of the type C diffuser flow. As seen in 

Figure  410, only one of the longitudinal edge vortices exists from the pair. In 

addition the vortex burst (breakdown) at one spanwise end of the diffuser is 

develops into a diagonal flow that appears to travel towards the location of the 

existing vortex. Part of the diagonal flow appears to have reversed towards the 
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diffuser inlet and the other portion of the diagonal flow appears to have 

reversed around a significant area of one side of the diffuser. However, along 

the longitudinal edge of the surviving vortex, the flow appears to have largely 

detached from the diffuser end plates. In addition, along the span of the 

diffuser inlet, the thin separation line appears to have moved to the side where 

the surviving vortex exists. This also implies that the surviving vortex has 

been weakened relative to the same vortex in the maximum force ride 

height  (ℎ 𝑑⁄ = 0.191). Senior (2002) stated that the flow asymmetry of the 

diffuser flow in the force reduction ride height appeared to have occurred at 

random and that the vortex bursting occurrence switched from one vortex to 

the other during the experiments. Furthermore, she stated that the 

asymmetry may have been induced by error in aligning the model to a zero 

yaw angle or imperfections in the test model underbody surface as observed in 

missile and slender body aerodynamics (Dexter, 1982). 

However, it is also noteworthy to state that as the ride height is lowered 

into the force reduction flow regime, the approximate turbulent boundary layer 

thickness of the flow (estimated before the diffuser inlet as ~10.6 𝑚𝑚 using a 

flat plate approximation) increasingly dominates the constrained underbody 

3―D flow. The flow retardation of the slow-moving boundary layer flow 

entering the diffuser is therefore responsible for the dominant separation and 

reversal of the diffuser flow. This also resulted in the characteristic vortex 

breakdown and thus, downforce reduction of the type C flow regime. 

4.1.4 Low force (flow regime D) 

Downforce and drag continue to reduce in flow regime D even though the 

diffuser generates a low downforce within this regime. Nonetheless, this flow 

behaviour also indicates another change in the diffuser flow physics from that 

of flow regime C. The type D flow regime extends beyond  ℎ 𝑑⁄ = 0.127 to the 

lowest ride height (ℎ 𝑑⁄ = 0.064) investigated in this study. Between ℎ 𝑑⁄ =

0.127 and  0.064, 𝐶𝐿 and 𝐶𝐷 reduced from −1.288 to −1.058 and 0.370 to 0.300 

respectively. 
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The diffuser ramp surface pressure distribution of the type D flow is 

represented by measurements taken at ℎ 𝑑⁄ = 0.064. The centreline pressure 

distribution shown in Figure 45, indicates that the diffuser inlet suction peak 

has reduced from the relatively higher suction peak of the type C flow (𝐶𝑝 =

 −1.579 at  ℎ 𝑑⁄ = 0.153) to a 𝐶𝑝 of −1.317 at ℎ 𝑑⁄ = 0.064. The presence of lower 

pressures on one side of the diffuser relative to the other side of the surface 

pressure distribution at  𝑥 𝑑⁄ = 3.63  and 4.10  (Figure  46e) indicate that the 

type D flow regime remains asymmetric. In addition, the adverse pressure 

gradient faced by the diffuser flow is highlighted by the increasing static 

pressure distribution downstream of the diffuser inlet (Figures 45 and 46e). 

In Figure  411, the surface flow features presented indicate that the 

diffuser flow regime of the low-force ride height of ℎ 𝑑⁄ = 0.064 is an 

enhancement of the flow characteristics of the force reduction flow 

regime (ℎ 𝑑⁄ = 0.153). This is because the low-force flow regime appears to be 

largely made up of flow separation and recirculation. The flow remains 

asymmetric with the core of the flow recirculation extending diagonally from 

the region of vortex breakdown to the centre of the diffuser ramp. Also, the 

separation along the diffuser inlet appeared to have extended across three-

quarters of the diffuser inlet span. In addition, the flow detachment line along 

the side where the surviving vortex exists originates from the diffuser inlet. 

These flow features show that the flow entering the diffuser is completely 

dominated by slow-moving boundary layer flow encountering an adverse 

pressure gradient as indicated by the surface pressure distributions. 

4.2 Further Measurements in Freestream 

As a means of providing a further understanding of the flow physics and 

aerodynamics of the baseline diffuser bluff body geometry in freestream, 

additional wind tunnel investigations were conducted. This includes 

aerodynamic force measurements with a fixed ground condition and by 

increasing and reducing ride height within the force region where a sharp drop 
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in force occurred. Additional force measurements were done at varying 

freestream velocities to ascertain the impact of Reynolds number on the 

diffuser flow. Furthermore, base plate flow visualization was captured and 

surface pressures along the base plate longitudinal centreline (𝑧 = 0) were 

measured to provide an insight into the interaction between the off-surface 

separated flow above the body and the off-surface upsweeping diffuser flow. 

Pitching moments were also measured across all thirty five ride heights that 

make up the four flow regimes.  

4.2.1 Fixed and moving ground conditions 

A majority of the wind tunnel experiments and all CFD simulations of the 

diffuser body in freestream were done with a moving ground condition. 

However, to further understand the influence of the ground boundary layer on 

the downforce-producing flow traveling underneath and through the diffuser, a 

fixed ground plane was implemented. In addition, the boundary layer suction 

control before the rolling road was turned off for the fixed ground condition. 

The plots in Figure  412  represent a comparison of force measurements for 

the fixed and moving ground conditions. In general, the downforce and drag 

coefficient plots indicate that the diffuser above the fixed ground plane largely 

generated less downforce than with the moving ground plane. This implies 

that with the fixed ground, the retardation of boundary layer flow was 

increasingly dominant and thus induced a reduction in the underbody flow 

velocity. However with a moving ground, the dominance of boundary layer flow 

was reduced and the underbody flow velocity was enhanced. This enabled the 

enhancement of the diffuser pumping effect and diffuser inlet suction peak. As 

a result, downforce with the moving ground plane was greater than that 

generated with the fixed ground plane.  
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Figure 4-12: Force measurements (wind tunnel) across ride heights (ℎ 𝑑⁄ =
0.764  to  0.064) under fixed and moving ground conditions: (a) downforce (b) drag 

 

Despite that, the downforce coefficient plot with a fixed ground indicates a 

distinct deviation from that with the moving ground from the maximum 

downforce flow region (type B flow) and beyond. As shown in Figure  412, the 

fixed-ground downforce curve gradually reduces from  ℎ 𝑑⁄ = 0.178 to 0.172, 

whereas the downforce curve with the moving ground dropped abruptly within 

that ride height interval. Senior (2002), explained that this was as a result of 

the fixed ground flow remaining attached at the diffuser inlet at ride heights 

where the diffuser had stalled with the moving ground. In addition, the onset 

of force reduction occurred earlier with the fixed ground plane. Unlike the 

downforce curve with the moving ground, downforce gradually reduced 

between  ℎ 𝑑⁄ = 0.242  to  0.102  before a significant drop occurred below the 

ride height interval. Hence, it can be stated that boundary layer flow is 

significantly responsible for the downforce sensitivities between the fixed and 

moving ground plane within the maximum-force and force-reduction flow 

regions. 
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4.2.2 Flow hysteresis 

The dependence of a flow state on its past and present history can be 

described as flow hysteresis. Furthermore, it occurs when a flow’s physical 

property trails behind a change in the effect causing it. As an instance, the 

reattachment of the flow over a wing occurs at a lower angle of attack, when 

incidence is reduced, than that at which flow detachment occurs as the angle of 

attack is increased (Yang et al., 2008; Mittal and Saxena, 2002). Likewise, as 

observed by Ruhrmann and Zhang (2003), the ride height of the 15° diffuser 

bluff body at which downforce increased when ride height was reduced is lower 

than the ride height at which downforce decreased when the ride height was 

increased (see Figure 28 in Chapter 2). The flow hysteresis phenomenon was 

attributed to dominance of flow instabilities within the particular ride height 

interval. 

As a means of investigating the possible occurrence of flow hysteresis in 

this present study, force measurements were taken within the ride height 

interval (ℎ 𝑑⁄ = 0.159 to 0.204) that encompasses the sharp drop of downforce 

and drag in the force-reduction region. As shown in Figures 413a  and  413b, 

the force measurements for this present study were taken as the ride height 

was increased and decreased within the ride height interval. The downforce 

and drag coefficient plots indicate that the ride height at which downforce 

decreased when ride height was reduced is lower than the ride height at which 

downforce increased when the ride height was increased. As indicated from the 

𝐶𝐿  and  𝐶𝐷 plots, with reducing ride height, downforce and drag decreased to 

−1.488 and 0.410 respectively at ℎ 𝑑⁄ = 0.172  and with increasing ride height, 

downforce and drag increased to −1.892 and 0.459 respectively at ℎ 𝑑⁄ = 0.178. 

Although the ride height difference is highlighted in the force measurements 

between the ascending and descending order of the ride height interval, the 

slopes of the curves (Figure 413c) do not indicate a significant deviation as 

observed by Ruhrmann and Zhang(2003) (Figure 28). In actuality, the 

difference between the ride heights where flow hysteresis occurred in this 
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present study is  1 𝑚𝑚 while in the case of Ruhrmann and Zhang (2003) the 

difference is about ∼ 7 𝑚𝑚. 

 

 

Figure 4-13: Hysteresis highlighted between  ℎ 𝑑⁄ = 0.159 to 0.204 with a magnified ℎ 𝑑⁄  
plot scale: (a) Downforce (b) Drag and (c) Slopes of increasing and decreasing ride height 

between ℎ 𝑑⁄ = 0.159  to  0.204 with a magnified  ℎ 𝑑⁄   plot scale. 

 

4.2.3 Reynolds number sensitivity 

Senior (2002) investigated the influence of varying Reynolds number (Re) 

on downforce characteristics of a diffuser bluff body model in ground effect. 

The three Reynolds numbers investigated, 1.3 𝑥 106, 1.8 𝑥 106, and 2.7 𝑥 106 

representing freestream velocities of  15 𝑚/𝑠, 20 𝑚/𝑠 and 30 𝑚/𝑠, indicated a 
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similar downforce coefficient curve. However, the maximum downforce 

coefficient for Re = 1.3 𝑥 106 occurred at a lower ride height (1 𝑚𝑚 less) than 

the maximum downforce ride height for the other Reynolds numbers. Senior 

(2002) stated that the maximum downforce ride height disparity indicated 

that the downforce reduction phenomenon which occurs subsequently after the 

maximum downforce is reached is not induced by the merging of boundary 

layer flow at the diffuser inlet. This as explained was because the lowest Re 

should generate the highest boundary layer thickness among the three 

Reynolds numbers investigated. Thus, if merging of boundary layers 

(underbody and moving ground) induced the blockage at the diffuser inlet 

which in turn dictates maximum downforce and proceeding diffuser stall, then 

stall at the lower Re should occur at a larger ride height.  

 

Figure 4-14: Reynolds number sensitivity across ride heights (ℎ 𝑑⁄ = 0.764 to 0.064): 
(a) downforce (b) drag 

 

A similar Reynolds number sensitivity analysis was carried out in this 

present study at Re =  1.35 𝑥 106, 1.8 𝑥 106 and  2.25 𝑥 106. As shown in 

Figures 414a and  414b, the downforce and drag curves of all three Reynolds 

numbers share very similar characteristics. However, in contrast to the 

observations of Senior (2002), the maximum downforce and drag for the three 

Reynolds numbers occurred at the same ride height (ℎ 𝑑⁄ = 0.191). The distinct 
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disparity occurred in the force-reduction region, where the sharp drop in 

downforce and drag occurred at ℎ 𝑑⁄ = 0.172 for both Re =  1.8 𝑥 106 

and  2.25 𝑥 106 whereas at Re =  1.35 𝑥 106, this reduction occurred at  ℎ 𝑑⁄ =

0.178. This implies that although a variation in Re does not significantly alter 

the downforce characteristics of the flow, the force-reduction flow regime is 

sensitive to low Reynolds numbers due to increased boundary layer blockage. 

 

Figure 4-15: Reynolds number sensitivity across ride heights (ℎ 𝑑⁄ = 0.764 to 0.064): 
(a) drag polar (b) lift-to-drag ratio 

 

Further Reynolds number sensitivity analysis was done for the drag polar 

and lift-to-drag ratio (𝐶𝐿 𝐶𝐷⁄ ) of the diffuser bluff body employed in this study. 

As shown in Figures 415a and 415b, the drag polar and lift-to-drag ratio 

curves were done at Re =  1.35 𝑥 106, 1.8 𝑥 106 and 2.25 𝑥 106. The curves of the 

drag polar and lift-to-drag ratio indicate that minimum drag coefficient and 

maximum lift-to-drag ratio are functions of Reynolds number 

(Anderson, 2000). The drag polar curves indicate that as Reynolds number 

increased, the minimum drag coefficient decreased. Also, lift-to-drag curves 

show that the maximum magnitude of 𝐶𝐿 𝐶𝐷⁄  increases with an increase in 

Reynolds number. 
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4.2.4 Pitching moment and pitch angle sensitivity 

As a means of further understanding the underbody flow effects on the 

diffuser bluff body in ground effect, pitching moments were measured across 

the range of ride heights that covers the four distinct flow regimes. The point 

of reference of the force balance mounted inside the diffuser bluff body was 

located at about 57% of body length from the leading edge of the body’s nose 

section. Also, a deflection of 0.5 𝑚𝑚 at the trailing edge of the diffuser body 

was measured without freestream. The comparison in pitching moment 

coefficients as shown in Figure 416 revealed a difference in pitching moment 

on the diffuser body in fixed and moving ground conditions. In the case of the 

fixed ground condition, the positive values of   𝐶𝑚 (which indicate nose-up 

pitching moments), increased gradually from 0.028 to a peak of 0.062  between 

ℎ 𝑑⁄ = 0.764 to 0.334. Below ℎ 𝑑⁄ = 0.334, 𝐶𝑚 gradually reduced to a negative 

value (which indicates a nose-down moment) of −0.007 at ℎ 𝑑⁄ = 0.102. 

Furthermore, an increase to a 𝐶𝑚 of −0.003 occurred at ℎ 𝑑⁄ = 0.089 after which 

a further drop to a more negative 𝐶𝑚 occurred at the lowest ride height 

investigated in this present study (ℎ 𝑑⁄ = 0.064). However in the case of the 

moving ground condition, 𝐶𝑚 increased on a similar slope as with the fixed 

ground from a positive value of 0.026 at ℎ 𝑑⁄ = 0.764 to 0.058 at ℎ 𝑑⁄ = 0.350. 

Below the peak value at  ℎ 𝑑⁄ = 0.350, 𝐶𝑚 reduced to 0.034 at ℎ 𝑑⁄ = 0.350 but 

increased to 0.036 at  ℎ 𝑑⁄ = 0.204. Furthermore, it dropped to a negative value 

of −0.008 at  ℎ 𝑑⁄ = 0.127, before increasing to a positive 𝐶𝑚 at  ℎ 𝑑⁄ = 0.102 and 

subsequently drops to a negative value at ℎ 𝑑⁄ = 0.064. 
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Figure 4-16: Pitching moments across ride heights (ℎ 𝑑⁄ = 0.764  to  0.064) under fixed 
and moving wind tunnel ground conditions 

 

The pitching moment behaviour across the ride heights of the four flow 

regimes for both the fixed and moving conditions appear to have a sinusoidal-

like behaviour to their respective force coefficient curves in Figure 412a (i.e. 

there is a rise and drop of pitching moment with each change in gradient of the 

force curves). Similar to the 𝐶𝑚 curve with the fixed ground condition, the 

downforce curve with the fixed ground increased gradually from its value at 

the first ride height (ℎ 𝑑⁄ = 0.764) to a peak value towards the end of the type 

A flow regime. In addition, the reduction phase of the pitching moment which 

occurred from the type B flow regime ended with an increasing phase close to 

the end of the type C flow after which a second reduction phase occurred in the 

type D flow regime. Similarly, the trajectory (increase and reducing phases) of 

the 𝐶𝑚 curve with the use of the moving ground appeared to interchange close 

to the transition between flow regimes as defined by its corresponding 

downforce curve. This implies that the differences in boundary layer flow 

blockage between the fixed and moving ground also influences the pitching 

moment acting on the body similarly to the downforce generated. It also 

implies that near the point of transition between flow regimes there is a 

resultant increase and a subsequent decrease in the pitching moment. This 

behaviour is increasingly distinct with the moving ground condition due to the 
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decrease in blockage effect of the boundary layer relative to the case of the 

fixed ground. 

The downforce effect of increasing pitch angle of the diffuser bluff body in 

the nose down direction was also investigated because it effectively increases 

the diffuser area ratio. The centre of rotation for this investigation was located 

at about 0.554 𝑚 from the trailing edge of the diffuser bluff body (see 

illustration in Equation 4.2). As shown in Figures  417, 418 and 419, the 

increase in pitch angle from 0° to 0.08°, 0.17° and 0.27° (as defined in 

Equation 4.2) marginally increased downforce and drag from the baseline 

levels at 0°.  

 
 

                                           𝜂 = tan−1 (
ℎ𝑑
𝑙𝑟
⁄ )                                                          (4.2) 

Where, 
 

 𝜂   is the diffuser bluff body pitch angle 

ℎ𝑑  is the rise or height of the diffuser side plate trailing vertex from the rolling − road 

𝑙𝑟  is the run or horizontal distance from leading edge of the flat underbody section to the   

 trailing vertex of the side plate of the diffuser bluff body = 1.031 m 

 

The marginal increase in forces is assumed to be the effective increase in 

diffuser angle by an increment in pitch angle of the body. As a result, the 

suction generated by the diffuser increased marginally. This behaviour is 

similar to the investigations of George (1981) where an increase in pitch angle 

strengthened the longitudinal vortices along the lengthwise edges of the 

diffuser, thereby increasing downforce by inhibiting the separation bubble on 
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the diffuser ramp. In addition, the increase of pitch angle in this study also 

caused the sharp drop in downforce and drag coefficients to occur at a higher 

ride height than the baseline measurements at a zero pitch angle. As shown in 

Figures  417, 418  and  419, the distinct drop in downforce occurred at 

ℎ 𝑑⁄ = 0.185 for both pitch angle increments to 0.08° and 0.17° while for a pitch 

increase to 0.27°, the severe drop occurred at ℎ 𝑑⁄   =  0.178. This equates to an 

increase in ride height (at the diffuser inlet) of 2 𝑚𝑚 and 1 𝑚𝑚 respectively 

from the baseline ride height at zero pitch angle where the distinct drop in 

downforce and drag coefficients occurred at ℎ 𝑑⁄ = 0.172. 

 

Figure 4-17: Force measurements (wind tunnel) across ride heights (ℎ 𝑑⁄ =
0.764  to  0.064) with bluff body positioned at pitch angle (nose down) of 0.08°:  
(a) downforce (b) drag 
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Figure 4-18: Force measurements (wind tunnel) across ride heights (ℎ 𝑑⁄ =
0.764  to  0.064) with bluff body positioned at pitch angle (nose down) of 0.17°:    
(a) Downforce (b) Drag 

 
 

 
 

Figure 4-19: Force measurements (wind tunnel) across ride heights (ℎ 𝑑⁄ =
0.764  to  0.064) with bluff body positioned at pitch angle (nose down) of 0.27°:              
(a) Downforce (b) Drag 

 

4.2.5 Effects of transition fixing 

The downforce and drag effect of fixing transition to turbulent flow across 

the diffuser body was investigated using a 1.2 𝑚𝑚 trip wire wrapped around 

the nose section at a location 100 𝑚𝑚 from the leading face of the body (similar 
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to Senior, 2002). The selection of the transition point was chosen to prevent the 

formation of a laminar separation bubble around the nose and to induce a 

turbulent flow upstream of the flat section of the bluff body’s underbody. 

The comparisons of downforce and drag coefficients between fixed 

transition and natural transition are shown in Figures  420  and  421. These 

indicate that the fixing of transition marginally reduced downforce and 

increased drag. Also, the severe drop in downforce and drag occurred at a 

higher ride height relative to the case without transition. In addition, the 

respective marginal deficit and surplus offset in downforce and drag with the 

use of fixed transition remained, even at a bluff body (nose down) pitch angle 

of 0.08° (Figure 421a and 421b). This implies that the inducement of 

boundary layer turbulence through transition fixing also caused an increase in 

skin friction drag. As a result, there was a resultant increase in drag and a 

decrease in downforce. 

 

Figure 4-20: Force measurements (wind tunnel) comparison across ride heights 
(ℎ 𝑑⁄ = 0.764 to 0.064) between fixed and without fixed transition: (a) downforce       
(b) drag 
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Figure 4-21: Force measurements (wind tunnel) comparison across ride heights 
(ℎ 𝑑⁄ = 0.764 to 0.064) between fixed transition (with bluff body positioned at a nose 
down pitch angle of 0.08°) and without fixed transition (with zero bluff body pitch): 
(a) Downforce (b) Drag 

 

4.2.6 Base surface pressures 

The dominant type of drag generated by a bluff body is pressure drag while 

a streamlined body such as an aerofoil generates less pressure drag (but more 

proportionally viscous drag) than a bluff body. The differing drag attributes is 

as a result of the shapes of both bodies ― the streamline body has a decreasing 

cross-sectional area along its length than a bluff body. Thus, at a given flow 

velocity there is a pressure difference between the front surface and base 

surface of a bluff body because the wake of a bluff body induces a drop in the 

base surface pressures due to the eddy motions (vortices) formed in the wake. 

The investigations of Krajnovic and Davidson (2001) discovered that the near-

wake of a ‘bus-shaped’ bluff body in ground effect was dominated by counter-

rotating upper and lower vortices. Furthermore, the CFD investigations of 

Puglisevich and Page (2011), which were validated against the wind tunnel 

study of Jowsey (2013) indicated that the outflow from the diffuser enabled the 

lower vortex to dominate the upper vortex of a diffuser bluff body in ground 

effect. 
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Figure 4-22: Surface pressure measurements (wind tunnel) along the vertical centreline 

of diffuser bluff body base plate at ℎ 𝑑⁄ = 0.764, 0.382, 0.191, 0.153, and  0.064 

 

Similar to the investigations by Senior (2002), the separated upsweeping 

outflow from the diffuser and the separated flow over the bluff body of this 

present study implied that the base surface pressures were kept low by the 

separated flows (see upper and lower vortices in Figure 4―23) within the bluff 

body near-wake. However, the varying ride height of the diffuser ensured that 

the outflow from diffuser which includes the diffuser longitudinal vortices 

dictated the levels of drag for the bluff body. As shown in Figure  422, the 

base surface pressure distribution along the vertical centreline of the base 

surface indicated a wavy-shaped pressure distribution for the four flow regime 

types represented by five ride heights (ℎ/𝑑 = 0.764, 0.382, 0.191, 0.153 

and 0.064). The base pressure distribution at ℎ 𝑑⁄ = 0.764  and  0.382 indicate a 

similar base pressure behaviour in the type A flow regime. The lowest 𝐶𝑝 at 

ℎ 𝑑⁄ = 0.764   and   0.382 are −0.120 and −0.102  respectively. These pressures 

where measured at the location of the upper vortex (above 𝑦 𝑑⁄ = 1.57), 

indicating that the strength of the upper vortex is more than the lower vortex 

(below 𝑦 𝑑⁄ = 1.57). However at  ℎ 𝑑⁄  = 0.191, the base pressures become more 

negative with the lowest 𝐶𝑝 of −0.152 measured at the location of the lower 

vortex thus indicating an increase in strength of the lower vortex.  
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The strength of the low pressure core of the lower vortex has increased as a 

result of the enhanced longitudinal vortices of the diffuser in the maximum 

force flow regime. This ensured an increased velocity of the separated diffuser 

outflow. However, the base pressures at the force reduction and low force flow 

regimes (type C and D flows respectively) are lower than the type A and B flow 

regimes. The lowest 𝐶𝑝 at ℎ 𝑑⁄ = 0.153 (type C flow) and ℎ 𝑑⁄ = 0.064 (type D 

flow) were measured at the lower region of the base surface are −0.254 and 

−0.181 respectively. In the type C and D flow regimes, a breakdown on one of 

the longitudinal vortices occurred and this caused a reduction in diffuser 

outflow. As a result, the near-wake of the diffuser bluff body is dominated by a 

solitary vortex which reverses the near-wake flow direction into the diffuser 

(as detailed in Chapter 5). This occurrence appeared to have been responsible 

for the lowest base pressures (−0.254 and −0.181 respectively) measured for 

the type C flow regime at ℎ 𝑑⁄ = 0.153  and the type D regime at ℎ 𝑑⁄ = 0.064. 

Figure 423  show the on-surface flow structures predicted with CFD on the 

base plate surface of the diffuser bluff body. Streamwise LDV surveys on off-

surface planes in the near-wake of the diffuser body that present additional 

analysis on the near-wake flow characteristics are discussed in chapter 5. 
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Figure 4-23: Near-wake (wind tunnel experiments) and flow pathlines on diffuser bluff 
body base plate (predicted with CFD) of the counter-rotating upper and lower near-wake 
vortices  

 

4.3 Baseline Downforce and Drag (CFD vs. Experiments) 

Computational modelling of the external flow around the diffuser bluff 

body was done to provide additional insight into the flow physics. The 

comparative CFD investigations as shown in Figure 424 indicated a similar 

downforce and drag behaviour across the ride heights of the flow regimes. As 

in the case of the wind tunnel results, downforce and drag increased from the 

highest ride height of the type A flow (ℎ 𝑑⁄ = 0.764) to maximum values at 

ℎ 𝑑⁄ = 0.191 of the type B flow. After which downforce and drag reduced 

sharply in the type C flow with further reduction in the type D flow regime.  
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Figure 4-24: Measured (wind tunnel) and CFD-predicted force coefficients across ride 
heights and flow regimes: (a) downforce (b) drag 

 

Within the type A flow regime at ℎ 𝑑⁄ = 0.764, CFD simulations (time-

averaged IDDES) predicted −0.907 and 0.324 for 𝐶𝐿 and 𝐶𝐷 respectively thereby 

overpredicting  𝐶𝐿 and 𝐶𝐷 ,  by  3.53% and 14.89% respectively. At  ℎ 𝑑⁄ = 0.382, 

the predicted values for 𝐶𝐿 and 𝐶𝐷 are −1.499 and 0.403 respectively thus 

underpredicting 𝐶𝐿 and 𝐶𝐷  by 6.07% and 0.49% respectively. Beyond the type A 

flow, CFD simulations predicted a similar further increase in downforce and 

drag trend as reported in the wind tunnel experiments of the type B flow 

regime. As seen in Figure  424, the CFD predicted a further increase in 

downforce and drag between ℎ 𝑑⁄ = 0.255  and  ℎ 𝑑⁄ = 0.191 that was much 

greater than seen in the experiments. At ℎ 𝑑⁄ = 0.191, CFD (time-averaged 

URANS) predicted −2.092  and  0.560 respectively as the maximum coefficients 

for downforce and drag hence overpredicting 𝐶𝐿 and 𝐶𝐷 by 9.24% and 20.9% 

respectively. Furthermore at ℎ 𝑑⁄ = 0.191,  the CFD simulations reveal a 

marginal ±0.0004% variation from the time-averaged 𝐶𝐿 value and the power 

spectral density (PSD) estimated by Fourier transformation (Welch,1967) 

indicated no dominant frequency (Figure 425a and  425b). This means that 

at the maximum downforce and drag ride height (ℎ 𝑑⁄ = 0.191), the diffuser 

flow remains generally steady. 
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The type C flow in the CFD (time-averaged IDDES) investigations is 

represented at ℎ 𝑑⁄ = 0.153. At this ride height, CFD predicted the significant 

drop in 𝐶𝐿 and 𝐶𝐷 as reported in the wind tunnel experimental data. Between 

ℎ 𝑑⁄ = 0.191  to  ℎ 𝑑⁄ = 0.153, CFD predicted a 24.90% and 21.82% drop in 

both 𝐶𝐿 and 𝐶𝐷 respectively. However, CFD overpredicted the experimental 

data for downforce and drag by 20.38% and 15% respectively. In 

(Figure 426a  and  426b), the transient CFD investigation at  ℎ 𝑑⁄ = 0.153, 

indicated a 𝐶𝐿 variation of ±14% from the averaged 𝐶𝐿 value of  −1.571. Again, 

the power spectral density (PSD) does not reveal the presence of a dominant 

frequency. However, the increase in predicted 𝐶𝐿 variation at ℎ 𝑑⁄ = 0.153 

relative to that of ℎ 𝑑⁄ = 0.191 implies that at  ℎ 𝑑⁄ = 0.153, the diffuser flow 

has become unsteady as a result of the breakdown of one of the diffuser’s 

longitudinal vortex pair. In the type D (time-averaged URANS) diffuser flow 

regime represented at ℎ 𝑑⁄ = 0.064, the overpredicting trend of CFD remains 

present with predicted 𝐶𝐿 and 𝐶𝐷 values of −1.175 and 0.401 which implies that 

downforce was overpredicted by 11.05 %. 

 

 

Figure 4-25: (a) Time history and (b) Power Spectral Density of downforce coefficient of 

diffuser bluff body at  ℎ 𝑑⁄ = 0.191 using URANS 
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Figure 4-26: (a) Time history and (b) Power Spectral Density of downforce coefficient of 

diffuser bluff body at  ℎ 𝑑⁄ = 0.153 using IDDES 

 

4.4 Surface Pressure (CFD vs. Experiment) 

The surface pressure distribution provided an insight into the flow and 

force behaviours across the flow regimes. The surface pressures predicted by 

CFD across the diffuser ramp also provided a local and detailed understanding 

of the over- or underpredictions of  𝐶𝐿 and  𝐶𝐷. This is because the prediction 

deviation is reflected in the surface pressures at the diffuser inlet and across 

the diffuser ramp surface. 

In the type A flow at ℎ 𝑑⁄ = 0.764, the percentage difference in 𝐶𝐿 is 

reflected in the deviation in surface pressures predicted by the time-averaged 

CFD investigations at that ride height. As shown in the centreline pressure 

distribution (Figure 427a), at the locations (𝑥 𝑑⁄ = 3.08 and 3.19) proximate to 

the location of the diffuser inlet where peak suction occurs, the 𝐶𝑝 values 

predicted by CFD are −1.055 and −1.116 respectively, while the wind tunnel 

experimental 𝐶𝑝 data reveals −1.093 and −1.192 at those locations. The 

spanwise pressure distribution across the diffuser ramp as shown in 

Figures  427b, 427c, and 427d also revealed a similar marginal deviation in 

𝐶𝑝 between CFD and experimental data at 𝑥 𝑑⁄ = 3.63, 5.02 and 6.29. At 

𝑥 𝑑⁄ = 3.63, 5.02, and 6.29 for  ℎ 𝑑⁄  = 0.764, the lowest 𝐶𝑝 values measured are: 
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−0.794,−0.327, and −0.157, respectively while the lowest 𝐶𝑝 predicted at those 

locations are −0.819, −0.303, and − 0.137.  

 At  ℎ 𝑑⁄ = 0.382, the underprediction of downforce is also reflected in the 

underprediction of the diffuser inlet peak suction and the surface pressures 

along the lengthwise sides of the diffuser where the longitudinal vortices are 

located. The centreline pressure distribution (Figure  428a) indicates that 

close to the diffuser inlet (𝑥 𝑑⁄ = 3.19), the measured and predicted peak 

suction has a 𝐶𝑝 of −1.682 and −1.463 respectively. Figures  428b, 428c, and 

428d  show that the highest suction measured at 𝑥 𝑑⁄  = 3.63, 5.02, and  6.29 

are: 𝐶𝑝 = −1.558, −0.557, and −0.195 while the CFD predicted surface 

pressures at those locations are: 𝐶𝑝 = −1.418, −0.471, and −0.168 respectively. 

In the type B flow as represented at ℎ 𝑑⁄ = 0.191, the 9.24% overprediction 

of measured downforce is demonstrated in the overprediction in surface 

pressure distribution. At this ride height at which maximum downforce was 

measured and predicted, the diffuser inlet 𝐶𝑝 at 𝑥 𝑑⁄ = 3.08  as shown in Figure 

429a  is   −2.057  and  − 2.199  for the measured and predicted values 

respectively. The overprediction in CFD data is also indicated in the lowest 𝐶𝑝 

measured at 𝑥 𝑑⁄  = 3.63  and 5.02  with an underprediction at 𝑥 𝑑⁄  = 6.29  as 

shown in Figures 429b to 429d. At  𝑥 𝑑⁄   =  3.63, 5.02, and 6.29, the lowest 𝐶𝑝 

measured are: −1.850, −0.644, and −0.246 respectively while the lowest 𝐶𝑝 

predicted at those positions are −2.075, −0.649,  and −0.205 respectively. 

The force reduction associated with the type C and D flow was also 

predicted by CFD and reflected in the reduced surface pressures from the 

maximum levels predicted in the type B flow regime at ℎ 𝑑⁄ = 0.191. However, 

the time-averaged CFD simulations for the type C flow regime at ℎ 𝑑⁄ = 0.153, 

indicated the overpredictions of surface pressures as in the case of the force 

predictions at this ride height. The measured peak suction close to the location 

of the diffuser inlet is −1.579 while the predicted suction value is −1.570 

(Figure  430a). Measured and predicted spanwise pressure distribution are 
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presented in Figures 430b, to 430d and at  𝑥 𝑑⁄   =  3.63, the highest suction 

measured on the end of the diffuser where the vortex remains present has a 𝐶𝑝 

of  −1.280 and the predicted value is −1.556. On the other end of the surface 

pressure distribution at 𝑥 𝑑⁄  = 3.63 where vortex breakdown occurred, the 

highest measured and predicted suction respectively are: 𝐶𝑝 = −0.512 and 

−0.573.  

At the type D flow ride height of  ℎ 𝑑⁄ = 0.064, CFD also predicted the 

further reduction in the diffuser inlet peak suction from the higher level 

at ℎ 𝑑⁄ = 0.153. The overprediction trend is also present at ℎ 𝑑⁄ = 0.064 as 

shown in Figures 431a to 431d and as shown in Figure 431a where the 

measured and predicted 𝐶𝑝 close to the diffuser inlet (𝑥 𝑑⁄ = 3.08) are: −1.315 

and −1.538 respectively. Furthermore, at  𝑥 𝑑⁄  = 3.63 (Figure 431b), the 

lowest measured 𝐶𝑝 on the end of the diffuser ramp where the surviving vortex 

exists is −0.912 and the predicted value is −1.062 while on the other end 

of 𝑥 𝑑⁄ =  3.63 where vortex breakdown occurred, the lowest measured and 

predicted 𝐶𝑝 are: −0.352 and  −0.399. 

Similar to the underbody flat section and diffuser ramp, the base plate 

surface pressures (along 𝑧/𝑑 = 0) predicted by time-averaged CFD simulations 

generally agreed with the measured surface pressures (Figures 427e to 

431e). However, distinct deviations between measured and predicted base 

plate pressures are present close to the trailing top edge of the diffuser bluff 

body (𝑦 𝑑⁄ = 2.04). This implied that the time-averaged CFD investigations did 

not adequately capture the low static pressures generated by the upper vortex 

induced by the off-surface flow over the body. In general, the overpredictions 

by CFD are as a result of the mesh insufficiency along the boundary layer of 

the bluff body to adequately resolve the wall flow physics. Thus further mesh 

refinement can enhance the resolution of the displacement thickness induced 

by boundary layer around the diffuser bluff body. 
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Figure 4-27: Measured (wind tunnel) and CFD-predicted surface pressure distributions for 

ℎ 𝑑⁄ = 0.764 along (a) underbody centreline (b) 𝑥 𝑑⁄ = 3.63 (c) 𝑥 𝑑⁄ = 5.02 (d) 𝑥 𝑑⁄ = 6.29 
(e) bluff-body base centreline (𝑧 𝑑⁄ = 0)  
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Figure 4-28: Measured (wind tunnel) and CFD-predicted surface pressure distributions for 

ℎ 𝑑⁄ = 0.382 along (a) underbody centreline (b) 𝑥 𝑑⁄ = 3.63 (c) 𝑥 𝑑⁄ = 5.02 (d) 𝑥 𝑑⁄ = 6.29 
(e) bluff-body base centreline (𝑧 𝑑⁄ = 0)  
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Figure 4-29: Measured (wind tunnel) and CFD-predicted surface pressure distributions for 
ℎ 𝑑⁄ = 0.191 along (a) underbody centreline (b) 𝑥 𝑑⁄ = 3.63 (c) 𝑥 𝑑⁄ = 5.02 (d) 𝑥 𝑑⁄ = 6.29 
(e) bluff-body base centreline (𝑧 𝑑⁄ = 0)  
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Figure 4-30: Measured (wind tunnel) and CFD-predicted surface pressure distributions for 
ℎ 𝑑⁄ = 0.153 along (a) underbody centreline (b) 𝑥 𝑑⁄ = 3.63 (c) 𝑥 𝑑⁄ = 5.02 (d) 𝑥 𝑑⁄ = 6.29 

(e) bluff-body base centreline (𝑧 𝑑⁄ = 0)  
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Figure 4-31: Measured (wind tunnel) and CFD-predicted surface pressure distributions for 
ℎ 𝑑⁄ = 0.064 along (a) underbody centreline (b) 𝑥 𝑑⁄ = 3.63 (c) 𝑥 𝑑⁄ = 5.02 (d) 𝑥 𝑑⁄ = 6.29 
(e) bluff-body base centreline (𝑧 𝑑⁄ = 0) 
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4.5 Surface Flow Features (CFD vs. Experiment) 

In addition to the surface pressure distribution, the flow features on the 

diffuser ramp offers additional information on the downforce-generating 

behaviour of the diffuser. As in the case of the surface pressures, time-

averaged CFD predicted the on-surface flow features captured in the wind 

tunnel experiments using fluorescent paint. Predicted surface flow features 

from the four flow regimes are represented by CFD investigations at  ℎ 𝑑⁄ =

0.764, 0.382, 0.191, 0.153 and 0.064 . 

In the force-enhancement (type A) diffuser flow as represented at ℎ 𝑑⁄ =

0.764  and 0.382  (Figures  432 and  433), the development of the longitudinal 

vortices are indicated by the predicted curved pathlines along both sides of the 

diffuser ramp. This implies that CFD (using IDDES) correctly predicted that 

the type A flow regime is symmetric. As in the equivalent wind tunnel flow 

visualisation case, the vortex pathlines predicted by CFD appear to have a 

stronger crossflow angle at ℎ 𝑑⁄ = 0.382 than at  ℎ 𝑑⁄ = 0.764, hence indicating 

the increased vortex strength and flow velocity as ride height is reduced (as 

quantified with contour plots in Chapter 5). Downstream of the diffuser inlet, 

CFD predicted the detachment of the vortices from the diffuser side plates as 

indicated by the reversed curved lines between the streamwise curved lines of 

the vortices and the diffuser side plates (Figures  432 and  433). Also the 

weakening and separation towards the diffuser exit of the vortices from the 

diffuser ramp is predicted by the gradual straightening of the curvy vortex 

pathlines in the direction of the diffuser exit. The predicted flow features that 

indicate the separation and weakening of the longitudinal vortices as described 

are more distinguishable at ℎ 𝑑⁄ = 0.382 than at  ℎ 𝑑⁄ = 0.764. This implies that 

the time-averaged CFD is correctly predicting the increasing adverse pressure 

encountered by the type A diffuser flow when ride height is reduced. 
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Figure 4-32: Experimental and CFD-predicted diffuser surface flow features for flow 
regime Type A (Flow direction from top to bottom) 
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Figure 4-33: Experimental and CFD-predicted diffuser surface flow features for flow 
regime Type A (Flow direction from top to bottom) 
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At ℎ 𝑑⁄ = 0.191 (Figure 434) which represents the maximum force (type B) 

flow regime, the curvature of the predicted curved pathlines at the early part 

of the diffuser appear to be more profound relative to those at  ℎ 𝑑⁄ = 0.382. 

Also, the predicted reversed curved pathlines and the diminishing curvature of 

the curved pathlines along both lengthwise sides of the diffuser are clearly 

visible. These predicted flow features support those of the equivalent surface 

flow features captured by fluorescent paint at ℎ 𝑑⁄ = 0.191. This implied that 

CFD (URANS) predicted the further increase in vortex strength, flow velocity 

and adverse pressure gradient associated with the symmetric flow at the 

maximum force ride height. However, the distinguishable separation bubble 

that originated from the centre of the diffuser inlet and traveled downstream 

of the inlet with diminishing presence is not clearly visible on the CFD 

representation of predicted flow pathlines. This means that although CFD 

predicted the further increase in flow velocity (as quantified with contour plots 

in Chapter 5) and suction distribution across the diffuser ramp, it 

underpredicted the further enhancement of adverse pressure gradient close to 

the centre of the diffuser inlet which induces the separation bubble. 

For  ℎ 𝑑⁄ = 0.153, the disappearance of the predicted curved pathlines along 

one side of the diffuser ramp surface as shown in the corresponding flow 

features captured by fluorescent paint (Figure 435) is clearly visible. The flow 

transformation indicated that CFD (IDDES) predicted the flow asymmetry 

associated with the flow reduction (type C) flow regime of ℎ 𝑑⁄ = 0.153. The 

predicted pathlines reveal a demarcation area (with reverse curved pathlines) 

along one side of the diffuser and this represents the separation of the flow 

from the diffuser endplates. On the side of the diffuser ramp surface where the 

surviving vortex is located, the predicted curved pathlines appear to be 

restricted close to the diffuser inlet. On the other side of the ramp, CFD 

predicted the diagonal pathlines as in the wind tunnel fluorescent paint case 

but the pathlines do not clearly represent a vortex breakdown. Nonetheless, 

the significantly curved pathlines of a vortex is not predicted on the stalled 
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side of the diffuser thus indicating the collapse of a vortex. Moreover, in the 

corresponding fluorescent paint case at ℎ 𝑑⁄ = 0.153, part of the predicted 

pathlines appeared to have reversed towards the diffuser inlet and the other 

part reversed around the side of the diffuser ramp where flow separation 

occurs. The predicted flow features as described, indicated that CFD predicted 

the separated and reversed diffuser flow responsible for the weakening of the 

surviving vortex and the collapse of the other vortex which previously existed 

in the type A and B flow regimes. As a result, CFD predicted the force 

reduction related to the type C flow regime. 

In the low force (type D) flow regime represented at ℎ 𝑑⁄ = 0.064 and 

shown in (Figure 436), the flow pathlines predicted with CFD (URANS) was 

adequately validated by the equivalent flow features captured by fluorescent 

paint. The predicted pathlines captured the asymmetry of the flow through the 

predicted presence of a single vortex on one side of the diffuser ramp. The 

predicted curved pathlines that signified the presence of the surviving vortex 

remain restricted close to diffuser inlet and this indicated that the remaining 

vortex is severely weakened (as presented with contour plots in Chapter  5). 

Also, CFD predicted the severe adverse pressure gradient and flow separation 

induced across the diffuser ramp as represented by diagonal flow recirculation 

across the diffuser. As in the corresponding fluorescent paint case, the core of 

the predicted recirculation stretched diagonally across the diffuser and the 

profound recirculating pathlines which dominate the side of the diffuser where 

vortex breakdown occurred is clearly visible. As a result, the predicted flow 

features as described, are responsible for the reduced downforce predicted 

at ℎ 𝑑⁄ = 0.064. 
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Figure 4-34: Experimental and CFD-predicted diffuser surface flow features for flow 
regime Type B (Flow direction from top to bottom) 
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Figure 4-35: Experimental and CFD-predicted diffuser surface flow features for flow 
regime Type C (Flow direction from top to bottom) 
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Figure 4-36: Experimental and CFD-predicted diffuser surface flow features for flow 
regime Type D (Flow direction from top to bottom) 
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4.6 Further Discussion 

The surface flow visualization combined with the force and surface 

pressure measurements show that the complex flow physics of the diffuser has 

a significant aerodynamic impact. Across a wide range of ride heights, the 

diffuser was characterized by different flow characteristics that determined its 

aerodynamic performance. Notably, two major flow characteristics determine 

which of four flow types is prevalent: the peak suction at the diffuser inlet and 

the longitudinal vortices along both sides of the diffuser. 

In the type A flow, the longitudinal vortex pair is formed when peak 

suction is established at the diffuser inlet feed by the diffuser pump down 

effect at the inlet (Cooper et al., 1998, 2000). The underbody centreline 

pressure measurements indicate that the intensity of the inlet suction 

increased with decreasing ride height until maximum downforce and drag is 

achieved at a critical ride height of the type B flow. Likewise, localised 

spanwise surface pressures and flow visualization indicated a similar increase 

in suction along both sides of the diffuser due to an increase in vortex strength. 

However, another flow characteristic that should be highlighted is the 

increasing adverse pressure gradient encountered by the flow as ride height is 

reduced. This was responsible for the detachment of the flow (including its 

vortical components) from the surface of the diffuser. 

The flow physics observed under the type C and D flow regimes is the 

antithesis of the flow physics observed under the type A and B flow regimes. 

The diffuser flow of the type C and D flow regimes was asymmetric, as defined 

by the decrease in inlet peak suction and the complete breakdown of one of the 

longitudinal vortices. In addition, flow separation at the diffuser inlet and 

downstream flow recirculation were prevalent in the type C and D flow 

regimes. However, as observed under the type A regime to the B regime, the 

intensity of the flow characteristics increased when the ride height was 

reduced from the type C to the type D regime. 
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One phenomenon that generates further interest is the basis for the 

selection of one of the two longitudinal vortices for vortex breakdown. At the type 

C and more so the type D flow regimes, the boundary layer towards the diffuser 

inlet dominates the underbody flow entering the diffuser inlet with the boundary 

layer thickness reducing the effective ride height. This indicates that the boundary 

layer-dominated flow influences the flow asymmetry associated with the type C 

and D flow regimes. Even so, Senior & Zhang (2000) and Senior (2002) state that 

the thickness of the boundary layer (~15 𝑚𝑚) as estimated in their studies was 

smaller than the ride height at which the onset of flow asymmetry was observed. 

Therefore, the bi-stability of the asymmetric flow cannot be fully explained by the 

retardation of the boundary layer flow, an error in aligning the diffuser body 

model or the unevenness of the underbody of the model. Despite this, the spanwise 

surface pressures for the maximum downforce regime in the present study indicate 

that one of the vortices of the pair generated suction that was ~3.4% greater than 

the other vortex, despite the symmetry of the diffuser flow. Also, the stronger 

vortex appeared to be the surviving vortex in the type C and type D regimes, as 

reported by Senior & Zhang (2000). Thus the vortex strength (see velocity profiles, 

vorticity and streamwise velocity contours presented in Chapter 5) of the 

longitudinal vortex pair in the maximum-force flow regime (type B) determines 

which vortex survives in the type C and type D regimes. The flow visualization for 

the force-reduction and low-force regimes indicated that the stronger vortex 

appeared also to have pulled flow from the other side of the diffuser where vortex 

bursting occurred (hence the diagonal flow pathlines). 

Time-averaged transient CFD employed in this study appeared to have 

generally predicted the flow physics across the four flow regimes. The use of the 

transition turbulence models enabled the prediction of the laminar-to-turbulent 

transition (separation bubble) around the location where the nose section merges 

with the rest of the bluff body (Figure 437). As a result, the flow physics 

downstream of that location were generally captured even though there were 

relative deviations in predicted force and surface pressures. 
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Figure 4-37: Experimental and CFD-predicted flow pathlines on underbody and side 
surfaces of the diffuser bluff body (Flow direction from left to right) 
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4.7 Summary 

The experimental and computational investigations presented in this 

chapter validate in general terms, the findings established in previous 

research works on this subject. The flow physics of a baseline diffuser bluff 

body indicate that in ground effect, the diffuser is a downforce-generating 

device. In near proximity to the ground plane, the diffuser inlet converts high-

velocity flow travelling through it to low static pressure and towards the 

diffuser exit the diffuser flow gradually transforms to a low-velocity flow with 

a static pressure recovery at the diffuser exit. Under a wide range of ride 

heights, the diffuser flow exhibits four distinct flow regimes. 

In the force-enhancement (type A) flow regime, longitudinal counter-

rotating vortices are formed and the adverse pressure gradient, encountered 

by the flow towards the diffuser exit, detaches the vortices from the diffuser 

ramp surface and endplates. In the maximum-force (type B) flow regime, the 

downforce produced by the diffuser reaches it maximum due to enhanced 

suction at the diffuser inlet. Also, the vortices are strengthened at the early 

part of the diffuser and the flow around the lengthwise centreline of the 

diffuser separates before reattaching towards the diffuser exit. The force-

reduction (type C) flow regime induces a breakdown of one of the vortices, 

causing the 3―D diffuser flow to become asymmetric. In addition, the unsteady 

diffuser flow becomes increasingly separated from the diffuser ramp, flow 

reversal occurs and downforce reduces. In the low-force (type D) flow regime, 

the flow entering the diffuser is largely dominated by the boundary layer flow 

at the diffuser inlet. Also, the surviving vortex is severely weakened with flow 

separation and recirculation becoming increasingly prevalent. As a result, the 

flow is very unstable and a low amount of downforce is generated. 
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Chapter 5  
 
 
 

Plane Diffuser (Baseline): Edge Vortex 

Behaviour and Velocity Profiles 
 

In the previous chapter, the diffuser flow physics was presented and 

analysed in terms of the behaviour of force, surface pressure distribution and 

on-surface flow structure on the diffuser ramp. However, the flow physics that 

govern the development and breakdown of the longitudinal vortices and reveal 

further insights of the diffuser flow were not presented in a detailed analysis. 

Hence, this chapter is focused on delineating flow field quantities predicted by 

CFD that define the longitudinal vortex pair behaviour between the diffuser 

inlet and exit. CFD has been used due to the challenges in setting-up the LDV 

system in a three-component arrangement to measure non-intrusively the flow 

quantities within the diffuser section. Despite this, measured and predicted 

boundary layer profiles of the 3―D flow across the diffuser inlet and in the 

separated near-wake flow of the bluff body are also presented and discussed. 

5.1 Diffuser Edge Vortex Development 

The longitudinal vortex pair in the diffuser flow travel in the streamwise 

direction along the sides of the diffuser. The vortices develop at both sides of 

the diffuser inlet and are induced by the pressure difference inside and outside 

the diffuser. The progression of the vortices along the length of the diffuser is 

enhanced by the inward vortical roll-up of entrained flow underneath the 

diffuser endplates. The streamwise vortex pair rotates around their cores in 

counter rotating directions and similar to longitudinal wing-tip vortices, the 

axial speed and vorticity at the early part of the vortex core formation is 

stronger than at the latter part of the vortex development (as presented 

subsequently in this Chapter). 
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The vortex development along the diffuser sides determines suction levels 

in those locations. At the early part of the diffuser where the streamwise 

velocity induced by the vortices is higher than surrounding flow velocity, the 

surface pressures along the diffuser sides become increasingly negative. Also, 

the presence of both vortices and the breakdown of one of the vortices 

respectively determine the symmetry and asymmetry of the diffuser flow. In 

the types A and B diffuser flows, the presence of the vortex pair maintains the 

symmetry of the diffuser flow thus enhancing downforce. However, in the 

types C and D diffuser flows, breakdown of one of the longitudinal vortices 

causes the diffuser flow to become asymmetric and induces a loss in downforce. 

In this chapter, the development of the counter-rotating vortex pair are 

presented on three measurement planes at the same streamwise locations of 

the spanwise surface pressure measurements in Chapter 4. The three 

spanwise planes include: a plane located close to the diffuser inlet (𝑥 𝑑⁄ = 3.63); 

a second plane close to the mid-section of the diffuser length (𝑥 𝑑⁄ = 5.02); and 

a third plane close to the diffuser exit (𝑥 𝑑⁄ = 6.29). Also, the spanwise planes 

are presented for all four flow regimes (A to D) represented by ℎ 𝑑⁄ = 0.764,  

0.382,  0.191, 0.153, and 0.064. The counter-rotating directions of the 

longitudinal vortices within the diffuser for ℎ 𝑑⁄ = 0.764  remain present 

downstream of the diffuser inlet as seen by the total velocity vectors on the 

spanwise plane at  𝑥 𝑑⁄ = 5.02  which is near the diffuser lengthwise mid-

section  (Figure 5―1). Near the diffuser inlet at 𝑥 𝑑⁄ = 3.63  (Figure 5―2) the 

contour regions of positive and negative velocities on both sides of the diffuser 

show that the counter-rotating diffuser vortices induce a cross flow into the 

diffuser and the velocities of the inflow reduces towards the diffuser centre. 

The enhancement of the cross flow velocity contours from the type A to the 

type B flow regime indicates increased vortex strength and the reduced cross 

flow velocities of the asymmetric flow in the type C and D regimes indicates 

that the surviving vortex is weak. 
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Figure 5-1: Total velocity vectors ( �⃑⃑�  ) predicted with CFD on spanwise plane at 𝑥 𝑑⁄ =

5.02 showing the counter-rotating directions of the diffuser vortices at: (a) ℎ 𝑑⁄ = 0.764 (flow 

regime A) (b) ℎ 𝑑⁄ = 0.382 (flow regime A) (c) ℎ 𝑑⁄ = 0.191 (flow regime B) (d) ℎ 𝑑⁄ = 0.153 
(flow regime C) (e) ℎ 𝑑⁄ = 0.064 (flow regime D) 
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Figure 5-2: Crossflow velocity (𝒘) contours predicted with CFD on spanwise plane near 

the diffuser inlet (𝑥 𝑑⁄ = 3.63) highlighting the inflow induced by the counter-rotating vortices 
at: (a) ℎ 𝑑⁄ = 0.764 (b) ℎ 𝑑⁄ = 0.382 (c) ℎ 𝑑⁄ = 0.191 (d) ℎ 𝑑⁄ = 0.153 (e) ℎ 𝑑⁄ = 0.064 
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In the identification of the 3―D vortical flow structures, the symmetric and 

asymmetric components of the velocity gradient tensor ∇𝑢 are defined (Jeong & 

Hussain,1995). The symmetric 𝑆, and asymmetric Ω components of the velocity 

gradient tensor at any given point in the flow are expressed in Equation 5.1 to 

5.3 as: 

                                                                ∇𝑢 = 𝑆 + Ω                                                                   (5.1) 

Where, 

                                                          𝑆𝑖𝑗 =
1

2
(𝑢𝑖,𝑗 + 𝑢𝑗,𝑖)                                                           (5.2) 

                                                          Ω𝑖𝑗 =
1

2
(𝑢𝑖,𝑗 − 𝑢𝑗,𝑖)                                                          (5.3) 

The decomposition of 𝑆 and Ω can be described as the separation of the rate of 

strain tensor   𝑆𝑖𝑗, and vorticity tensor   Ω𝑖𝑗. The criterion  𝑄 applies the 

decomposition to identify the vortices and is expressed in Equation 5.4 as a 

positive (𝑄 > 0) second invariant of  ∇𝑢. 

                                                      𝑄 =
1

2
(‖Ω‖2 − ‖𝑆‖2)                                                           (5.4) 

The 𝑄𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛 of the time-averaged velocity magnitude for the force-

enhancement (type A flow regime) at ℎ 𝑑⁄ = 0.764 and 0.382 is shown in 

Figure  5 3 where 𝑄 = 150,000 to highlight clearly the features of the 

longitudinal vortices. The presence of the longitudinal counter-rotating vortex 

pair is distinct and is shown to originate from the lengthwise sides close to the 

diffuser inlet. Also, the detachment of the streamwise vortices from the side 

plates as indicated by the on-surface flow pathlines (Figure 5―3) is clearly 

visible. The velocity contours of the vortices indicate that the strength of the 

vortices gradually reduces downstream of the diffuser inlet. However, there is 

no occurrence of vortex breakdown within the diffuser. Relative to the vortices 

for  ℎ 𝑑⁄ = 0.764, the vortices for  ℎ 𝑑⁄ = 0.382  appear to be increased in size 
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and the velocities at the early part of the vortices close to the diffuser inlet are 

higher than those at the same location for ℎ 𝑑⁄ = 0.764. As a result, there is a 

corresponding increase in downforce as ride height is lowered within the type 

A flow regime. At the force-reduction (type C flow regime) ride height at  ℎ 𝑑⁄ =

0.153 (as shown in Figure  54), the 𝑄𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛 of the time-averaged velocity 

magnitude at ℎ 𝑑⁄ = 0.153  indicates the presence of a solitary vortex that 

appears to gradually weaken downstream of the diffuser inlet.  

 

 

Figure 5-3: CFD iso-surface of the 𝑸𝑪𝒓𝒊𝒕𝒆𝒓𝒊𝒐𝒏  (𝑸 = 𝟏𝟓𝟎, 𝟎𝟎𝟎) highlighting the 
longitudinal vortex pair formed within the diffuser at the normalised ride heights of the 
force-enhancement flow regimes: (a) ℎ 𝑑⁄ = 0.764 and (b) ℎ 𝑑⁄ = 0.382. The iso-surface is 

coloured by time-averaged total velocity (𝑼 = √𝒖𝟐 + 𝒗𝟐 +𝒘𝟐)   
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Figure 5-4: CFD iso-surface of the 𝑸𝑪𝒓𝒊𝒕𝒆𝒓𝒊𝒐𝒏  (𝑸 = 𝟏𝟓𝟎, 𝟎𝟎𝟎) highlighting the solitary 
surviving longitudinal vortex within the diffuser at the normalised force-reduction flow 

regime ride height of  ℎ 𝑑⁄ = 0.153. The iso-surface is coloured by time-averaged total 

velocity  (𝑼 = √𝒖𝟐 + 𝒗𝟐 +𝒘𝟐)   

 

5.1.1 Vortex behaviour in flow regime A 

The behaviour of the streamwise vortices for the type A flow regime ride 

heights at  ℎ 𝑑⁄ = 0.764  and 0.382 is further highlighted on the spanwise 

planes (on 𝑥 𝑑⁄ = 3.63, 5.02, and 6.29) within the diffuser. At ℎ 𝑑⁄ = 0.764   

(Figure  5―5), the velocity across the span of the diffuser inlet is above 

freestream, hence confirming the existence of peak velocity which in turn is 

responsible for the diffuser inlet peak suction captured by the surface pressure 

distribution measurements. The streamwise velocity contours show shear 

layers that roll up away from both end plates thus, indicating the presence of 

the vortex pair. The rolled-up shear layers appear to be small and 

concentrated. Above the area between both vortices (Figure  5―5), the 

horizontal shear layers indicate the presence of velocity gradient encountered 

by the streamwise flow. However, below the lateral shear layers, the 

streamwise flow velocity is above freestream velocity. From  𝑥 𝑑⁄ = 3.63 to 6.29, 

the gradual velocity reduction which in turn is responsible for the pressure 

recovery downstream of the diffuser inlet is indicated with the reduction in the 
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size of the contour region with velocities above freestream velocity. The 

gradual reduction (from 𝑥 𝑑⁄ = 3.63 to 6.29) in streamwise vorticity at the cores 

of the vortex pair confirms the reduction in strength of the vortices 

downstream of the diffuser inlet (Figure  5 6). However, the presence of the 

vortex pair vorticity contours from 𝑥 𝑑⁄ = 3.63 to 6.29 indicates that vortices 

remained strong and concentrated within the diffuser. Towards the diffuser 

exit, the increase in the production of TKE (turbulent kinetic energy) 

from 𝑥 𝑑⁄ = 3.63 to 6.29 (Figure  57) means that there is a gradual increase in 

turbulence as the vortices travel downstream of the diffuser inlet.  

The vortex flow physics for ℎ 𝑑⁄  =  0.382 (from 𝑥 𝑑⁄ = 3.63 to 6.29) 

appeared to be generally an enhancement of the characteristics for ℎ 𝑑⁄ =

0.764. This is indicative of the increase in downforce and suction accompanied 

with the reduction of ride height in flow regime A. The streamwise velocity 

(Figure 5 8) and vorticity (Figure 5 9) contours of the vortices for ℎ 𝑑⁄ = 0.382  

relative to ℎ 𝑑⁄ = 0.764   indicate a general enhancement of diffuser flow 

velocity hence an increase in vortex strength. This also means that the axial 

velocity of the local counter-rotating vortices has gained strength relatively to 

that of  ℎ 𝑑⁄ = 0.764. Furthermore, the relative increase (relative to ℎ 𝑑⁄ =

0.764) in vortex diffusion as the streamwise velocity of the vortices reduces 

towards the diffuser exit has induced a corresponding increase in TKE as 

shown in Figure  5―10. 
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Figure 5-5: Streamwise velocity (𝒖) contours predicted with CFD at ℎ 𝑑⁄ = 0.764 for 
spanwise planes on: (a) 𝑥 𝑑⁄ = 3.63 (b) 𝑥 𝑑⁄ = 5.02 (c) 𝑥 𝑑⁄ = 6.29 
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Figure 5-6: Streamwise vorticity (𝝎𝒙) contours predicted with CFD at ℎ 𝑑⁄ = 0.764 for 
spanwise planes on: (a) 𝑥 𝑑⁄ = 3.63 (b) 𝑥 𝑑⁄ = 5.02 (c) 𝑥 𝑑⁄ = 6.29 
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Figure 5-7: Turbulent kinetic energy (TKE) contours predicted with CFD at  ℎ 𝑑⁄ = 0.764 

for spanwise planes on: (a) 𝑥 𝑑⁄ = 3.63 (b) 𝑥 𝑑⁄ = 5.02 (c) 𝑥 𝑑⁄ = 6.29 
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Figure 5-8: Streamwise velocity (𝒖) contours predicted with CFD at ℎ 𝑑⁄ = 0.382 for 

spanwise planes on: (a) 𝑥 𝑑⁄ = 3.63 (b) 𝑥 𝑑⁄ = 5.02 (c) 𝑥 𝑑⁄ = 6.29 
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Figure 5-9: Streamwise vorticity (𝝎𝒙) contours predicted with CFD at  ℎ 𝑑⁄ = 0.382 for 
spanwise planes on: (a) 𝑥 𝑑⁄ = 3.63 (b) 𝑥 𝑑⁄ = 5.02 (c) 𝑥 𝑑⁄ = 6.29 
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Figure 5-10: Turbulent kinetic energy (TKE) contours predicted with CFD at ℎ 𝑑⁄ = 0.382 

for spanwise planes on: (a) 𝑥 𝑑⁄ = 3.63 (b) 𝑥 𝑑⁄ = 5.02 (c) 𝑥 𝑑⁄ = 6.29 

 

 

 

 

 

 

 

 



155 
 

5.1.2 Vortex behaviour in flow regime B 

The vortex development for the type B flow is represented at the maximum 

downforce ride height of  ℎ 𝑑⁄ = 0.191. The streamwise flow physics at this ride 

height indicate that the vortex behaviour is similar to that of the type A flow 

regime even though the vortex features are relatively enhanced. The further 

increase in downforce associated with the reduction of ride height from the type 

A to the type B flow regime is due to the enhanced vortex properties. Relative to 

the type A flow regime ride height of  ℎ 𝑑⁄ = 0.382, the streamwise flow velocities 

between the vortices for ℎ 𝑑⁄ = 0.191  has increased as shown on the spanwise 

plane at  𝑥 𝑑⁄ = 3.63. (Figure  5 11) However, on the downstream planes 

of 𝑥 𝑑⁄ = 5.02 and 6.29, the contours of the streamwise velocity (Figure  5 11), 

the low-pressure vortex core (Figure  5 12) and vorticity (Figure  5 13) of the 

vortices indicate reducing vortex strength and appear to be larger in size and 

more diffused than those of the type A ride heights. The visible flow separation 

(as captured by the flow features on the diffuser ramp surface in Figure 4 7) 

that begins close to the centre of the diffuser inlet and extends downstream is 

confirmed by the increased shear layer formation above and between both 

vortices at  𝑥 𝑑⁄ = 3.63 and  5.02 (Figure  5 11). Also the diffuser vortex pair 

appears to have induced a separation off the ground plane in the form of 

secondary counter-rotating vortices (Figure  5 13). 

At the approximate location of the vortices, the size of the contour region of 

high TKE (Figure  5 14) expands gradually from 𝑥 𝑑⁄ = 3.63 to  6.29. 

Furthermore at 𝑥 𝑑⁄ = 6.29, the outer rolled-up velocity shear layers of the 

vortices are merged. Both occurrences imply that close to the diffuser exit, there 

is severe vortex diffusion and increased turbulence with the vortices becoming 

unsteady. Hence, the axial velocities of the vortices are weakened due to the 

breakdown of the vortices at the latter part of the diffuser towards the diffuser 

exit. The low streamwise velocities of the vortex cores confirm that the swirling 

flow gradually weakens as it travels towards the centre of the diffuser exit. 
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Figure 5-11: Streamwise velocity (𝒖) contours predicted with CFD at  ℎ 𝑑⁄ = 0.191 for 
spanwise planes on: (a) 𝑥 𝑑⁄ = 3.63 (b) 𝑥 𝑑⁄ = 5.02 (c) 𝑥 𝑑⁄ = 6.29 
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Figure 5-12: Streamwise pressure coefficient (𝑪𝒑) contours predicted with CFD at  ℎ 𝑑⁄ =

0.191 for spanwise planes on: (a) 𝑥 𝑑⁄ = 3.63 (b) 𝑥 𝑑⁄ = 5.02 (c) 𝑥 𝑑⁄ = 6.29 
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Figure 5-13: Streamwise vorticity (𝝎𝒙) contours predicted with CFD at ℎ 𝑑⁄ = 0.191 for 
spanwise planes on: (a) 𝑥 𝑑⁄ = 3.63 (b) 𝑥 𝑑⁄ = 5.02 (c) 𝑥 𝑑⁄ = 6.29 
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Figure 5-14: Turbulent kinetic energy (TKE) contours predicted with CFD at  ℎ 𝑑⁄ = 0.191 

for spanwise planes on: (a) 𝑥 𝑑⁄ = 3.63 (b) 𝑥 𝑑⁄ = 5.02 (c) 𝑥 𝑑⁄ = 6.29 
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5.1.3 Vortex behaviour in flow regime C 

The type C flow regime as represented by ℎ 𝑑⁄ = 0.153 indicates a fundamental 

change in the diffuser flow. In this flow regime, the diffuser flow is asymmetric as a 

result a breakdown of one the vortex pair. The streamwise velocity (Figure  515) 

contours at 𝑥 𝑑⁄ = 3.63 show a high-velocity rolled-up shear layer on one side of the 

diffuser and low-velocity shear layer on the other side. Between both rolled-up shear 

layers, the region of high velocity associated with the peak velocity at the diffuser 

inlet is still present. However, the low-velocity shear layer across the diffuser span 

and above the contour region of high velocity has increased in size relative to those at 

the same location for ℎ 𝑑⁄ = 0.191. This implies that as the ride height is lowered 

from ℎ 𝑑⁄ = 0.191, the flow entering the diffuser is gradually dominated by boundary 

layer flow. Further downstream at 𝑥 𝑑⁄ = 5.02 and  𝑥 𝑑⁄ = 6.29, the strength of the 

surviving vortex reduces as indicated by the decrease in velocity at its core. Also, the 

velocity of the low-velocity contour region on the other side of the diffuser reduces 

and its size increases as a result of increased flow separation from the diffuser ramp 

surface.  

Vorticity contours (Figure  5―16) indicate the presence of the solitary strong 

vortex close to the diffuser inlet (𝑥 𝑑⁄ = 3.63) and the vortex diffuses downstream 

at  𝑥 𝑑⁄ = 5.02. At 𝑥 𝑑⁄ = 6.29 (close to the diffuser exit), the vorticity contours 

indicates that the vortex strength has waned. On the other side of the diffuser where 

vortex breakdown occurred vorticity contours generally indicate the non-presence of 

high vorticity. At  𝑥 𝑑⁄ = 3.63, the high TKE regions appear at the locations (as seen 

on the streamwise velocity contours Figure  5 17) of the vortex breakdown and the 

slow-moving boundary layer flow across the diffuser span. This occurrence implies 

that the separated flows at those locations are inducing turbulence in the inflow. 

Towards the diffuser exit, the surviving vortex diffuses thus increasing TKE at its 

location at  𝑥 𝑑⁄ = 5.02, and at  𝑥 𝑑⁄ = 6.29, the region of low TKE between both sides 

of the diffuser has disappeared. This is as a result of the merger between the relative 

higher TKE generated by the diffusing vortex and that generated by the increasingly 

dominant separated and reversing flow on the other side of the diffuser.  
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Figure 5-15: Streamwise velocity (𝒖) contours predicted with CFD at ℎ 𝑑⁄ = 0.153 for 
spanwise planes on: (a) 𝑥 𝑑⁄ = 3.63 (b) 𝑥 𝑑⁄ = 5.02 (c) 𝑥 𝑑⁄ = 6.29 
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Figure 5-16: Streamwise vorticity (𝝎𝒙) contours predicted with CFD at ℎ 𝑑⁄ = 0.153 for 

spanwise planes on: (a) 𝑥 𝑑⁄ = 3.63 (b) 𝑥 𝑑⁄ = 5.02 (c) 𝑥 𝑑⁄ = 6.29 
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Figure 5-17: Turbulent kinetic energy (TKE) contours predicted with CFD at  ℎ 𝑑⁄ = 0.153 
for spanwise planes on: (a) 𝑥 𝑑⁄ = 3.63 (b) 𝑥 𝑑⁄ = 5.02 (c) 𝑥 𝑑⁄ = 6.29 
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5.1.4 Vortex behaviour in flow regime D 

The type D is represented by the lowest ride height investigated in this 

study (ℎ 𝑑⁄ = 0.064). The vortex flow physics from 𝑥 𝑑⁄ = 3.63 to 6.29 indicates 

that it maintains similar asymmetric flow behaviour to the type C flow regime 

at ℎ 𝑑⁄ = 0.153. The roll-up streamwise velocity shear layer that represents the 

vortex flow is only present on one side of the cross-planes. The streamwise 

velocity contours (Figure 5 18) of the single vortex indicate that the surviving 

vortex strength has further weakened relative to that of the type C flow. On 

the other half of the diffuser, the low velocity shear layers that dominate that 

half area of the diffuser represents the separated and recirculating flow 

attributed to breakdown of vortex.  

The streamwise vorticity at 𝑥 𝑑⁄ = 3.63 and 5.02 (Figure 5 19) show a 

region of separation induced secondary vortex off the ground plane on the side 

of the surviving vortex. However, the core of the surviving primary diffuser 

vortex is not visible from 𝑥 𝑑⁄ = 3.63 to 6.29 thus indicating that the vorticity of 

the surviving vortex has severely weakened.Furthermore, regions of high TKE 

dominate the cross flow from 𝑥 𝑑⁄ = 3.63 to 6.29 which means that flow 

turbulence is profound within the diffuser (Figure 5 20).The high TKE 

through the length of the diffuser is a result of the diffusion of the surviving 

vortex on one side of the diffuser and the recirculating flow dominating the 

other side of the diffuser. 
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Figure 5-18: Streamwise velocity (𝒖) contours predicted with CFD at ℎ 𝑑⁄ = 0.064 for 

spanwise planes on: (a) 𝑥 𝑑⁄ = 3.63 (b) 𝑥 𝑑⁄ = 5.02 (c) 𝑥 𝑑⁄ = 6.29 
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Figure 5-19: Streamwise vorticity (𝝎𝒙) contours predicted with CFD at ℎ 𝑑⁄ = 0.064 for 

spanwise planes on: (a) 𝑥 𝑑⁄ = 3.63 (b) 𝑥 𝑑⁄ = 5.02 (c) 𝑥 𝑑⁄ = 6.29 
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Figure 5-20: Turbulent kinetic energy (TKE) contours predicted with CFD at ℎ 𝑑⁄ = 0.064 
for spanwise planes on: (a) 𝑥 𝑑⁄ = 3.63 (b) 𝑥 𝑑⁄ = 5.02 (c) 𝑥 𝑑⁄ = 6.29 
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5.2 Velocity Profile Development 

At the maximum downforce ride height of ℎ 𝑑⁄ = 0.191, streamwise 

velocity contour distribution over the diffuser bluff body (on longitudinal 

planes at 𝑧 𝑑⁄ =  0 and 0.490) are shown in Figure 5―21a and  5―21b. The 

velocity distribution at the centreline plane (𝑧 𝑑⁄ = 0) Figure 5―21a shows 

regions of low velocity in front of the nose section, and at the near-wake of the 

bluff body base plate induced by the separated flow downstream of the body. 

The centreline plane also shows a region of relatively high velocity around the 

top of the nose section (see dashed lines in 5―21a). As indicated in Chapter 4 

(Figure 4―33), a laminar separation bubble occurs around the sides of the bluff 

body where the nose section merges with the rest of the body. This occurrence 

is induced by the flow curvature acceleration at this region where laminar-to-

turbulent flow transition develops. Underneath the body, high flow velocities 

are dominant at the location where the underbody flat section merges with the 

nose section and at the location of the diffuser inlet (see dashed lines 

in 5―21a). At these respective locations, the high velocity is as a result of the 

curvature around the nose section which accelerates the flow at the early part 

of the underbody and the ‘pump down’ effect of the diffuser inlet. The 

streamwise plane (𝑧 𝑑⁄ = 0.490) representing the approximate location of one 

of the diffuser vortices for the maximum downforce ride height (ℎ 𝑑⁄ = 0.191) 

and the equivalent plane at the downforce reduction height (ℎ 𝑑⁄ = 0.153) is 

respectively shown in Figures 5―21b and 5―21c. The streamwise velocities in 

the diffuser section shows a region of relative high velocity at the early part of 

the diffuser and lower velocities towards the diffuser exit (see dashed lines 

in 5―21b). The flow behaviour at ℎ 𝑑⁄ = 0.191 is as a result of the gradually 

waning strength of the vortices as they travel towards the diffuser exit and 

at ℎ 𝑑⁄ = 0.153 (Figure 5―21c), the diffuser is largely dominated by relative 

lower velocities due to flow reversal into the diffuser exit. 

The total flow energy of the airflow across the diffuser bluff body can be 

quantified by the total pressure which is equal to the sum of freestream static 
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and dynamic pressures. Total pressure contours on the streamwise planes 

(Figure 5―22) indicate a relatively constant freestream pressure distribution 

over the diffuser body with lower total pressure distribution near the surface 

or boundary layer of the body. This means that the relatively low total 

pressure close to the surface of the body is as a result of the flow energy spent 

(flow energy losses) to overcome the boundary layer viscous forces along the 

surface of the body. However the diffuser low-velocity regions on the plane, 

𝑧 𝑑⁄ = 0.490 for ℎ 𝑑⁄ = 0.191 and  0.153 are largely dominated by low total 

pressure. The low total pressure is due to the significant flow energy expended 

in overcoming the diffuser adverse pressure gradient by the longitudinal 

vortex for ℎ 𝑑⁄ = 0.191 and the flow reversal for  ℎ 𝑑⁄ = 0.153. At the diffuser 

bluff body near-wake region for all three streamwise planes, the remaining 

flow energy is minimal, depleted by the turbulent eddies of the separated flow 

of the near-wake region. The flow energy losses induced by the diffuser 

longitudinal vortices and the bluff body near-wake enables the identification 

flow regions associated with vortex drag and base drag (Chometon & Gilli�́�ron, 

1996).  
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Figure 5-21: Streamwise velocity (𝒖) contours predicted with CFD at: (a) ℎ 𝑑⁄ = 0.191 

for streamwise centreline plane on 𝑧 𝑑⁄ = 0 (b) ℎ 𝑑⁄ = 0.191 for streamwise plane on 
𝑧 𝑑⁄ = 0.490 (c) ℎ 𝑑⁄ = 0.153 for streamwise plane on 𝑧 𝑑⁄ = 0.490 
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Figure 5-22: Total pressure coefficient contours predicted with CFD at: (a) ℎ 𝑑⁄ = 0.191 
for streamwise centreline plane on 𝑧 𝑑⁄ = 0 (b) ℎ 𝑑⁄ = 0.191 for streamwise plane on 

𝑧 𝑑⁄ = 0.490 (c) ℎ 𝑑⁄ = 0.153 for streamwise plane on 𝑧 𝑑⁄ = 0.490 
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5.2.1 Underbody boundary layer profiles 

The velocity profiles (𝑈 𝑈∞⁄ ) of the boundary layer were measured and 

predicted at the diffuser inlet (𝑥 𝑑⁄ = 3.14). The boundary layer velocity 

profiles were taken on the diffuser centreline (𝑧 𝑑⁄ = 0) and on either side of 

the diffuser centreline (𝑧 𝑑⁄ = 0.363 and − 0.363). The locations on either side of 

the centreline are approximately outside the core region of the counter-

rotating longitudinal vortices of the diffuser and correspond to distances 

100 𝑚𝑚  from the spanwise sides of the diffuser. 

The velocity gradients at the top and bottom of the velocity profiles as 

shown in Figure 5―23 indicate the presence of boundary layer development on 

the diffuser inlet and on the moving ground. The shape of the boundary layer 

profiles measured in the wind tunnel experiments are correctly predicted with 

time-averaged CFD, although with a degree of underprediction and 

overprediction. At the type A flow represented at ℎ 𝑑⁄ = 0.382, the diffuser 

centreline inlet flow reaches a measured and predicted velocity of 𝑈 𝑈∞⁄ =

1.6 and 1.51 respectively at 𝑦 𝑑⁄ = 0.324. At the maximum downforce ride 

height of ℎ 𝑑⁄ = 0.191, the measured and predicted velocity at the centreline 

increases to 𝑈 𝑈∞⁄ = 1.71 and 1.70 at 𝑦 𝑑⁄ = 0.133, hence reflecting the increase 

in diffuser inlet suction due to an increase in inlet flow velocity. However, at 

the respective downforce-reduction and low-downforce ride heights 

represented by ℎ 𝑑⁄ = 0.153  and 0.064, the measured and predicted peak flow 

velocities reduce to 𝑈 𝑈∞⁄ = 1.48 and 1.571 at 𝑦 𝑑⁄ = 0.089 for  ℎ 𝑑⁄ = 0.153, with 

a further reduction of measured and predicted peak flow velocities to 𝑈 𝑈∞⁄ =

1.32 and 1.43 at 𝑦 𝑑⁄ = 0.015 for ℎ 𝑑⁄ = 0.064. Unlike the diffuser inlet 

centreline boundary layer profiles of the types A to C regimes, the velocity 

gradients for (both the diffuser inlet and corresponding ground location) of the 

type D flow are significantly diminished thus indicating that the boundary 

layers are merged (Figure 5―23). Even so, centreline velocity profiles from 

types A to D regimes also show that the boundary layer growth from both the 

diffuser inlet and the moving ground thickens with reducing ride height. The 
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increasing boundary layer thickness is as a result of the gradual reduction in 

flow-turning at the diffuser inlet due to the gradual reduction of the diffuser 

inlet flow area – thus enlarging the thickness and length of the separation line 

along the diffuser inlet (Figure 48). 

At both sides of the centreline, the velocity profiles at 𝑧 𝑑⁄ = 0.363 and 

−0.363  for the type A flow (ℎ 𝑑⁄ = 0.382) shown in Figure 5―24, the peak flow 

velocity on either side of the centreline is about 4.3% lower than that of the 

centreline. This implies that flow velocity before the diffuser inlet region is 

lower away (in the spanwise direction) from the centreline of the bluff body 

underbody. At the maximum downforce ride height (ℎ 𝑑⁄  =  0.191), measured 

boundary layer profiles at 𝑧 𝑑⁄ = 0.363  and − 0.363 for the type B flow indicate 

a degree of asymmetry at the diffuser inlet highlighted by a significant region 

(𝑦 𝑑⁄ = 0.031 to 0.165) of lower velocities  for the profile at 𝑧 𝑑⁄ = 0.363 relative 

to the profile at 𝑧 𝑑⁄ = −0.363 (1.43% lower between highest velocities 

measured in the region). However, the pressure distribution (presented in 

Chapter 4) at ℎ 𝑑⁄  =  0.191 indicated a reasonable existence of flow symmetry 

within the diffuser. Moreover, as in the case in ℎ 𝑑⁄ = 0.191 where measured 

boundary layer velocities are lower at 𝑧 𝑑⁄ = 0.363 comparatively to those 

at 𝑧 𝑑⁄ = −0.363, a similar occurrence is present in ℎ 𝑑⁄  =  0.153. However, in 

the case of ℎ 𝑑⁄  =  0.153 the boundary layer velocities on the side of the 

diffuser where vortex breakdown occurred (at 𝑧 𝑑⁄ = 0.363) is significantly 

lower  than the velocities at the other side (at 𝑧 𝑑⁄ = −0.363) where there is a 

surviving vortex (12.88% lower between measured peak velocities). This 

signifies that the onset of vortex breakdown responsible for downforce loss in 

the force reduction and low downforce ride heights begins to occur at the 

maximum downforce ride height. 

Despite these occurrences, the velocity profiles at ℎ 𝑑⁄ = 0.191 and  0.153 

suggest the presence of a region of relative constant velocity within the 

distance between the boundary layers of the diffuser inlet and the ground 

plane. This occurrence indicate that although the reduction of ride height 
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beyond that of maximum downforce enhances flow separation at the diffuser 

inlet, the merging of the boundary layers does not occur at ℎ 𝑑⁄ = 0.153 (more 

so on the stalled side at 𝑧 𝑑⁄ = 0.363). Hence, the merging of the boundary 

layers is not entirely responsible for the flow asymmetry associated with the 

force reduction and low downforce ride heights. However, below the maximum 

downforce ride height boundary layer profiles for ℎ 𝑑⁄ = 0.153  and  0.064  

indicates that peak flow velocity at the diffuser inlet reduces with decreasing 

ride height. Furthermore, the relative slower boundary layer flow velocities on 

the side of the diffuser inlet where vortex breakdown occurs appear to have 

induced the vortex breakdown on that side. 

 
 

Figure 5-23: LDV-measured and CFD-predicted boundary layer profiles at diffuser inlet 
(𝑥 𝑑⁄ = 3.14) centre point (𝑧 𝑑⁄ = 0) for: (a) ℎ 𝑑⁄ = 0.382  (b) ℎ 𝑑⁄ = 0.191  (c) ℎ 𝑑⁄ =
0.153 (d) ℎ 𝑑⁄ = 0.064 
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Figure 5-24: LDV-measured and CFD-predicted boundary layer profiles at either side 
(𝑧 𝑑⁄ = 0.363   and − 0.363) of diffuser inlet centre point (𝑥 𝑑⁄ = 3.14  at  𝑧 𝑑⁄ = 0) for:                
(a) ℎ 𝑑⁄ = 0.382  at  𝑧 𝑑⁄ = 0.363  (b) ℎ 𝑑⁄ = 0.382  at 𝑧 𝑑⁄ = −0.363  (c) ℎ 𝑑⁄ = 0.191 at  𝑧 𝑑⁄ =
0.363  (d) ℎ 𝑑⁄ = 0.191 at 𝑧 𝑑⁄ = −0.363 (e) ℎ 𝑑⁄ = 0.153  at 𝑧 𝑑⁄ = 0.363 (f) ℎ 𝑑⁄ = 0.153 at 

𝑧 𝑑⁄ = −0.363 
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5.2.2 Velocity profiles of diffuser near-wake region 

The flow physics in the near-wake region of the diffuser bluff body was 

investigated on longitudinal planes at the approximate locations of the vortex 

cores (𝑧 𝑑⁄ = 0.490 and − 0.490) for the maximum downforce ride height of 

ℎ 𝑑⁄ = 0.191 and force-reduction ride height of ℎ 𝑑⁄ = 0.153.  

At ℎ 𝑑⁄ = 0.191, the similarities in near-wake velocity magnitude profiles 

(Figure 5―25) indicate that the diffuser flow is reasonably symmetric. Also, 

low velocities in the triangular region within the upper part of the near-wake 

planes infer the presence of the anticipated base flow recirculation. These low 

velocities are induced by the separated flow region near the base surface of the 

bluff body. Low velocities also dominate within the lower part of the near-wake 

planes. This implies that the cores of the vortex pair are diffused at the 

diffuser exit as reported by Senior (2002) and that the diffused vortices shown 

in Figure 5―25 have induced low velocities with increased turbulence in this 

region, as shown in Figure 5―26. Low turbulence was present on both planes 

in the immediate wake region (labelled ‘Q’) of the bluff body back plate, which 

indicated that the wake vortices are steady at that region (Figure 5―26). In 

addition, the higher-velocity region (labelled ‘P’) above the low-velocity region 

at the lower part of the wake planes induced by the diffused vortices indicated 

that, towards the diffuser exit, the vortices have separated from the diffuser 

ramp (Figure 5―25). 

 



177 
 

 

Figure 5-25:  Near-wake non-dimensionalised 𝑼 contours for the diffuser body measured 

with LDV at ℎ 𝑑⁄ = 0.191 on: (a) plane at 𝑧 𝑑⁄ = 0.490  and (b) plane at 𝑧 𝑑⁄ = −0.490  

 
 

 

Figure 5-26:  Near-wake non-dimensionalised turbulence intensity (𝒖′ 𝑼∞⁄ ) contours for 
the diffuser body measured with LDV at ℎ 𝑑⁄ = 0.191 on: (a) plane at 𝑧 𝑑⁄ = 0.490 and     
(b) plane at 𝑧 𝑑⁄ = −0.490  

 

At ℎ 𝑑⁄ = 0.153, velocity measurements reveal a different velocity contour 

plot on planes at 𝑧 𝑑⁄ = 0.490 and − 0.490, indicating that the diffuser flow is 

substantially asymmetric as shown in Figure 5―27. The asymmetric flow can 

be attributed to the breakdown of one of the longitudinal vortices as shown 
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at  𝑧 𝑑⁄ = 0.490  in Figure 5―27a. As reported by Senior (2002), the loss of 

downforce coincided with the development of flow asymmetry and the 

asymmetric 3―D boundary layer at the diffuser inlet induced a breakdown of 

one of the vortices. The breakdown of the vortex shown for at 𝑧 𝑑⁄ = 0.490  in 

Figure 5―27a allowed the low velocities of the upper separated flow region to 

dominate a large area of the diffuser near-wake. As a result, separated flow is 

prevalent over a substantial area of the near wake at 𝑧 𝑑⁄ = 0.490  and flow 

turbulence is enhanced further downstream of the wake as shown in 

Figure 5―28a. However, higher velocities (close to freestream velocity) are 

prevalent near the diffuser exit at 𝑧 𝑑⁄ = −0.490 in Figure 5―27b even though 

the separated flow region close to the base surface of the bluff body is still 

present. Despite the higher velocities near the diffuser exit at  𝑧 𝑑⁄ = −0.490, 

Figure 5―28b indicates a significant reduction in turbulence levels in the 

vortex close to the diffuser exit, as observed at ℎ 𝑑⁄ = 0.191 in Figure 5―26b. 

Senior (2002) observed that this was because the surviving vortex had 

separated from the diffuser ramp and side walls and is less diffused towards 

the diffuser exit than the type B flow hence the reduced level of turbulence. In 

addition, the near-wake of the bluff body base plate was dominated by low 

turbulence on the streamwise planes on both sides of the bluff body centreline 

indicating a low turbulent flow in the region. 

Notably, the higher velocities between the upper and lower low-velocity 

regions on the streamwise near-wake plane at  𝑧 𝑑⁄ = −0.490  in Figure  5―25b 

reached a peak velocity approximately 11.1% higher than that of the 

corresponding measurement in the same area on the near-wake plane 

at  𝑧 𝑑⁄ = 0.490, as shown in Figure 5―25a. Low velocities within the lower part 

of the planes at 𝑧 𝑑⁄ = −0.490 and 𝑧 𝑑⁄ = −0.490 can be attributed to the 

diffused and turbulent part of the vortex at the diffuser exit. However as 

shown in Figure 5―25, lowest velocity measured at 𝑧 𝑑⁄ = −0.490 is about 

100% higher than the corresponding measurement in the same region 

at  𝑧 𝑑⁄ = 0.490. Furthermore, the surviving vortex of the pair is on the side of 
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the diffuser represented by the near-wake contours at 𝑧 𝑑⁄ = −0.490  at a ride 

height of ℎ 𝑑⁄ = 0.153 as shown in Figure 5―27b.  These observations suggest 

that at ℎ/𝑑 = 0.191, the vortex at  𝑧 𝑑⁄ = −0.490  is stronger than that at 𝑧 𝑑⁄ =

0.490, and for this reason the vortex at 𝑧 𝑑⁄ = −0.490 in the asymmetric flow at 

a ride height of  ℎ/𝑑 = 0.153 is still present. 

 

 

Figure 5-27: Near-wake non-dimensionalised 𝑼 contours for the diffuser body measured 
with LDV at  ℎ 𝑑⁄ = 0.153 on: (a) plane at 𝑧 𝑑⁄ = 0.490 and (b) plane at 𝑧 𝑑⁄ = −0.490  

 
 

 

Figure 5-28: Near-wake non-dimensionalised turbulence intensity (𝒖′ 𝑼∞⁄ ) contours for the 

diffuser body measured with LDV at ℎ 𝑑⁄ = 0.153 on: (a) plane at 𝑧 𝑑⁄ = 0.490 and (b) plane 

at 𝑧 𝑑⁄ = −0.490  
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Figure 5-29: Near-wake non-dimensionalised 𝑼 contours for the diffuser body measured 

with LDV at centreline plane (𝑧 𝑑⁄ = 0) for: (a) ℎ 𝑑⁄ = 0.191 and (b) ℎ 𝑑⁄ = 0.153 

 
 
 

 
 
Figure 5-30: Near-wake non-dimensionalised turbulence intensity (𝒖′ 𝑼∞⁄ ) contours for 

the diffuser body measured with LDV at centreline plane (𝑧 𝑑⁄ = 0) for: (a) ℎ 𝑑⁄ = 0.191 
and (b) ℎ 𝑑⁄ = 0.153 

 

The centreline (𝑧 𝑑⁄ = 0) velocity magnitude and turbulence contours for 

ℎ 𝑑⁄ = 0.191 and 0.153 are shown in Figure 5―29 and 5―30. In Figure 5―29a, 

the centreline plane for  ℎ 𝑑⁄ = 0.191 show a region of low velocity at the near-
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wake of the base plate of the body above a region of high velocity at the near-

wake of the diffuser exit. For ℎ 𝑑⁄ = 0.153 (Figure 5―29b ), the near-wake of the 

entire body is largely dominated by low velocities with a diminished region of 

relative high velocity close to the diffuser exit. The centreline wake behaviour 

at the type B (ℎ 𝑑⁄ = 0.191) and type C (ℎ 𝑑⁄ = 0.153) flow regimes indicates 

that the outflow of the type B regime remains strong. In the type C regime, the 

vortex breakdown and the flow reversal it induces on one side of the diffuser is 

also impeding the diffuser outflow away from the spanwise location of vortex 

breakdown towards the diffuser centreline at 𝑧 𝑑⁄ = 0. The centreline near-

wake turbulence contours at ℎ 𝑑⁄ = 0.191 (Figure 5―30a ) indicate that the 

turbulence induced by the diffusing vortices on either side of the centreline 

plane merge at the centre of the diffuser together with the turbulence 

generated above the diffuser exit and downstream of the base plate of the buff 

body. In the case of the centreline plane for ℎ 𝑑⁄ = 0.153 (Figure 5―30b ), the 

interaction between the reverse flow on one side of the diffuser centre plane 

and the diffusing vortex on the other side has enhanced centre plane 

turbulence at the bluff body near-wake.  

Velocity power spectral densities (Figures 5―31) in the near wake at a 

location on the centreline plane underneath the region of low velocity and 

above the region of high velocity (𝑦 𝑑⁄ = 1.6  and  𝑥 𝑑⁄ = 7.84) of Figure 5―29 

(shown for only ℎ 𝑑⁄ = 0.191 and  0.153) indicate a similar time history 

behaviour for 𝑢  and  𝑣. A dominant frequency of ~36𝐻𝑧 (for type A flow 

at ℎ 𝑑⁄ = 0.382); ~34𝐻𝑧 (for type B flow at ℎ 𝑑⁄ = 0.191); and broadband 

frequencies within <20𝐻𝑧 (for type C flow at ℎ 𝑑⁄ = 0.153). This implies that a 

dominant frequency exists in the types A and B where the diffuser outflow is 

strong and steady but in the type C flow regime where flow reversal due to 

vortex breakdown and flow separation at the diffuser inlet occurs, the 

frequency is lower and exists over a wide range distribution. Time-averaged 

CFD flow velocity predictions on the streamwise near-wake planes for 

ℎ 𝑑⁄ = 0.191  and   0.153  indicate a reasonable agreement with wind tunnel 
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measurements (Figures 5―32  to  5―34). However, noticeable differences occur 

largely in the high velocity contour region of the diffuser exit (for ℎ 𝑑⁄ = 0.191) 

where CFD appeared to have underpredicted the higher velocities within the 

region by about 10% (Figures 5―32 and 5―33). At ℎ 𝑑⁄ = 0.153 (Figure 5―34), 

CFD predicted the dominant low velocity of the reversed flow in the diffuser 

near-wake but there is a region of overpredicted velocities (by as much as 33%) 

in the near-wake. 

 

 
 

Figure 5-31: Velocity power spectral densities for 𝒖 and 𝒗 measured by LDV at the near 

wake location  ( 𝑦 𝑑⁄ = 1.6  and  𝑥 𝑑⁄ = 7.84)  for: (a)  ℎ 𝑑⁄ = 0.382  (b)  ℎ 𝑑⁄ = 0.191  and 
(c) ℎ 𝑑⁄ = 0.153 

 



183 
 

 

Figure 5-32: Near-wake non-dimensionalised 𝑼 contours for the diffuser body at ℎ 𝑑⁄ =
0.191 and on the centreline plane at 𝑧 𝑑⁄ = 0 for: (a) Wind tunnel LDV measurements     
(b) time-averaged URANS predictions  

 

 

 

 

Figure 5-33:  Near-wake non-dimensionalised 𝑼 contours for the diffuser body at 

ℎ 𝑑⁄ = 0.191 and on the plane at 𝑧 𝑑⁄ = 0.490 for: (a) Wind tunnel LDV measurements    
(b) time-averaged URANS predictions  
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Figure 5-34:  Near-wake non-dimensionalised 𝑼 contours for the diffuser body at 
ℎ 𝑑⁄ = 0.153 and on the plane at 𝑧 𝑑⁄ = 0.490 for: (a) Wind tunnel LDV measurements    
(b) time-averaged IDDES predictions  

 

5.2.3 Flow structures of diffuser near-wake region 

The near-wake of bluff bodies is dominated by separated flow. The 

separated flow of the near-wake region in turn dominates the aerodynamic 

drag of bluff bodies, the pressure drag component of which can be attributed to 

the pressure difference between the high pressure (stagnation point) on the 

front surface of the bluff body and the low pressure on the base surface 

induced by the separated flow at that region. The flow structures on the planes 

at 𝑧 𝑑⁄ = 0.490 and − 0.490 in the near-wake of the diffuser bluff body 

(Figures 5―35 to 5―37) indicated the presence of the separated and 

recirculating flow in this region. Also, the flow exiting the diffuser was found 

to shape the recirculating flow in the near-wake region of the bluff body.   

These observations agree with earlier reports that the near-wake at the 

centreline of a ‘bus-shaped’ bluff body was dominated by upper and lower 

counter-rotating vortices (Krajnovic and Davidson, 2001). In addition, the 

lower vortex was found to have originated from the underbody flow traveling 

through the ground clearance of the bluff body. Likewise, Puglisevich (2011) 

discovered that for a bluff body with a diffuser, the lower vortex of the near-
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wake generated by the flow exiting the diffuser dominated the near-wake 

region of the bluff body, reducing the size of the upper vortex generated by the 

separated flow over the end of the bluff body top surface. 

Figure  5―35  shows the flow structure at the maximum downforce ride 

height of ℎ 𝑑⁄ = 0.191, suggesting that the lower vortex induced by the upward 

diffuser exit flow dominated the near-wake region of the baseline diffuser. This 

lower vortex is larger in size and appeared to have suppressed the size of the 

upper vortex. The recirculating flows of the upper and lower vortices meet at a 

saddle point located at a height of approximately 𝑦 𝑑⁄ = 2.00 and a streamwise 

distance of approximately 𝑥 𝑑⁄ = 7.65. Figure 5―35  also reveals flow angularity 

differences between the planes at  𝑧 𝑑⁄ = 0.490  and at   𝑧 𝑑⁄ = −0.490  even 

though the corresponding velocities in Figure 5―25  reveal reasonable flow 

symmetry. In contrast, a different near-wake flow structure appeared at𝑧 𝑑⁄ =

0.490 for ℎ 𝑑⁄ = 0.153 confirming the asymmetry of the diffuser flow in the 

force reduction flow regime (Figure 5―36).  

On the plane at 𝑧 𝑑⁄ = 0.490 in Figure 5―36, the lower vortex induced by 

the flow exiting the diffuser flow is non-existent, indicating that there is no 

streamwise vortex on that side of the diffuser. The upper near-wake vortex is 

shown to dominate the wake of the bluff body. Furthermore, the upper vortex 

dominance appears to transform into a reverse flow which travels into the 

diffuser exit to replace the non-existing streamwise flow. The saddle point, 

where the upper and lower vortices meet, is no longer visible and has been 

replaced by a flow boundary that separates the reversed flow of the upper 

vortex and the streamwise wake downstream of the reversed flow. The flow 

boundary stretches downwards from the upper vortex by a significant fraction 

of the bluff body height. Due 2―D planar set-up of the LDV experiments, 

3―D flow behaviour was not captured. Nonetheless, CFD simulations indicate 

that solitary wake vortex only stretches across the half span of diffuser body 

near-wake where the diffuser streamwise vortex has collapsed, and on the 

other half, the upper and lower wake vortices are present. The flow structure 
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at 𝑧 𝑑⁄ = −0.490, however, did not change by comparison with the higher ride 

height, with the lower vortex remaining dominant over the upper vortex. In 

Figure 5―37, the centreline flow structures for ℎ 𝑑⁄ = 0.191 and 0.153 show a 

similar flow direction with the presence of the upper and lower vortices, 

however, the lower vortex for ℎ 𝑑⁄ = 0.153 is relatively larger in size to that 

of ℎ 𝑑⁄ = 0.191. This further explains the obstruction of the diffuser exit flow by 

the reversed and recirculating near flow on the side of vortex breakdown up to 

the centreline of the diffuser exit span (hence the low velocities in the near-

wake of the diffuser exit in Figure 5―29b). However, it is noteworthy to 

indicate that although bi-stability of the type C flow regime at ℎ 𝑑⁄ = 0.153 did 

not occur in this present study, Senior (2002) reported the occurrence of this 

flow behaviour. 

Bi-stable flow can be described as a flow behaviour characterized by two 

stable states of equilibrium which are usually asymmetric (Schewe,1983). 

However the asymmetric configurations can occur and stabilize around 

symmetric structures like single circular cylinders and circular cylinders in 

pairs (Lupi et al., 2013). Flow bi-stability examples include the flow field 

around offshore structures, axisymmetric slender bodies, and missiles. As 

stated in Section 4.1.3, Senior (2002) found that between ℎ 𝑑⁄ = 0.204 to 

ℎ 𝑑⁄ = 0.159 of the type C flow regime the breakdown of the vortex randomly 

switched from one side to the other. This bi-stable flow behaviour was 

attributed to errors in bluff body yaw settings and an uneven flat section of the 

underbody surface. The bi-stable behaviour of the diffuser flow was non-

existent in the wind tunnel experiments in this present study even though yaw 

sensitivity was also investigated. However, it was observed in the CFD 

investigations at ℎ 𝑑⁄ = 0.153 (type C regime) that a change of the 

intermittency settings of the  𝛾𝑅𝑒𝛳 transition SST turbulence model (as 

detailed in Section 3.3.4) between a fully turbulent and a fully laminar mode 

induced flow bi-stability. Also with the 𝑘𝑘𝑙𝜔  transition model at  ℎ 𝑑⁄ =

0.064, flow bi-stability was grid sensitive. This because a change in the grid 
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size of the unstructured tetrahedral cells or y+  of the wall-bounded prism 

layers automatically alters the grid distribution between both spanwise ends of 

the diffuser body.  

The computational attributes implies that although the vortex breakdown 

and near-wake flow reversal as documented in this study consistently occurred 

at the port side (+𝑧 𝑑⁄ ) of the diffuser body, these flow characteristics can be 

bi-stable. Thus, bi-stability can also occur for the static pressure distribution 

on the diffuser ramp induced by the asymmetric flow characteristics associated 

with the type C and D regimes.   

 

 

Figure 5-35: Near-wake 𝑼 flow structures for the diffuser body measured with LDV at 
ℎ 𝑑⁄ = 0.191 on (a) plane at 𝑧 𝑑⁄ = 0.490 and (b) plane at 𝑧 𝑑⁄ = −0.490  
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Figure 5-36:  Near-wake 𝑼 flow structures for the diffuser body measured with LDV at 

ℎ 𝑑⁄ = 0.153 on: (a) plane at 𝑧 𝑑⁄ = 0.490 and (b) plane at 𝑧 𝑑⁄ = −0.490  

 

Figure 5-37:  Near-wake 𝑼 flow structures for the diffuser body on centreline plane 
(𝑧 𝑑⁄ = 0) measured with LDV at: (a) ℎ 𝑑⁄ = 0.191 and (b) ℎ 𝑑⁄ = 0.153 

 

5.3 Further Discussion 

The flow physics within and in the near wake of the diffuser provides not 

only a validation to the information described by Senior (2002) but also, 

additional understanding of the diffuser flow. Downforce is generated in the 

type A and B flow regimes due to the high-velocity flow at the diffuser inlet 

and the additional streamwise velocity of the longitudinal counter-rotating 

vortex pair. Notably, the counter-rotating vortices traveling in the streamwise 
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direction enhance downforce by increasing flow velocity above the vortex core 

or by the added suction produced by the low pressure vortex core. However, 

downforce loss occurs in the type C and D flow regimes as a result of the 

decreased, boundary layer-dominant, flow velocity at the diffuser inlet created 

by the reduced diffuser inlet area. In addition, the severe adverse pressure 

gradient that induces flow separation at the diffuser inlet prevents adequate 

flow-turning to occur and deprives one of the vortices of the flow velocity and 

vorticity it requires to survive in the type C and D flows. 

The flow within the type A flow regime as illustrated at ℎ 𝑑⁄ =

0.764 and 0.382 is comprised of a vortex pair with concentrated vorticity, thus 

high axial speed. The strength of the vortex pair remains strong along the 

diffuser length, as indicated by the visible concentrated vorticity and relatively 

reduced turbulent kinetic energy in comparison to subsequent flow regime 

types. In the type B flow regime, the vorticity at the vortex core is present from 

the diffuser inlet to a lengthwise distance about half of the diffuser length. The 

vortex cores up to that point increase in size, and beyond that half-way 

distance towards the diffuser exit the disappearance of the vortex core (even 

though velocity vectors show the presence of a rotating flow) indicates the 

occurrence of a vortex breakdown. 

The high turbulent kinetic energy close to the diffuser exit combined with 

low streamwise velocity, and high turbulence intensity at the near-wake of the 

diffuser suggest that the breakdown of the vortex pair began inside the 

diffuser. Senior (2002) suggested that the breakdown of the vortex may have 

been induced by vortex wandering generated by the Kelvin-Helmholtz 

instability of the vortex shear layer. Gursul and Xie (2000) stated that the 

random displacement of the vortex core associated with trailing wing-tip 

vortices increased swirl velocities and this was as a result of shear layer 

instability around the vortex core. Also, the PIV investigations by Edstrand et 

al. (2016) indicated that the trailing vortex core structure of an airfoil diffused 

as it travels downstream with increased kinetic energy and turbulence levels 
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related to shear layer instabilities. Notwithstanding, the type B flow appeared 

to have generated more downforce than the type A flow not only because of 

relative increased diffuser inlet flow velocity but also because at the early part 

of the diffuser, the larger vortex core generated increased suction. 

In the type C flow regime, the vorticity of the surviving vortex remains 

present in the early part of the diffuser before it breaks down later towards the 

diffuser exit. This increased turbulent kinetic energy towards the diffuser exit. 

In addition, the respective flow separation and reverse flow indicated by the 

low velocity shear layers on the other side of the diffuser and at the diffuser 

near-wake where vortex breakdown occurred appear to have generated high 

turbulent kinetic energy inside the diffuser. Hence, the vortex breakdown and 

low streamwise flow velocity are responsible for the loss of downforce. The type 

D flow is largely dominated by low velocity flow due to increased flow 

separation, recirculation and a merged boundary layer at the diffuser inlet. 

The invisibility of vorticity contours in the early part of the diffuser indicates 

that the surviving vortex is severely weakened and unsteady although the 

velocity vectors indicate the vortex remains present. Also, the high turbulence 

energy generated by the weak surviving vortex on one side of the diffuser and 

the separated and recirculating flow on the other side of the diffuser has 

merged across the diffuser span. As a result of the flow physics described, low 

downforce is associated with the type D flow regime. 

5.4 Summary 

In conclusion, the type A and B flows are reasonably symmetric with the 

presence of a counter-rotating vortex pair. The vortices in the type A flow 

sustain a coherent vorticity region from the diffuser inlet to the diffuser exit. 

However in the case of the type B flow, its larger vortices diffuse towards the 

diffuser exit with increased turbulence. Near-wake flow structures for the type 

A and B flow regimes includes an upper vortex produced by the off-surface 

separated flow above the diffuser body and a lower vortex induced by the 

separated upwash from the diffuser exit. 
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The type C and D flows are asymmetric due to the existence of a single 

surviving vortex. The surviving vortex is weaker than in the type A and B flow 

regimes and the diffuser flow synonymous with the type C and D flow regimes 

is largely unsteady. Unlike the type A and B flows, flow reversal dominates the 

diffuser near-wake of the type C and D flow regimes on the side where vortex 

breakdown occurred. Also, it was confirmed as detailed by Senior (2002) that 

the boundary layers at the diffuser inlet in the type C do not merge although 

in the type D regime, the amalgamation of the boundary layers is more 

apparent. However, the selection of the particular vortex for breakdown does 

not appear to be random as suggested by Senior (2002) but rather on the side 

of the diffuser with the weaker velocity (thus vorticity) as the flow velocity of 

the diffuser inlet boundary layer reduces with decreasing ride height. This 

selection begins in the type B flow where the diffuser flow appears reasonably 

symmetric but the inlet boundary layer, although not predicted by time-

averaged CFD, is measured in the wind tunnel to have a degree of asymmetry 

(with one side having lower inlet velocity). 

Lastly, the diffuser vortices, recirculating flow, and near-wake flow 

turbulence induced flow energy losses (Figure 5―22) on the freestream flow 

traveling around the diffuser body as indicated by the total pressure 

distribution. 
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Chapter 6  

 
 
 

Flow Physics of Diffuser with Passive Flow 

Control  
   

In the previous chapters (4 and 5), the flow physics of the plane diffuser 

(baseline) have been discussed with analysis of the on-surface flow features, 

time-averaged flow quantities within the diffuser, force and surface pressure 

measurements. The analysis of the baseline diffuser was also presented in 

terms of the four distinct flow regimes. In this chapter, the focus of the results 

analysis is on passive flow-control methods that enhance the aerodynamic 

performance of the diffuser. The flow control methods enhance downforce by 

inducing changes in the diffuser flow velocity as detailed in the velocity 

profiles subsequently presented in this Chapter. In addition, surface pressure 

and force measurements from wind tunnel experiments and time-averaged 

CFD together with on-surface flow features from ride heights representing the 

four flow regimes are all presented comparatively with the plane diffuser 

(baseline). 

6.1 Flow Control Methods: Introduction  
 

As detailed in Chapter 2 (Section 2.3.1), flow control methods exist as 

passive and active devices. Passive flow control devices are mainly geometric 

modifications of an aerodynamic surface while active devices involve the 

application of an external energy source to alter the flow behaviour. In this 

study, passive methods are investigated due to their dependability and cost 

savings relative to active methods, which require expensive energy resources 

(electrical or mechanical) to function. Geometric modifications such as vortex 

generators that do not require an energy resource to function, have been 
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established as efficient devices on a high-lifting aeroplane wing that re-

energise slow-moving boundary layer on the suction surface of the wing 

through the inducement of a vortex. As a result of this action, aerodynamic 

performance of the wing is enhanced due to a delay in local flow separation. 

However in this study, the novel passive methods employed to enhance the 

downforce generated by the diffuser apply the aerodynamic principle of flow 

curvature effect. Flow over the curved surface of a convex shaped body or top 

side of an aerofoil alters the shape of the straight-line freestream to a curved 

flow and the flow curvature introduces a pressure drop to the flow. Therefore 

to achieve the static pressure drop at the diffuser inlet and pressure rise 

downstream of that point, flow curvature can be applied at a location near the 

diffuser exit. A second-stage pressure drop and congruent pressure recovery as 

delineated in Section 2.3 of Chapter 2, lowers the average pressures across the 

diffuser ramp surface, thus increasing downforce. The application of flow 

curvature on a convex bump, an inverted wing and a combination of the two is 

explored and analysed in this chapter. 

6.1.1 Convex bump 
 

The convex bump passive flow control method as shown in Figure 3―4, 

involves the positioning of a bump near the end of the diffuser ramp surface. 

The curvature of the bump increases flow velocity along its surface because the 

flow requires a favourable pressure gradient to accelerate over the convex 

surface of the bump. Therefore, the flow reattaches to the curved surface of the 

bump due to a radial pressure gradient normal to the bump curvature. The 

consequence of this action is a static pressure drop near the diffuser exit 

followed by an increase to freestream static pressure (Figure 2―15), thus 

increasing downforce across a wide range of ride heights. The static pressure 

drop induced by wall-bounded flows over convex surfaces has been found to be 

accompanied with a reduction in wall friction, turbulence intensity and shear 

stress as the static pressure subsequently recovers (So & Mellor, 1973; Gibson 

et. al., 1984; Muck et al., 1985). However, even though the convex surface 
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generates a low skin friction drag, the increase in static pressure at the 

leading surface of the convex surface on the diffuser ramp means that there is 

an increase in profile drag. 

Initial investigations with CFD as shown in Figure 6―1 indicated that the 

aerodynamic performance of the convex bump is dependent on its length and 

thickness. An increase in bump length will increase downforce, however, an 

increase in bump thickness will increase downforce up to a critical point after 

which further increase in thickness will reduce the lift-to-drag ratio of the 

bump as a result of increased profile drag. This is because the curvature has 

become too steep (inducing a significant adverse pressure gradient) for the flow 

to remain attached to the bump surface. Downforce, drag, and lift-to-drag ratio 

of five bump sizes are presented in Table 6―1. Among the bump sizes 

investigated in Figure 6―1, an effective bump thickness (5.6 𝑚𝑚) was 

discovered to be within ~20% of the plane diffuser ramp boundary layer 

thickness (low-velocity shear layers near the diffuser exit) of Figure 6―1a. In 

addition, to maximize the flow curvature effect and the aerodynamic 

performance of the second-stage pressure recovery region in delaying pressure 

recovery near the diffuser exit, it was discovered that the length of the bump 

should be about 25% to 30% of the diffuser ramp length. 

As shown in Figure 6―1b, the diffuser flow over the surface of a convex 

bump, 50 𝑚𝑚 long and 10 𝑚𝑚 thick, increased boundary layer thickness 

upstream of the bump in comparison to that of the plane diffuser 

(Figure  6―1a). This is because the bump thickness and length is too high and 

small respectively to induce the flow acceleration associated with flow 

curvature even though the velocity contours in Figure 6―1b indicates a small 

region of flow attachment towards the bottom of the bump. More so, the high 

bump thickness is obstructing the flow along the diffuser ramp surface 

therefore increasing profile drag. The predicted downforce (𝐶𝐿) and 

drag  (𝐶𝐷)  with the bump at ℎ 𝑑⁄ = 0.764  are −0.797 and 0.290 respectively, 

while for the baseline case, predicted  𝐶𝐿  and  𝐶𝐷  are −0.907 and 0.324 
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respectively. The reduction in drag with the bump relative to the baseline case 

indicates that although profile drag may have increased, skin friction drag 

may have reduced due to a significantly low flow velocity close to the diffuser 

ramp surface (slow-moving boundary layer) induced by the bump 

(Figure 6―1b). However in Figure 6―1c, where the thickness of the bump is 

reduced to 5.6 𝑚𝑚 and the length is increased to 92 𝑚𝑚, 𝐶𝐿 increased to 0.964 

and 𝐶𝐷 to 0.327. A further elongation of bump length to 25% and 30% of the 

diffuser ramp length (with bump thickness remaining at  5.6 𝑚𝑚 as shown in 

Figures  6―1d and 6―1e) also increased 𝐶𝐿 and 𝐶𝐷 (Table 6―1). The increase in 

downforce by a longer bump is not only as a result of a reduced bump 

thickness which allows the flow to travel over the bump with increased 

streamwise velocity but also due to an increased surface curvature area (longer 

bump) which provides a larger surface area of low static pressure. Therefore, 

the flow attachment over the bump is enhanced as a result of the increased 

radial pressure gradient induced by the longer bump. However, flow velocity 

induced by the flow curvature effect is diminished with further elongation of 

the bump beyond 25% to 30% of the diffuser ramp length (Figure 6―1f). As a 

consequence, aerodynamic efficiency (lift-to-drag) ratio reduces as in the case 

of a bump that is 50% of the diffuser ramp length (Table 6―1). 

Notably when the surface of a bump with a length 15% of the diffuser 

ramp length and 5.6 𝑚𝑚 thick (Figure 6―2), is defined in the CFD boundary 

conditions as a moving wall traveling in the streamwise direction at 20 𝑚/𝑠 

(same as freestream velocity), the lift-to-drag ratio generated is the largest 

among other bump configurations (Table 6―1).  This is because the moving 

bump surface further diminishes the boundary layer growth (near-wall 

velocity shear layers) near the diffuser exit and extends the higher velocity 

flow region towards the diffuser exit (Figure 6―2). However, a rolling convex 

surface as shown in Figure 6―2 is an active flow control system because it 

requires an energy resource to move the convex surface. 
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Figure 6-1: CFD total velocity contours on centreline plane (𝑧 𝑑⁄ = 0) of the diffuser bluff body at 

ℎ 𝑑⁄ = 0.764 for: (a) plane diffuser (b) a convex bump 50 𝑚𝑚 long and 10 𝑚𝑚 thick (c) a convex 
bump 92 𝑚𝑚 long and 5.6 𝑚𝑚 thick (d) a convex bump 150 𝑚𝑚 long and 5.6 𝑚𝑚 thick (e) a 

convex bump 170 𝑚𝑚 long and 5.6 𝑚𝑚 thick (f) a convex bump 280 𝑚𝑚 long and 5.6 𝑚𝑚 thick 
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Figure 6-2: CFD total velocity contours on centreline plane (𝑧 𝑑⁄ = 0) of the diffuser bluff 

body at ℎ 𝑑⁄ = 0.764 with a moving convex bump wall 92 𝑚𝑚 long and 5.6 𝑚𝑚 thick, 

travelling in the streamwise direction at 20 𝑚/𝑠 

 

 

Table 6-1: CFD predictions of downforce, drag, and lift-to-drag ratio at ℎ 𝑑⁄ = 0.764 (type A 
regime) for the baseline plane diffuser, and the diffuser with a bump of varied dimensions  

             𝒉 𝒅⁄ = 𝟎. 𝟕𝟔𝟒  

Diffuser Type 𝑪𝑳 𝑪𝑫 |𝑪𝑳/𝑪𝑫| 

Plane Diffuser (Baseline) -0.907 0.324 2.799 

Diffuser with bump ∼9% of diffuser ramp length 
(50mm long and 10 mm thick) 

-0.797 0.290 2.748 

Diffuser with bump ∼15% of diffuser ramp length 
(92 mm long and 5.6 mm thick) 

0.964 0.327 2.948 

Diffuser with bump ∼25% of diffuser ramp length 
(150 mm long 5.6 mm thick) 

-0.978 0.323 3.027 

Diffuser with bump ∼30% of diffuser ramp length 
(170 mm long 5.6 mm thick) 

-0.979 0.322 3.040 

Diffuser with bump ∼50% of diffuser ramp length 
(280 mm long 5.6 mm thick) 

-0.971 0.320 3.034 

Diffuser with moving bump wall ∼15% of diffuser 
ramp length (92 mm long 5.6 mm thick) 

-1.023 0.333 3.072 
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6.1.2 Inverted wing in diffuser 

 

The downforce-generating characteristics of an inverted 2―D aerofoil have 

been detailed in Chapter 1. When inverted, the suction side of the aerofoil is 

parallel to the ground plane, and as airflow travels between the suction side 

and the ground plane, the constrained flow accelerates and generates low 

pressure. Similar to the convex surface, the low static pressure induced by the 

aerofoil suction side is as a result of the introduction of curved streamlines by 

the curvature of the suction side. Thus for a 3―D flow, a pressure gradient is 

induced over the curvature of the aerofoil suction surface to enable the flow 

accelerate over the curved suction surface, and in turn the flow is attached to 

the surface. 

Thus, an inverted wing can be applied within the diffuser (as shown in 

Figure 3―5) as a passive flow control device to induce a second-stage pressure 

drop and recovery region close to the diffuser exit. The occurrence of the 

secondary pressure recovery region close to the diffuser exit lowers average 

static pressure before the flow exits the diffuser at the higher atmospheric 

pressure. As a result of this action downforce may be increased. Notably the 

gap (𝑔𝑝) between the pressure surface (top side) of the wing and the ramp 

surface is critical to the performance of the inverted wing as a passive flow 

control device. This is because the diffusing flow of the diffuser follows the 

trajectory of the upwardly inclined diffuser ramp. Hence, if the wing is not at 

an equal angle of attack (𝛼) as the diffuser angle (𝜃), the wall-bounded airflow 

between the diffuser ramp and the pressure side of wing separates from the 

pressure surface of the wing. As a consequence, the aerodynamic performance 

of the wing declines due to a loss in downforce.  

Preliminary investigations with CFD indicated an unperturbed flow 

towards the diffuser exit (Figure  6―3a), but at 𝛼 = 0° (Figure  6―3b), airflow 

separated from the pressure surface of the inverted wing, thus producing a 

𝐶𝐿  and 𝐶𝐷 of −0.748 and 0.280 respectively at ℎ 𝑑⁄ = 0.764. This implies that at 
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zero angle of attack, 𝐶𝐿  reduced by ~18% and 𝐶𝐷 reduced by ~14 % relative to 

the coefficients predicted for the baseline diffuser (Table 6―2). Also flow 

velocity upstream and at the early part of the wing appeared to have reduced 

(Figure  6―3b) because the wing is not aligned with the upward-inclined flow 

direction, therefore inhibiting the higher flow velocities induced by the suction 

surface of wing when 𝛼 = 17° (Figure 6―3c). As a result, downforce is reduced. 

Notably, drag appeared to have reduced due to the loss of downforce induced 

by the separated flow above the wing, thus decreasing the accompanying lift-

dependent drag. However in Figure 6―3c, where 𝛼 of the inverted wing is 

increased from  0° (in Figure  6―3b) to 17° (equal to the diffuser angle) 

and  𝑔𝑝 = 14.35 𝑚𝑚 (50% of diffuser ramp approximate boundary layer 

thickness), flow separation over the pressure surface is removed. As a result, 

there is an increase in 𝐶𝐿 to −1.040 (+39%) and an increase in 𝐶𝐷 to 0.343 

(+23%) relative to the zero angle of attack values. When the gap 𝑔𝑝 between 

the ramp and the wing is increased by positioning the wing (with 𝛼 = 17°) at 

about three times the boundary layer thickness (𝑔𝑝 = ∼ 82 𝑚𝑚) of the ramp 

(Figure 6―3d), the flow separation over the pressure surface is also removed. 

However, flow velocity over the pressure surface of the wing is substantially 

significant than in the case of Figure 6―3c because the pressure difference 

between the pressure and suction surfaces of the wing is smaller in 

comparison. Therefore, the diffuser body with the increased gap wing 

generated a 𝐶𝐿  and 𝐶𝐷 (−0.963 and 0.324 respectively) that is more (+6% for 𝐶𝐿 

and 0% for 𝐶𝐷) than the corresponding values for the baseline diffuser, but less 

(−7.5% for 𝐶𝐿  and −5.5%  for 𝐶𝐷) than the corresponding values for the wing 

with a decreased gap. 

The velocity contours also indicate that in comparison to the convex bumps 

(Figure 6―1), the suction surface of the inverted wing (Figure 6―3c) induced an 

increased region of higher flow velocity. For that reason, the inverted wing as a 

passive device generates more downforce than the convex bump. Furthermore, 

an increase in chord length of the inverted wing will further extend the higher 
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flow velocity region underneath the wing towards the higher velocity region 

generated by the diffuser inlet. Nonetheless, a second-stage pressure drop 

close to the primary pressure drop of the inlet can present a steep pressure 

recovery gradient between both pressure drop locations, thus disrupting the 

aerodynamic performance of the diffuser pump-down effect. As shown in 

Figure 6―4, if the wing chord length 𝑐 is further elongated from 15% 

(Figure 6―3c) to 25% of diffuser ramp length (Figure 6―4a), downforce and lift-

to-drag ratio increases (Table 6―2) due to the extension of contour regions of 

higher flow velocity induced by the wing suction surface. In contrast, a further 

increase in 𝑐 to 40% and 65% of diffuser ramp length further increases 

downforce but reduces lift-to-drag ratio (Table 6―2) because the leading edge 

of the wing is increasingly too large to accelerate the upward-inclined diffuser 

flow as shown in (Figures 6―4b and 6―4c). Therefore, a significant extension of 

the wing can inhibit the peak flow velocity at the diffuser inlet that produces a 

corresponding low-pressure peak at the same location. This suggests that a 

steep secondary static pressure drop close to the primary static pressure drop 

at the diffuser inlet can induce a significant adverse pressure gradient, thus 

inhibiting the pump-down effect (as detailed in Section 1.2 of Chapter 1) 

between the diffuser inlet and exit. 
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Figure 6-3: CFD total velocity contours on centreline plane (𝑧 𝑑⁄ = 0) of the diffuser bluff 
body at ℎ 𝑑⁄ = 0.764 for: (a) plane diffuser (b) diffuser with an inverted wing at 𝛼 = 0° 
(diverging gap 𝑔𝑝), and 𝑐 = 83.7 𝑚𝑚 (c) diffuser with an inverted wing at 𝛼 = 17°, 

𝑔𝑝 = 14.35 𝑚𝑚 and 𝑐 = 83.7 𝑚𝑚 (d) diffuser with an inverted wing at 𝛼 = 17°, 𝑔𝑝 = 

∼ 82 𝑚𝑚  and 𝑐 = 83.7 𝑚𝑚   
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Figure 6-4: CFD total velocity contours on centreline plane (𝑧 𝑑⁄ = 0) of the diffuser bluff 
body with an inverted wing at 𝛼 = 17°, 𝑔𝑝 =  14.35 𝑚𝑚 and different chord lengths 𝑐 at 

ℎ 𝑑⁄ = 0.764 for: (a) 𝑐 = 140 𝑚𝑚 (b) 𝑐 = 225 𝑚𝑚 (c) 𝑐 = 365 𝑚𝑚 

 
 
 

Table 6-2: CFD predictions of downforce, drag, and lift-to-drag ratio at ℎ 𝑑⁄ = 0.764 (type A 

regime) for the baseline plane diffuser; and the diffuser with a wing (𝛼 = 17°, 𝑔
𝑝
=

14.35 𝑚𝑚) with varied chord lengths 𝑐 

                  𝒉 𝒅⁄ = 𝟎. 𝟕𝟔𝟒  

Diffuser Type 𝑪𝑳 𝑪𝑫 |𝑪𝑳/𝑪𝑫| 

Plane Diffuser (Baseline) -0.907 0.324 2.799 

Diffuser with wing ∼15% of diffuser ramp 
length (c = 83.7 mm) 

-1.040 0.343 3.032 

Diffuser with wing ∼25% of diffuser ramp 
length (c = 140 mm) 

-1.097 0.340 3.226 

Diffuser with wing ∼40% of diffuser ramp 
length (c = 225 mm) 

-1.154 0.359 3.214 

Diffuser with wing ∼65% of diffuser ramp 
length (c = 365 mm) 

-1.188 0.391 3.038 
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6.1.3 Combination of convex bump and inverted wing 
 

In the case of the 17° angle of attack inverted wing as a passive flow 

control device, there is a low airflow velocity above the pressure surface of the 

wing. As a means of increasing the flow above the wing, the convex bump 

positioned above the wing was explored in preliminary CFD investigations. 

As shown in Figure 6―5, flow velocity between the bump and the pressure 

surface of the inverted wing has increased in comparison to the flow between 

the wing and the diffuser ramp (Figure 6―3c). This is due to the flow curvature 

effect of the bump surface. Consequently, static pressure on the bump surface 

is lowered as airflow passes through the decreased gap between the wing’s 

pressure surface and the bump (𝑔𝑝 =  8.75 𝑚𝑚, which is about 30% of the 

diffuser ramp boundary layer thickness), before exiting the diffuser at 

freestream pressure. Furthermore, as shown in Figure 6―5, the suction surface 

of the wing also induces an increase in flow velocity, which in turn leads to 

increased suction. As a result of the passive flow control actions of both devices 

together, downforce is further increased relative to when the inverted wing or 

convex bump is used individually. At  ℎ 𝑑⁄ = 0.764, the predicted  𝐶𝐿  and  𝐶𝐷  for 

the inverted wing and bump configurations are −0.999 and 0.338 respectively 

but at the maximum-force ride height (ℎ 𝑑⁄ = 0.191), the use of the bump and 

wing together generated the most downforce. At the maximum-force flow 

regime (type B) ride height of  ℎ 𝑑⁄ = 0.191, predicted 𝐶𝐿 and 𝐶𝐷 for the various 

diffuser types are respectively: −2.092 and 0.559 (baseline); −2.187 and 0.578 

(diffuser with 5.6 𝑚𝑚 thick bump); −2.217 and 0.568 (diffuser with wing 

at  𝛼 = 17°); −2.236 and  0.568 (diffuser with bump and wing at  𝛼 = 17°) (see 

Table 6―3). Tunnel measurements at ℎ 𝑑⁄ = 0.191 also indicate that the 

diffuser with bump and wing generated the most downforce (𝐶𝐿) among the 

various diffuser types (see Appendix D). 

The flow velocity changes induced by the passive flow control methods are 

further highlighted in the expanded velocity contours from inlet to exit. In 

Figure 6―6a, there is a gap between the higher velocities induced by the 
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diffuser inlet and the bump. When the bump is further elongated 

(Figure 6―6b), the contour regions of higher flow velocity between the diffuser 

inlet and the bump are merged. Furthermore, when the wing and bump are 

used in combination, flow velocity is further increased around the wing near 

the diffuser exit thus inducing lower static pressures and consequently 

producing a further increase in downforce.  

 

 
 

Figure 6-5: CFD total velocity contours on centreline plane (𝑧 𝑑⁄ = 0) of the diffuser bluff 

body at ℎ 𝑑⁄ = 0.764 for diffuser with a convex bump 92 𝑚𝑚 long, 5.6 𝑚𝑚 thick; and an 
inverted wing with 𝛼 = 17°,  𝑔𝑝 = 8.75 𝑚𝑚 and 𝑐 = 83.7 𝑚𝑚 

 

Table 6-3: CFD predictions of downforce and drag coefficients at ℎ 𝑑⁄ = 0.764 (type A 

regime) and at ℎ 𝑑⁄ = 0.191 (type B regime) for the baseline diffuser, and the diffuser with 
passive flow control methods of varied dimensions 

𝒉 𝒅⁄ = 𝟎. 𝟕𝟔𝟒 𝒉 𝒅⁄ = 𝟎. 𝟏𝟗𝟏 

Diffuser Type 𝑪𝑳 𝑪𝑫 |𝑪𝑳/𝑪𝑫| 𝑪𝑳 𝑪𝑫 |𝑪𝑳/𝑪𝑫| 

Plane Diffuser (Baseline) -0.907 0.324 2.799 -2.092 0.559 3.742 

Diffuser with bump ∼15% of diffuser ramp length 
(92 mm long and 5.6 mm thick) 

-0.964 0.327 2.948 -2.187 0.578 3.783 

Diffuser with wing ∼15% of diffuser ramp length  
(𝛼 = 17°,  𝑔𝑝 = 14.35 mm, c = 83.7 mm) 

-1.040 0.343 3.032 -2.217 0.568 3.903 

Diffuser with bump (92 mm long and 5.6 mm thick) 
and wing (𝛼 = 17°,  𝑔𝑝 = 8.75 mm, c = 83.7 mm); 

both  ∼15% of diffuser ramp length 

-0.999 0.338 2.955 -2.236 0.568 3.936 
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Figure 6-6: An expanded view of CFD total velocity contour profiles from inlet to exit of 

the diffuser on centreline plane (𝑧 𝑑⁄ = 0) of the diffuser bluff body at ℎ 𝑑⁄ = 0.764 with:    
(a) a convex bump 92 𝑚𝑚 long and 5.6 𝑚𝑚 thick (b) a convex bump 150 𝑚𝑚 long and 

5.6 𝑚𝑚 thick (c) a convex bump 92 𝑚𝑚 long and 5.6 𝑚𝑚 thick; and an inverted wing 
with  𝛼 = 17°, 𝑔𝑝 = 8.75 𝑚𝑚 and 𝑐 = 83.7 𝑚𝑚 

 

 

6.2 Flow Characteristics: Baseline and Passive Flow 

Control Methods 

 

The flow control qualities of the passive control methods as described are 

ascertained by force and surface pressure measurements and also by the 

diffuser surface flow features they induce. The aerodynamic effectiveness of 

the flow control methods is underlined not only by their inducement of flow 

acceleration through the application of flow curvature effect. Their beneficial 

aerodynamic impact also includes the conversion of the flow acceleration into 

incremental downforce by effecting a second-stage pressure drop and recovery 

close to the diffuser exit across a wide range of ride heights. 
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6.2.1 Diffuser body downforce and drag measurements 

 

Similar to the plane diffuser case, force measurements with the passive 

flow control methods were taken for the range of normalized ride heights 

from  ℎ 𝑑⁄ = 0.764  to  0.064. As shown in the comparative force curves of 

Figure 6―7, there is a similar trend in force behavior between the passive 

methods and the plane diffuser. Across the range of ride heights tested, the 

force curves with the passive methods generally fall within the A to D flow 

regimes defined with the plane diffuser. However, there are marginal 

differences with the passive methods on the ride height of maximum downforce 

or the ride height where the onset of force reduction occurs.  

 
 

Figure 6-7: Force measurement (wind tunnel) comparison between plane diffuser 
(baseline) and diffuser with passive flow control methods: (a) downforce coefficients      
(b) drag coefficients 

 

In the case of the plane diffuser, flow regime A (force-enhancement) 

occurred between ℎ 𝑑⁄ = 0.764  to  0.318 and this is the same with the passive 

methods. Flow regime B (maximum-downforce) lies within  ℎ 𝑑⁄ = 0.318   

to  0.191 for the plane diffuser and this is the same for the diffuser with the 

inverted wing and the diffuser with both the inverted wing and the convex 

bump. However, maximum downforce 𝐶𝐿 occurs at a higher ride height 

(ℎ 𝑑⁄ = 0.204) than ℎ 𝑑⁄ = 0.191  for the diffuser with the convex bump (see 

Appendix D). This is because as the diffusing longitudinal vortices travel 



207 
 

across the convex surface they generate small recirculation regions (see 

Section 6.2.5 of this Chapter) at both sides of the surface. The recirculation 

regions increase in size with reducing ride height and are adverse to the 

additional downforce generated by the convex surface suction because they 

increase static pressure on the suction surfaces of the bump and wing. Thus 

the recirculation becomes detrimental to further increments of downforce 

before the ride height reduction gets to ℎ 𝑑⁄ = 0.191. However the difference in 

downforce  at ℎ 𝑑⁄ = 0.204  and ℎ 𝑑⁄ = 0.191  is marginal with 𝐶𝐿 measured as 

−1.957 and −1.954 respectively. Flow regimes C (force-reduction) and D (low-

force) occurred between ℎ 𝑑⁄ = 0.191  to  0.127 and ℎ 𝑑⁄ = 0.127 to 0.064 

respectively for the plane diffuser and this is also the same with the passive 

methods. However, for the convex bump diffuser, regime C falls within 

ℎ 𝑑⁄ = 0.204  to  0.127 as a result of the early attainment of maximum 

downforce at  ℎ 𝑑⁄ = 0.204.  

Also, the comparative force curves (Figure 6―7) indicate a reasonably 

steady region within the force-enhancement regime (Regime A) between 

ℎ 𝑑⁄ = 0.350  to 0.318  for the diffuser with a wing and the diffuser with both 

the convex bump and wing. As in the case with the convex bump, the diffusing 

longitudinal vortices generate adverse small recirculation regions at both sides 

of the wing surface and they increase in size with reducing ride height. 

However between ℎ 𝑑⁄ = 0.350 to  0.318, the recirculation regions remain 

steady in size and therefore the downforce and drag produced remained 

marginally steady (with ±𝐶𝐿 of 0.006%).  Another notable behavior of the force 

curves is the differences in the ride height within the force reduction regime 

(Regime C) where the steep gradient of the drop in forces occurs. In the case of 

the plane diffuser, the sharp drop occurred at ℎ 𝑑⁄ = 0.172. The occurrence is 

also the same for all the passive methods except for the convex bump case. The 

drop occurred at ℎ 𝑑⁄ = 0.178 with the convex bump and the early occurrence is 

because maximum downforce is reached at ℎ 𝑑⁄ = 0.204 rather than at 

ℎ 𝑑⁄ = 0.191 as in the case of other diffuser types. In addition, although the 
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steep drop in forces occurred at ℎ 𝑑⁄ = 0.172  for the diffuser with the wing, the 

force drop is 54% (for 𝐶𝐿) and 45% (for 𝐶𝐷) of that of the plane diffuser. The 

disparity is also due to the recirculation on both lengthwise sides of the wing 

surface induced by the streamwise vortices. However, the recirculation in the 

case of the diffuser with the wing was less profound to inhibit the additional 

downforce generated by the inverted wing.  

As also indicated by the force curves in Figure 6―7, the passive methods 

generally enhanced downforce and the accompanying drag across the ride 

heights of the four flow regimes. Between the ride height interval of flow 

regime A  (ℎ 𝑑⁄ = 0.764  to 0.318), 𝐶𝐿 and 𝐶𝐷 measured for the plane diffuser 

increased from −0.876 to −1.769 and 0.282 to 0.429 respectively. In the case of 

the diffuser with the convex bump and the diffuser with the wing, 𝐶𝐿 increased 

from −0.919 to −1.782 and −0.981 to −1.824 respectively while 𝐶𝐷 increased 

from 0.292 to 0.434 and 0.313 to 0.447 respectively. For the diffuser with both 

the bump and the wing, 𝐶𝐿 increased from −0.978 to −1.820 and 𝐶𝐷 increased 

from 0.314 to 0.450. 

In the ride height interval of flow regime B  (ℎ 𝑑⁄ = 0.318  to 0.191), 𝐶𝐿 and 

𝐶𝐷 measurements increased from 1.769 to – 1.915 and  0.429  to 0.463, 

respectively for the plane diffuser. For the diffuser with the bump and the 

diffuser with the wing,  𝐶𝐿   increased from  – 1.782  to – 1.954  and  −1.824  to   

−1.973 respectively while 𝐶𝐷 respectively increased from 0.434 to 0.472  

and  0.447 to 0.472. In the case of the diffuser with both the bump and wing, 𝐶𝐿 

increase from  −1.820 to −1.983 and 𝐶𝐷 increased from 0.450 to 0.476. 

For the force-reduction regime (Regime C), the diffusers with the passive 

methods still maintained higher downforce than the plane diffuser despite the 

severe force reduction associated in this flow regime. From the ride height 

interval  ℎ 𝑑⁄ = 0.191  to  0.127, 𝐶𝐿 and 𝐶𝐷 measurements for the plane diffuser 

decreased from – 1.915  to – 1.276  and  0.463 to 0.370 respectively. For the 

diffuser with the bump and the diffuser with the wing, 𝐶𝐿 reduced from – 1.954  
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to – 1.284  and −1.973 to −1.295 respectively with 𝐶𝐷 reducing from 0.472  to 

0.371  and 0.472 to 0.373 respectively. For the diffuser with both the bump and 

the wing, 𝐶𝐿 decreased from −1.983 to −1.307 and 𝐶𝐷 decreased from 0.476 

to 0.375. 

For the ride height interval from ℎ 𝑑⁄ = 0.127  to  0.064 which represents 

regime D, 𝐶𝐿 and 𝐶𝐷 measurements further reduced for the plane diffuser from 

 – 1.276   to  – 1.058  and from 0.370  to  0.300,  respectively. The diffuser with the 

bump and the diffuser with the wing both had a 𝐶𝐿 reduction from – 1.284 to 

– 1.064 and – 1.295 to – 1.078 respectively and a 𝐶𝐷 reduction from 0.371 to 

0.302 and 0.373  to 0.301 respectively. In the case of the diffuser with the bump 

and wing, 𝐶𝐿 reduced from −1.307 to −1.068 and 𝐶𝐷 reduced from 0.375 

to 0.300. 

 
 

Figure 6-8: Percentage difference in force coefficients across the range of ride heights 
(ℎ 𝑑⁄ = 0.764  to  0.064) between the plane diffuser and the diffuser with the wing for: 

(a) 𝐶𝐿 ; (b) 𝐶𝐷 

 

The percentage changes in downforce and drag are shown in Figure 6―8. 

Increase in downforce leads to a similar increase in drag, thus, as shown in 

Figure 6―8, the percentage differences in downforce correspond to similar 

percentage differences in drag. The percentage change in 𝐶𝐿 and 𝐶𝐷 between 

the diffusers with passive flow control and plane diffuser, is highest at the type 
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A flow regime ride height of  ℎ/𝑑 = 0.764. The diffusers with passive flow 

control generally generated an increase in downforce across the ride heights 

even though the percentage increase in force coefficients gradually reduces 

from flow regime A to B.  However, as a result of the severe drop in downforce 

and drag at the force-reduction (type C regime) ride height of  ℎ/𝑑 = 0.178, 

there is a corresponding large negative change at that ride height.  

6.2.2 Reynolds number sensitivity 

 

As in the case of the plane diffuser, three Reynolds numbers, 1.35 𝑥 106,

1.8 𝑥 106 and  2.25 𝑥 106 (representing freestream velocities of  15 𝑚/𝑠, 20 𝑚/𝑠 

and 25 𝑚/𝑠) were investigated for the both the diffuser with the convex bump 

and the diffuser with the wing. Figure 6―9 shows a similarity in force curves 

for the three Reynolds numbers. However, as indicated with the Reynolds 

number sensitivity analysis (within measurement repeatability) of the plane 

diffuser in Section 4.2.3 of Chapter  4, the force-reduction flow regime is 

sensitive to low Reynolds number as a result of boundary layer blockage. This 

analysis also holds for both the diffuser with the bump and the diffuser with 

the wing. At the lower Reynolds numbers (Re =  1.3 𝑥 106 and  1.8 𝑥 106), the 

severe gradient in force reduction occurred at ℎ 𝑑⁄ = 0.178 for the diffuser with 

the bump and the diffuser with the wing. However for the diffuser with the 

bump and the diffuser with the wing, at  Re =  2.25 𝑥 106, the sharp drop in 

downforce occurred at ℎ 𝑑⁄ = 0.172 and ℎ 𝑑⁄ = 0.166 (a difference of 1 𝑚𝑚 and 

2 𝑚𝑚 from that of the plane diffuser respectively).  

As observed with the plane diffuser (Figure 4―14), the severe drop in forces 

occurred earlier at ℎ 𝑑⁄ = 0.178 for Re =  1.3 𝑥 106 and Re =  1.8 𝑥 106,  while 

for  2.25 𝑥 106, the significant force reduction occurred at  ℎ 𝑑⁄ = 0.172.  

Although there are differences between the plane diffuser and the diffuser 

with the passive methods in terms of varying Reynolds numbers at which the 

severe loss in forces occurs at the higher ride height, the trend remains 

fundamental. This infers that low Reynolds number flow induces boundary 
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layer blockage thus causing the severe drop in lift and drag forces to occur at 

higher ride heights, and with increasing Reynolds number, the severe drop in 

forces occurs at a lower ride height. However at the same Reynolds number, 

the differences in the ride height of severe force reduction between the plane 

diffuser and the diffusers with passive methods, as earlier explained, is due to 

the adverse flow recirculation regions present at both lengthwise sides of the 

wing and bump. 

 
 

Figure 6-9: Reynolds number sensitivity across ride heights  (ℎ 𝑑⁄ = 0.764 to 0.064):       
(a) Downforce coefficients for diffuser with bump (b) Drag coefficients for diffuser with 
bump (c) Downforce coefficients for diffuser with wing (d) Drag coefficients for diffuser 
with wing 
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6.2.3 Aerodynamic efficiency (lift-to-drag ratio) 

 

In the design of aerodynamic vehicles such as aircraft, a design measure is 

needed to ascertain their ability to produce aerodynamic loads to suit the 

defined flight parameters. Likewise in a racing car, the aerodynamic forces 

generated by its aerodynamic devices needs to act on the car efficiently so as to 

enable the racing car travel quicker on the race track with less air resistance. 

In Section 4.2.3 of Chapter 4 the lift-to-drag curves indicated that the 

maximum (𝐶𝐿 𝐶𝐷⁄ ) increases with an increase in Re. However, the lift-to-drag 

ratio is also a defined measure of aerodynamic efficiency. A high lift-to-drag 

ratio is desirable in aircraft because a major flight parameter is an aircraft’s 

ability to generate a lift force greater than its weight. Also, in the case of 

racing cars, a high lift-to-drag ratio is favourable in enabling the race car to 

generate downforce that allows it to travel faster on corners at the expense of 

higher drag, which slows it on the straights of a race track. 

The aerodynamic efficiency of the plane diffuser and the diffusers with 

passive flow-control methods were plotted in Figure 6―10a to ascertain their 

efficiency across the range of ride heights investigated. As indicated in 

Figure  6―10a, the diffuser with both the bump and wing has the lowest lift-to-

drag ratio from ℎ 𝑑⁄ = 0.764  to  0.318  (flow regime A) and at ℎ 𝑑⁄ = 0.318, the 

plane diffuser still maintains the highest lift-to-drag ratio of  4.123. At the 

maximum downforce ride height (ℎ 𝑑⁄ = 0.191), the plane diffuser has the 

lowest lift-to-drag ratio of 4.131 while the diffuser with the wing has the 

highest lift-to-drag ratio of 4.178. At ℎ 𝑑⁄ = 0.127 where the force-reduction 

(flow regime C) ride height interval ends, the diffuser with both the bump and 

wing generated the highest lift-to-drag ratio of 3.477 and the lowest ratio is 

 3.445 for the plane diffuser. When the ride height was lowered to the last ride 

height of flow regime D (ℎ 𝑑⁄ = 0.064), the plane diffuser, diffuser with the 

bump, diffuser with the wing and diffuser with both the bump and wing 

produced a ratio of 3.518, 3.521, 3.574, and 3.558 respectively. This implies that 

within the type A flow regime, the plane diffuser and the convex bump 
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generated less drag than the diffuser with the wing, and the diffuser with both 

the bump and wing (even though the latter two generated more downforce). 

However, from the maximum downforce regime to the low-force regime, the 

diffuser with the wing and the diffuser with both the bump and wing were 

more efficient because the additional downforce generated was more than the 

additional drag produced. 

 

Figure 6-10: (a) Lift-to-drag ratio magnitude measured (wind tunnel) across ride heights 

ℎ 𝑑⁄ = 0.764  to  0.064 for plane diffuser (baseline) and diffuser with passive flow control 
methods; (b) Percentage difference in lift-to-drag ratio magnitude between the plane 
diffuser (baseline) and diffuser with passive flow control methods 

 

Figure 6―10b shows the lift-to-drag ratio and its percentage change 

between the modified and plane diffusers. It can be seen that there is a similar 

trend for the diffusers with respect to the overall change in 𝐶𝐿 𝐶𝐷⁄  across the 

ride heights. In general, there is a slight reduction over much of regime A and 

half of regime B. However, at the maximum-force flow regime (type B), peak 

𝐶𝐿 𝐶𝐷⁄  occurs at the ride height of  ℎ/𝑑 = 0.191. This means that for a high-

downforce aerodynamic setup, a racing car with a diffuser that includes the 

passive flow control devices will have an increased aerodynamic “efficiency” 

(higher 𝐶𝐿 𝐶𝐷⁄ ). 
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6.2.4 Underbody and diffuser surface pressure measurements 

Further flow physics that illustrates the enhanced downforce produced by 

the diffuser with passive methods is exhibited by the surface pressure 

distribution. As in the case of the plane diffuser as analysed in Chapter 4, the 

centreline underbody surface pressure distributions for the diffuser with 

passive methods also share similar attributes at each of the five ride heights 

representing the four distinct flow regimes (Figure 6―11). This includes the 

pressure drop at the start of the underbody flat section as a result of flow 

curvature of the upstream nose section and the peak suction at the diffuser 

inlet due to the diffuser pump-down effect. However, the distinct behaviour 

that underlines the increased downforce generated by the diffuser with passive 

methods is the second-stage pressure drop present close to the diffuser exit 

and downstream of the pressure drop at the diffuser inlet. Hence, as 

established in Section 2.3 of Chapter 2, the second-stage pressure drop 

introduces a reduction in average pressures close to the diffuser exit and, 

consequently, downforce is enhanced. 

In Figure  6―11, the centreline (along 𝑧 𝑑⁄ = 0) pressure distributions 

at  ℎ 𝑑⁄ = 0.764, 0.382, 0.191, 0.153, and 0.064 are shown for the plane diffuser 

and diffuser with the various passive methods. In the case of the diffuser with 

the wing and the diffuser with both the bump and wing, surface pressures 

were not measured on the suction surface of wing. However, the pressure 

measurements on the diffuser surface (on the plane surface in the case of the 

diffuser with the wing and on the bump as in the case of the diffuser with both 

the bump and wing) above the wing also show a pressure drop and recovery 

close to the diffuser exit.  

In the force-enhancement flow regime represented at ℎ 𝑑⁄ = 0.764   

(Figure  6―11a), on 𝑥 𝑑⁄ = 6.29  the 𝐶𝑝  for the plane diffuser, diffuser with the 

bump and diffuser with the wing are: −0.147, −0.430, and −0.109 respectively. 

At ℎ 𝑑⁄ = 0.382  (Figure  6―11b) the 𝐶𝑝 measured on 𝑥 𝑑⁄ = 6.29  are: −0.180, 

−0.462 and −0.182 respectively. At the maximum-downforce flow regime 
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reflected at ℎ 𝑑⁄ = 0.191 (Figure  6―11c), measured 𝐶𝑝 on 𝑥 𝑑⁄ = 6.29 for the 

plane diffuser, diffuser with the bump, diffuser with the wing and diffuser 

with both the bump and wing are: −0.21, −0.473, −0.242  and −0.882  

respectively. In the force-reduction flow regime as represented at ℎ 𝑑⁄ = 0.153  

(Figure  6―11d), 𝐶𝑝 on 𝑥 𝑑⁄ = 6.29  for the plane diffuser, diffuser with the 

bump and diffuser with the wing are: −0.319, −0.404 and −0.347 respectively 

while in the low-force regime (ℎ 𝑑⁄ = 0.153 in Figure  6―7d), the respective 𝐶𝑝 

measured are: −0.209, −0.216 and −0.220.  

The spanwise pressure distributions (Figure  6―12) also reflect the relatively 

lower pressures associated with the second-stage pressure drop induced by the 

passive flow-control methods along 𝑥 𝑑⁄ = 6.29. For the highest ride height of flow 

regime A (ℎ 𝑑⁄ = 0.764 in Figure  6―12a), the lowest 𝐶𝑝  for the plane diffuser, 

diffuser with the bump and diffuser with the wing are: −0.157, −0.444 and −0.114 

respectively. When the ride height is lowered within regime A to ℎ 𝑑⁄ = 0.382 

(Figure  6―12b), the lowest 𝐶𝑝 measured for the plane diffuser, diffuser with the 

bump and diffuser with the wing are: −0.195, −0.454 and −0.182 respectively. At 

the maximum downforce ride height (ℎ 𝑑⁄ = 0.191 in Figure  6―12c) which 

represents regime B, the respective lowest 𝐶𝑝 for the plane diffuser, diffuser with 

the bump, diffuser with the wing and diffuser with both the bump and wing 

are: −0.246, −0.483, −0.242 and −0.878. In regime C (ℎ 𝑑⁄ = 0.153 in 

Figure  6―12d) and regime D (ℎ 𝑑⁄ = 0.064 in Figure  6―12e), the spanwise 

pressure distributions of the diffuser with the passive methods become 

asymmetrical along 𝑥 𝑑⁄ = 6.29 as in the case of the plane diffuser. For the plane 

diffuser, diffuser with the bump and diffuser with the wing, at  ℎ 𝑑⁄ = 0.153, the 

lowest 𝐶𝑝 measured along 𝑥 𝑑⁄ = 6.29 are: −0.359, −0.539 and −0.345 respectively 

while at ℎ 𝑑⁄ = 0.064, the lowest 𝐶𝑝 are: −0.227, −0.231 and −0.219 respectively.   

In terms of the base pressures (Figure 6―13), the centreline pressure 

distribution along 𝑧 𝑑⁄ = 0 for the diffuser with passive methods share a similar 

behaviour with the plane diffuser as documented in Section of 4.2.6 of Chapter 4. 
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At ℎ 𝑑⁄ = 0.764 and 0.382, the strength of the upper near-wake vortex is stronger 

than the lower near-wake vortex thus the lowest static pressures are measured 

above  𝑦 𝑑⁄ = 1.57. However at ℎ 𝑑⁄ = 0.191, 0.153, and 0.064, the strength of the 

lower near-wake vortex is enhanced and the lowest static base pressure for all 

diffusers are measured below  𝑦 𝑑⁄ = 1.57. For the plane diffuser, diffuser with 

the bump and diffuser with the wing, at ℎ 𝑑⁄ = 0.764 , the lowest measured 𝐶𝑝 on 

the vertical centreline of the base plate are: −0.120, −0.113 and −0.120 

respectively and at ℎ 𝑑⁄ = 0.382  lowest 𝐶𝑝 are: −0.102, −0.114 and −0.129 

respectively. At  ℎ 𝑑⁄ = 0.191, the respective lowest 𝐶𝑝 for the plane diffuser, 

diffuser with the bump, diffuser with the wing and the diffuser with both the 

bump and wing are: −0.152, −0.151, −0.139 and −0.136 respectively. In the case 

of the plane diffuser, diffuser with the bump and diffuser with the wing, at 

ℎ 𝑑⁄ = 0.153, the lowest measured 𝐶𝑝 are: −0.254, −0.256 and −0.255 respectively 

and at the smallest ride height (ℎ 𝑑⁄ = 0.064) the lowest 𝐶𝑝 are: −0.181, −0.176 

and −0.180 respectively. 
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Figure 6-11: Underbody centreline pressure distribution measurements (wind tunnel) for 

the plane diffuser and diffuser with passive flow control methods at: (a) ℎ 𝑑⁄ = 0.764       
(b) ℎ 𝑑⁄ = 0.382 (c) ℎ 𝑑⁄ = 0.191 (d) ℎ 𝑑⁄ = 0.153 (e) ℎ 𝑑⁄ = 0.064 
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Figure 6-12: Spanwise surface pressure distribution measurements (wind tunnel) on 

𝑥 𝑑⁄ = 6.29 for the plane diffuser and diffuser with passive flow control methods at:              
(a) ℎ 𝑑⁄ = 0.764 (b) ℎ 𝑑⁄ = 0.382 (c) ℎ 𝑑⁄ = 0.191 (d) ℎ 𝑑⁄ = 0.153 (e) ℎ 𝑑⁄ = 0.064 
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Figure 6-13: Surface pressure distribution measured (wind tunnel) along 𝑧 𝑑⁄ = 0 of the 
base plate of the diffuser body with and without the passive flow control methods at:           
(a) ℎ 𝑑⁄ = 0.764 (b) ℎ 𝑑⁄ = 0.382 (c) ℎ 𝑑⁄ = 0.191 (d) ℎ 𝑑⁄ = 0.153 (e) ℎ 𝑑⁄ = 0.064 
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6.2.5 Diffuser ramp surface flow features 

The diffusers with the various passive flow-control methods possess 

similar surface flow features as those of the plane diffuser. As shown in 

Figures 6―14 to 6―18, the surface flow features remain distinct for ride 

heights  ℎ/𝑑 = 0.764, 0.382, 0.191, 0.153, and 0.064 representing the four force 

regimes (A to D). At ℎ/𝑑 = 0.764 and 0.382 (Figures 6―14 and 6―15), which 

both represent flow regime A, the flow is symmetrical with the curved 

pathlines on both sides of the centreline (𝑧/𝑑 = 0) representing the 

longitudinal vortices that detach from the diffuser surface and travel 

downstream towards the diffuser exit. With a reduction in ride height to  ℎ/𝑑 =

0.191 (Figure 6―16), the vortex strength increased as represented by the 

stronger crossflow seen in the pathlines, with the appearance of the separation 

bubble along the diffuser centreline, which indicates an enhancement in 

adverse pressure gradient. A further reduction in ride height to ℎ/𝑑 = 0.153 

and 0.064 (Figures 6―17 and 6―18), which both represent flow regime C and 

D, the flow becomes asymmetric with a single surviving vortex. In addition, 

the diffuser flow on the side of vortex breakdown is dominated by flow reversal 

and recirculation.   

However, there were also differences in the surface flow features between 

the plane diffuser and the diffuser with the passive methods at the location of 

the bump and the wing, which further explains their improved aerodynamic 

performance relative to the plane diffuser. At ℎ/𝑑 = 0.764 (Figure 6―14) for 

both the diffuser with the bump and the diffuser with the wing, there was a 

small recirculation region at each side where the bump merges with the side 

plates and at each side near the leading edge of the wing. However, the flow 

over the bump and wing suction surface appeared mostly attached, except for a 

region along each side of the bump and wing close to the edge of the diffuser 

exit. Along those regions, the weakened vortex was detached from the diffuser 

surface and replaced by flow recirculation. At ℎ/𝑑 = 0.382 (Figure 6―15), the 

recirculation region on each side close to where the bump meets the plane 
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diffuser ramp and at each side near the leading edge of the wing were more 

pronounced due to the greater vortex strength. However, the flow over the 

bump and wing suction surface was increasingly attached to the bump and 

wing, except along the sides of the bump and wing surface where recirculation 

was more distinct.  

On the suction surface of the bump and wing at  ℎ/𝑑 =  0.191 

(Figure 6―16), the flow appeared to be largely attached. However, the 

recirculation regions on each side of the bump and wing remained visible and 

appeared close to the edge of the diffuser exit. The undisturbed flow pathlines 

for both diffusers at the site corresponding to the position of the bump and 

wing indicated that the flow was attached. Flow attachment was more 

prevalent around the central area of the bump and wing relative to the same 

location of the plane diffuser. Notably, surface pressures measured at  𝑥/𝑑 =

 6.29 indicated that the lower pressures are present on the central area of the 

bump (Figure 6―12c) and wing (see predicted pressures presented in 

subsequently in Figure 6―24) thus indicating relatively higher flow velocity at 

that region.   

At  ℎ/𝑑 =  0.153 (Figure 6―17), the flow patterns remained broadly similar 

but the attachment of the flow on about half of the bump and wing suction 

surface area, particularly on the side featuring the surviving vortex appeared 

to have generated more suction. This was supported by the lower surface 

pressures (𝑥/𝑑 = 6.29) on this half of the bump (Figure 6―12d) and wing 

suction surface (see predicted pressures presented subsequently in 

Figure 6―24e) compared to the corresponding half of the plane diffuser. As a 

result, the diffuser generated more downforce than the baseline diffuser. 

At  ℎ/𝑑 =  0.064 (Figure 6―18), the diffuser with the bump and diffuser with 

the wing generated only ~0.56% and 1.89% more downforce (−𝐶𝐿) respectively 

than the plane diffuser because the flow on one-third of the bump and wing 

suction surface areas (on the side of the surviving vortex) was still attached. 
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Figure 6-14: Diffuser surface flow features with flow visualisation paint for the Type A flow 

regime (force-enhancement) at ℎ 𝑑⁄ = 0.764  (Flow direction from top to bottom) 
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Figure 6-15: Diffuser surface flow features with flow visualisation paint for the Type A flow 

regime (force-enhancement) at  ℎ 𝑑⁄ = 0.382  (Flow direction from top to bottom) 
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Figure 6-16: Diffuser surface flow features with flow visualisation paint for the Type B flow 

regime (maximum-force) at  ℎ 𝑑⁄ = 0.191 (Flow direction from top to bottom) 
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Figure 6-17: Diffuser surface flow features with flow visualisation paint for the Type C flow 

regime (force-reduction) at ℎ 𝑑⁄ = 0.153 (Flow direction from top to bottom) 
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Figure 6-18: Diffuser surface flow features with flow visualisation paint for the Type D flow 

regime (low-force) at ℎ 𝑑⁄ = 0.064 (Flow direction from top to bottom) 
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6.3 Flow Characteristics: CFD vs. Experiments 

As in the case of the plane diffuser in the previous chapters, a parallel 

CFD investigation was implemented to ascertain the efficacy of the 

computational grid and turbulence modelling employed in predicting the flow 

physics of the diffuser with passive flow control methods. The computational 

simulations were done for the five ride heights (ℎ/𝑑 = 0.764, 0.382, 0.191, 0.153, 

and 0.064) representing the distinct flow regimes A to D. As in the baseline 

diffuser case, the IDDES methodology was used at ℎ/𝑑 = 0.764, 0.382,  and 

0.153 while URANS was employed at  ℎ/𝑑 = 0.191 and  0.064. Comparative 

analysis between experimental and computational are presented subsequently 

in terms of force measurements, surface pressure measurements and surface 

flow visualization.  

6.3.1 Force measurements (downforce and drag) 

 

Time-averaged computations generally overpredicted downforce and drag 

coefficients across the five ride heights investigated for the diffuser with the 

bump, diffuser with the wing and the diffuser with both the bump and wing. 

For the diffuser with the bump (Figure 6―19), at ℎ/𝑑 = 0.764, 𝐶𝐿 and 𝐶𝐷 was 

predicted to be −0.964 and 0.324 respectively which implies a respective 4.89% 

and 10.95% overprediction from experimental measurements. At  ℎ/𝑑 = 0.382 

for the bump diffuser, 𝐶𝐿 and 𝐶𝐷 were respectively predicted to be −1.531 and 

0.413 and this means a 4.25%  and 2.22% respective underpredictions from the 

equivalent experimental measurements. At the maximum downforce flow 

regime ride height of  ℎ/𝑑 = 0.191, predicted 𝐶𝐿 and 𝐶𝐷 increased to −2.187 

and 0.578 and in comparison to respective experimental measurements, 𝐶𝐿 and 

𝐶𝐷 were overpredicted by 11.92% and 22.45%. For ℎ/𝑑 = 0.153, the respective 

predicted values for 𝐶𝐿 and 𝐶𝐷 are: −1.598 and 0.448 and for ℎ/𝑑 = 0.064, 𝐶𝐿 

and 𝐶𝐷 are predicted as: −1.156 and 0.396. In comparison to experimental 

measurements, at ℎ/𝑑 = 0.153 there are overpredictions of 𝐶𝐿 and 𝐶𝐷 by 21.4% 

and 16.36% respectively and at ℎ/𝑑 = 0.064, the respective overpredictions are: 

8.64% and 31.12%.  
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Figure 6-19: Measured (wind tunnel) and CFD-predicted force coefficients across ride 
heights and flow regimes for the diffuser with the bump: (a) downforce (b) drag 

 

In the case of the diffuser with the wing (Figure 6―20), at ℎ/𝑑 = 0.764 

there is an over prediction of 6.01% and 9.58% as a result of CFD respectively 

predicting 𝐶𝐿 and 𝐶𝐷 as: −1.040 and 0.343. When the right height is reduced 

to ℎ/𝑑 = 0.382, predicted values of 𝐶𝐿 and 𝐶𝐷 has increased to −1.553 and 0.419 

respectively and this in turn implies a respective underprediction of 6.38% 

and 2.10%. At ℎ/𝑑 = 0.191, time-averaged CFD predictions of 𝐶𝐿 and 𝐶𝐷 for the 

diffuser with the wing are: −2.217 and 0.568 respectively and for the diffuser 

with both the bump and wing, predicted values of 𝐶𝐿 and 𝐶𝐷 are: −2.236 

and  0.568. This indicates a 12.36% and 20.33% 𝐶𝐿 and 𝐶𝐷 overprediction for the 

diffuser with the wing and a 12.75% and 19.32% respective overprediction for 

the diffuser with both the bump and the wing. For the type C (ℎ/𝑑 = 0.153) 

flow regime, 𝐶𝐿 and 𝐶𝐷 predicted for the diffuser with wing are: −1.629 and 

0.442 respectively and at the type D regime (ℎ/𝑑 = 0.064), the respective 𝐶𝐿 

and 𝐶𝐷 predicted are: −1.180 and 0.394. As a result there is an overprediction 

of 21.93% and 13.33% for 𝐶𝐿 and 𝐶𝐷 respectively at ℎ/𝑑 = 0.153 and 9.46% and 

30.89% at ℎ/𝑑 = 0.064. 
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Figure 6-20: Measured (wind tunnel) and CFD-predicted force coefficients across ride 
heights and flow regimes for the diffuser with the wing, and with both bump and wing:    
(a) downforce (b) drag 

 

The percentage deviation is observed to be larger for drag coefficients 

which imply that the turbulence modelling using the transitional turbulence 

models and the IDDES turbulence modelling approach did not adequately 

predict the flow physics in the diffuser near-wake. Within the force-

enhancement ride heights of ℎ/𝑑 = 0.764 and 0.382, the time-averaged 

predictions of 𝐶𝐿 and 𝐶𝐷 were within ~10%, however, further ride height 

reductions into the maximum-force, force-reduction and low-force flow regimes 

where the turbulence of the separated near-wake flow physics enhances, the 

percentage deviations increased. 

6.3.2 Surface pressure measurements 

 

The comparative centreline and spanwise pressure distributions (Figures 

6―21 and 6―22) for the diffuser with the bump indicate that the time-averaged 

CFD investigations predicted the suction peaks at the start of the flat 

underbody, diffuser inlet and the second-stage suction peak close to the 

diffuser exit. In the type A flow regime (Figures 6―21a and 6 − 21b), the 𝐶𝑝 

predicted at the suction peak of the second-stage pressure recovery region 

(𝑥/𝑑 = 6.29) are: −0.419 at ℎ/𝑑 = 0.764 and −0.381 at ℎ/𝑑 = 0.382 while the 
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respective experimental measurements are: −0.430 and−0.462. At the 

maximum downforce ride height (ℎ/𝑑 = 0.191, Figure 6―21c), the predicted 𝐶𝑝 

at 𝑥/𝑑 = 6.29 is the same as the measured value (𝐶𝑝 = −0.473). However in the 

force-reduction (ℎ/𝑑 = 0.153,  Figure  6―21d) and low-force (ℎ/𝑑 = 0.064, 

Figure 6―21e) regimes, there are respective overpredictions of 5.94% and 

27.31% from the experimental measurements of −0.404 and −0.216. Spanwise 

pressure distributions for the diffuser with the bump (Figure 6―22)  show that 

CFD predicted the pressure drop from the plane diffuser levels and the 

reasonable symmetric pressure distributions along 𝑥/𝑑 = 6.29 for the type A 

and B regimes at ℎ/𝑑 = 0.764, 0.382 and 0.191 (Figures 6―22a, 6―22b, 6―22c). 

Also in the type C (ℎ/𝑑 = 0.153, Figure 6―22d) and type D (ℎ/𝑑 = 0.064, 

Figure 6―22e) regimes, the respective spanwise distributions along 𝑥/𝑑 = 6.29 

for ℎ/𝑑 = 0.153 and 0.064 indicates that the predictions capture the 

asymmetric pressure distributions and the pressure drop from the levels of the 

plane diffuser. The highest suction (lowest 𝐶𝑝) predicted along 𝑥/𝑑 = 6.29 

for ℎ/𝑑 = 0.764,  0.382,  0.191, 0.153 and 0.064 are respectively: −0.444, 0.461, 

−0.483, −0.539 and −0.231 while the respective measurements are: −0.465, 

−0.414, −0.505, −0.539 and −0.297.  

Predictions of 𝐶𝑝 along the underbody centreline for the diffuser with the 

wing and diffuser with both the bump and wing also indicate that the second-

stage pressure drop at 𝑥/𝑑 = 6.29 were generally captured on the diffuser 

surface and on the suction surface of the wing. However as in the case with the 

diffuser bump there are percentage deviations (both under- and 

overpredictions) from the experimental measurements. For the diffuser with 

the wing, the centreline 𝐶𝑝 predicted on the diffuser surface at 𝑥/𝑑 = 6.29  

for  ℎ/𝑑 = 0.764, 0.382, 0.191, 0.153 and 0.064 (Figures 6―23 a, b, c, e and f) are 

respectively: −0.083, −0.147, −0.241, −0.362 and −0.269 while the respective 

experimental measurements are: −0.109, −0.182, −0.242, −0.347 and −0.220. 

In the case of the diffuser with both the bump and wing for  ℎ/𝑑 = 0.764 
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(Figure 6―23d), there is 39.90% overprediction on the surface of the bump on 

𝑥/𝑑 = 6.29  from the experimental 𝐶𝑝 measurement value of −0.882.  

The additional downforce generated by the inverted wing is highlighted by 

the second-stage pressure drop and recovery also induced on its suction 

surface. Experimental pressure measurements were not taken on the suction 

surface of the wing but CFD predictions reasonably reproduces the pressure 

drop and recovery along the centreline of the wing’s suction surface. Static 

pressures prediction indicates that peak suction on the wing exist along its 

centreline where the flow across the wing suction surface is undisturbed and 

attached to the surface. For the diffuser with the wing, the highest suction 

(lowest 𝐶𝑝) at 𝑥/𝑑 = 6.29 on the wing centreline, respectively for  ℎ/𝑑 = 0.764, 

0.382, 0.191, 0.153 and 0.064 (Figure 6―24a, b, c, e and f) are: −0.460, −1.242, 

−0.966, −0.795 and −0.296. At ℎ/𝑑 = 0.191 (Figure  6―24d) for the diffuser 

with both the bump and wing, the lowest 𝐶𝑝 value predicted is −1.045. In the 

case of the diffuser with the wing, the lowest 𝐶𝑝 values predicted on the wing 

suction surface show that within the type A flow, peak suction increases with 

reducing ride height, however, when the ride height is lowered beyond the type 

A regime, peak suction on the wing gradually reduces. This because with 

reducing ride height the diffuser flow underneath the wing suction surface 

encounters an increasing adverse pressure gradient.  

Across the span of the diffuser at  𝑥/𝑑 = 6.29, the predicted pressure 

measurements also generally correlate the reasonable symmetry for  ℎ/𝑑 =

0.764, 0.382, 0.191 and the asymmetry for ℎ/𝑑 = 0.153, and 0.064. In 

comparison between the highest suction (lowest 𝐶𝑝) measured across the span 

of the plane diffuser surface at 𝑥/𝑑 = 6.29 and the equivalent predicted 𝐶𝑝 on 

the wing suction surface, the suction on the wing is higher. On the wing 

suction surface for the diffuser with the wing, the highest predicted suction 

(lowest 𝐶𝑝) values for ℎ/𝑑 = 0.764, 0.382, 0.191, 0.153 and 0.064 are 

respectively: −0.799, −0.752, −0.628, −0.633 and −0.303. Comparatively, the 
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respective suction predictions are:  408.91%,   285.64%, 155.28%, 76.32%, and 

33.48% higher than the equivalent 𝐶𝑝 or suction measurements on the plane 

diffuser surface. For the diffuser with the bump and wing, the lowest 𝐶𝑝 

predicted on the suction surface of the wing at ℎ/𝑑 = 0.191 is −0.671 and this 

172.76% lower than equivalent measurement at the same location on the 

surface of the plane diffuser. These significant comparative surface pressure 

suction increments thus further underlines the enhanced downforce induced 

by the inverted wing as a passive flow-control device.  
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Figure 6-21: Measured (wind tunnel) and CFD-predicted underbody surface pressure 

distributions on centreline (𝑧 𝑑⁄ = 0) for plane diffuser and diffuser with bump at:            
(a) ℎ 𝑑⁄ = 0.764 (b) ℎ 𝑑⁄ = 0.382 (c) ℎ 𝑑⁄ = 0.191 (d) ℎ 𝑑⁄ = 0.153 (e) ℎ 𝑑⁄ = 0.064 
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Figure 6-22: Measured (wind tunnel) and CFD-predicted diffuser spanwise surface 

pressure distributions on 𝑥 𝑑⁄ = 6.29  for plane diffuser and diffuser with bump at: 
(a)  ℎ 𝑑⁄ = 0.764 (b) ℎ 𝑑⁄ = 0.382 (c) ℎ 𝑑⁄ = 0.191 (d) ℎ 𝑑⁄ = 0.153 (e) ℎ 𝑑⁄ = 0.064 
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Figure 6-23: Measured (wind tunnel) and CFD-predicted underbody surface pressure 

distributions on centreline (𝑧 𝑑⁄ = 0) for plane diffuser and diffuser with the wing at:         
(a) ℎ 𝑑⁄ = 0.764 (b) ℎ 𝑑⁄ = 0.382 (c) ℎ 𝑑⁄ = 0.191 (d)  ℎ 𝑑⁄ = 0.191 (with both the wing and 
bump) (e) ℎ 𝑑⁄ = 0.153 (f) ℎ 𝑑⁄ = 0.064 
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Figure 6-24: Measured and CFD-predicted diffuser spanwise surface pressure 

distributions on 𝑥 𝑑⁄ = 6.29  for plane diffuser and diffuser with the wing (and both the wing 
and bump) at: (a) ℎ 𝑑⁄ = 0.764 (b) ℎ 𝑑⁄ = 0.382 (c) ℎ 𝑑⁄ = 0.191 (d)  ℎ 𝑑⁄ = 0.191 (with both 

the wing and bump) (e) ℎ 𝑑⁄ = 0.153 (f) ℎ 𝑑⁄ = 0.064 
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6.3.3 Surface flow features 

 

The predicted pathlines on the diffuser ramp surface for the five ride 

heights that represents the four distinct flow regimes not only agree with the 

on-surface flow visualizations captured in the wind tunnel investigations but 

also provide further clarity to the diffuser flow for the various diffuser types. 

In Figures 6―25 and 6―26, the vortex pair pathlines are visible for both 

ℎ 𝑑⁄ = 0.764  and  0.382 and increase in size from the lower to the higher ride 

height thus indicating an increase in vortex strength. At  ℎ 𝑑⁄ = 0.191 

(Figure  6―27), the predicted curved pathlines of the vortex pair further 

increase but the central separation bubble region as captured in the 

experimental flow visualization (Figure  6―16) is not apparent at this ride 

height. This is because the numerical solution appears not to adequately model 

the severe adverse pressure gradient and the resultant flow separation at that 

location. However at  ℎ 𝑑⁄ = 0.153  and  0.064 (Figures  6―28 and 6―29), the flow 

asymmetry as indicated by the solitary weak vortex curved pathlines together 

with the flow recirculation and reversal pathlines are adequately captured by 

the turbulence modeling of the numerical solution. 

 The bump and wing as flow modification devices also induced visible 

surface flow features of the diffuser flow as indicated by the predicted flow 

pathlines. These include the small recirculation regions on both sides of the 

suction surfaces of the passive devices. The regions appear to increase in size 

with reducing ride height from  ℎ 𝑑⁄ = 0.764  to  0.191 as indicated by the 

predicted pathlines shown in Figures 6―25 to 6―27 and the experimental 

pathlines in Figures 6―14 to  6―16. When the longitudinal vortices of the 

diffuser travel towards the diffuser exit their rotating structures generate the 

recirculation regions on the surfaces of the bump and wing. In addition, with 

reducing ride height from the type A to the type B diffuser flow regimes, the 

vortices increase in size thus enhancing the recirculation region on both sides 

of the suction surfaces of the passive flow-control devices. Another visible flow 

feature as adequately captured by the numerical simulations at  ℎ 𝑑⁄ = 0.153 
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(Figure 6―28) is the undisturbed pathlines on a portion of the surface area of 

the bump and wing suction surfaces. This flow feature as predicted conforms to 

the experimental surface flow visualization in Figure 6―17 and the non-

disturbed pathlines on that surface area of the passive devices which lies on 

the side of the diffuser where the solitary vortex still exist implies that that 

flow is attached. As further referenced by the enhance suction (Figures 6―22d 

and 6―24e) on the area of attached flow (Figure 6―17), the suction surfaces of 

the passive devices generate additional downforce relatively to the plane 

diffuser by inducing flow attachment which in turn leads to the increased 

suction. At  ℎ 𝑑⁄ = 0.064 (Figure 6―29), the computations provide a reasonable 

capture (as with the experimental case in Figure 6―18) of the largely disturbed 

pathlines on the suction surfaces of the passive devices which are induced by 

significant diagonal flow recirculation across the diffuser ramp surface. 
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Figure 6-25: Predicted surface flow features (using CFD) for plane diffuser and diffuser 

with flow control methods for flow regime A at ℎ 𝑑⁄ = 0.764  (Flow direction from top to 
bottom) 
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Figure 6-26: Predicted surface flow features (using CFD) for plane diffuser and diffuser 

with flow control methods for flow regime A at ℎ 𝑑⁄ = 0.382 (Flow direction from top to 
bottom) 
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Figure 6-27: Predicted surface flow features (using CFD) for plane diffuser and diffuser 

with flow control methods for flow regime B at ℎ 𝑑⁄ = 0.191 (Flow direction from top to 
bottom) 
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Figure 6-28: Predicted surface flow features (using CFD) for plane diffuser and diffuser 

with flow control methods for flow regime C at ℎ 𝑑⁄ = 0.153 (Flow direction from top to 
bottom) 
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Figure 6-29: Predicted surface flow features (using CFD) for plane diffuser and diffuser 

with flow control methods for flow regime D at ℎ 𝑑⁄ = 0.064 (Flow direction from top to 
bottom) 
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6.3.4 Skin friction drag 

 

As earlier stated in this chapter the additional downforce generated by the 

passive devices comes with an increase in drag. The additional drag induced is 

as a result of the geometrical profile or form of the devices. Thus the increment 

in drag can be described as profile drag which in turn comprises of pressure 

drag and skin friction drag. Skin friction is the dominant type of drag 

generated by streamlined bodies and is induced as a result of the frictional 

shearing forces (wall shear stress 𝜏𝑤 as defined in Equation 6.1) between the 

surface and the flow traveling over the surface (distance to the wall 𝑦). In the 

diffuser flow where there is the presence of longitudinal vortices traveling 

along the length of the diffuser, the increase or decrease of skin friction drag 

along the diffuser ramp surface is partly dictated by the strength of these 

vortices.   

Where,  

                                                                  𝜏𝑤  =  𝜇 (
𝜕𝑢

𝜕𝑦
)
𝑦=0

                                                         (6.1) 

 

                                                                      𝐶𝑓  =  
𝜏𝑤
𝑞∞
                                                                   (6.2) 

The skin friction coefficient (𝐶𝑓  as defined in Equation 6.2) distributions for 

the plane diffuser along the lengthwise centreline (𝑧 𝑑⁄ = 0) of the diffuser and 

on both sides (𝑧 𝑑⁄ = 0.490 and − 0.490) of the centreline, where the 

longitudinal vortices are located, are presented in Figure 6―30. The initial 

observation is that the reasonable symmetry associated with the maximum-

downforce flow regime (type B) ride height of ℎ 𝑑⁄ = 0.191 at 𝑧 𝑑⁄ = 0.490 and −

0.490 is still existent with the respective 𝐶𝑓 distributions.  However at the ride 

height representing the force-reduction (type C) diffuser flow regime (ℎ 𝑑⁄ =

0.153), the 𝐶𝑓 distribution at 𝑧 𝑑⁄ = −0.490 where the solitary vortex is present 

is different to that at 𝑧 𝑑⁄ = 0.490 where vortex breakdown occurred. 



245 
 

 
 

Figure 6-30: CFD predictions of skin friction coefficient (𝑪𝒇) for the plane diffuser 

(baseline) at maximum downforce ride height (ℎ 𝑑 = 0.191⁄ ) and force reduction ride 
height (ℎ 𝑑 = 0.153⁄ ) on: (a) 𝑧 𝑑 = 0.490⁄ , (b)  𝑧 𝑑 = 0⁄ , and (c) 𝑧 𝑑 = −0.490⁄  

 
 

At  ℎ 𝑑⁄ = 0.191 (Figure 6―30), there is a substantial drop in 𝐶𝑓 around the 

start of the diffuser (𝑥 𝑑⁄ = 3.14 to 3.5) as a result of the peak velocity at the 

diffuser inlet gradually decelerating thus inducing localized boundary layer 

growth. Downstream of the diffuser inlet (𝑥 𝑑⁄ = 3.5 to 5.6) along  𝑧 𝑑⁄ =

0.490  and −0.490 (Figures 6―30a and 6―30c),  𝐶𝑓 increases and decreases due 

to the vortex strength being strong at the early part of the diffuser and 

gradually weakening as it travels downstream towards the diffuser exit. At the 

exit (𝑥 𝑑⁄ = 6.54 to 6.57), the sudden short rise in 𝐶𝑓 is as a result of the 

turbulent wake at the near-wake region of diffuser bluff body.  
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Figure 6-31: CFD-predicted boundary layer profiles normal to the diffuser ramp surface 

for maximum downforce ride height  (ℎ 𝑑 = 0.191⁄ ) (with 𝑦′/𝑑 = 0 at the diffuser surface 
and positive downwards; 𝑈′/𝑈∞ is relative to the diffuser surface) taken at: (a) 𝑥/𝑑 =  3.49 
(b) 𝑥/𝑑 =  4.10 (c) 𝑥/𝑑 =  4.71 (d) 𝑥/𝑑 =  5.63 (e) 𝑥/𝑑 =  6.29 
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In the case of the centreline  𝐶𝑓 distribution at  ℎ 𝑑⁄ = 0.191 (Figure 6―30b), 

there is a gradual rise in 𝐶𝑓 between the significant drop in 𝐶𝑓 around the 

diffuser inlet region and a small sharp rise in 𝐶𝑓 at the diffuser exit. This is 

because there is no presence of the longitudinal vortices along the diffuser 

centreline and at the diffuser exit there is a turbulent near-wake. However 

along the centreline, the separation bubble at the early part of the diffuser 

captured by wind tunnel flow visualisation (Figure  6―16) is not adequately 

captured by the CFD (URANS) predicted flow pathlines (Figure  6―27). 

Nonetheless, CFD-predicted boundary layer profiles (Figure 6―31) normal to 

the baseline plane diffuser ramp indicate that at the early part of the diffuser, 

the higher velocities are away from the ramp surface (turbulent boundary 

layer is less full)  but towards the diffuser exit the higher velocities are closer 

to the ramp surface (turbulent boundary layer is fuller). This explains the 

gradual increase towards the diffuser exit of 𝐶𝑓 on the diffuser ramp centreline 

because the growth of a turbulent boundary layer induces an increase in skin 

friction.  

In the case of ℎ 𝑑⁄ = 0.153 (Figure 6―30a), the 𝐶𝑓 distribution on the side of 

the diffuser (𝑧 𝑑⁄ = 0.490) where vortex breakdown occurs, rises and reduces 

sharply at the diffuser inlet region (𝑥 𝑑⁄ = 3.14 to 3.48). This is due to an 

intermittent turbulent flow accompanied by an increase in flow velocity at the 

diffuser inlet. Between  𝑥 𝑑⁄ = 3.48 to 4.20, there is smaller level of intermittent 

turbulent flow and an increase in flow velocity hence the increase and decrease 

of skin friction. Further downstream of this region, the flow is dominated by 

flow recirculation which gives rise to the gradual increase in wall shear stress 

towards the diffuser exit. However, the 𝐶𝑓 distribution for 𝑧 𝑑⁄ = 0 and − 0.490  

(Figures 6―30b and 6―30c) appear to be similar in shape. This is because away 

from the region of vortex breakdown, the regions (𝑥 𝑑⁄ = 3.14 to 4.0 and 4.0 

to 5.0) of intermittent flow turbulence and increase in flow velocity are longer 

and towards the diffuser exit there is no significant change in skin friction. 
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Figure 6-32: CFD predictions of skin friction coefficient (𝑪𝒇) at maximum downforce ride 

height (ℎ 𝑑 = 0.191⁄ ) for the plane diffuser (baseline) and diffuser with the passive flow 
control methods on: (a) 𝑧 𝑑 = 0.490⁄ , (b) 𝑧 𝑑 = 0⁄ , and (c) 𝑧 𝑑 = −0.490⁄  

 

The addition of the passive devices induces a change in the distribution of 

𝐶𝑓 on the diffuser ramp surface from 𝑥 𝑑⁄ = 5.3 to 6.54 at the maximum-

downforce regime ride height of  ℎ 𝑑⁄ = 0.191 (Figure 6―32). Between 𝑥 𝑑⁄ =

5.3 to 6.0, there is a drop in the local skin friction 𝐶𝑓𝑥 as a result of the localized 

flow deceleration induced by leading surface of the bump and wing. Within the 

region 𝑥 𝑑⁄ = 6.0 to 6.54 which encompasses the length of the bump and wing, 

there is a rise and drop in skin friction. The rise in 𝐶𝑓 is as a result of the 
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viscous forces acting on the flow as it negotiates and accelerates over the early 

part of the protruding bump and wing surface. However, downstream of the 

early part of the passive flow control surfaces, there is a drop in 𝐶𝑓 as the flow 

decelerates towards the diffuser exit. Also, as in the baseline case the sudden 

spike in 𝐶𝑓 at the exit (𝑥 𝑑⁄ = 6.54 to 6.57) is due to the turbulent flow at the 

near-wake of the diffuser body. 

As presented in Table 6―4, the streamwise-length-averaged skin friction 

coefficient 𝐶�̿� as calculated using Equation 6.3 for 𝑧 𝑑⁄ = 0.490, 0,  and  −0.490 

at ℎ 𝑑⁄ = 0.153 is 0.0014, 0.0025, and 0.0030 for the plane diffuser.  

Where, 

                                                         𝐶�̿� =
1

𝑙𝑑
∫ 𝐶𝑓

𝑥 𝑑=⁄ 6.57

𝑥 𝑑⁄ =3.14

 𝑑𝑥                                                     (6.3) 

Where, 𝑙𝑑 is the diffuser ramp length = 0.563 𝑚  
 
 

This not only indicates that the diffuser flow is asymmetric between both 

lengthwise sides of the diffuser, but also away (in the spanwise direction) from 

the side where vortex breakdown occurs, skin friction drag increases towards 

the location of the surviving vortex. At  ℎ 𝑑⁄ = 0.191, the plane diffuser flow is 

reasonably symmetric because the value of 𝐶�̿� for both  𝑧 𝑑⁄ = 0.490 and − 0.490 

is 0.0046 and at the diffuser spanwise centreline (𝑧 𝑑⁄ = 0), 𝐶�̿� is lesser 

(𝐶�̿� = 0.0023) because of the non-existence of a longitudinal vortex. 

Comparatively at ℎ 𝑑⁄ = 0.191 for 𝑧 𝑑⁄ = 0.490, 0, and −0.490, the diffuser with 

the bump and the diffuser with both the bump and wing generated a higher 

skin friction than the diffuser with the wing as presented in Table 6―4. This is 

due to the higher increase in local skin friction 𝐶𝑓𝑥 partly between 𝑥 𝑑⁄ =

6.0 to 6.56.  
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Table 6-4: Streamwise-length-averaged skin friction coefficient along  𝑧 𝑑 = 0.490⁄ , 0 ,
and − 0.490 for the plane diffuser and the diffusers with passive flow control at  

ℎ 𝑑 = 0.191⁄  and 0.153  

𝒉 𝒅⁄  �̿�𝒇  at 

(𝒛 𝒅 = 𝟎. 𝟒𝟗𝟎⁄ ) 

�̿�𝒇 at 

(𝒛 𝒅 = 𝟎⁄ ) 

�̿�𝒇 at 

(𝒛 𝒅 = −𝟎. 𝟒𝟗𝟎⁄ ) 
0.153 (Plane Diffuser) 0.0014 0.0025 0.0030 

0.191 (Plane Diffuser) 0.0046 0.0023 0.0046 

0.191 (Diffuser with bump) 0.0050 0.0026 0.0050 

0.191 (Diffuser with wing) 0.0046 0.0023 0.0046 

0.191 (Diffuser with bump & wing) 0.0049 0.0026 0.0049 

 
 

6.4 Velocity Profile Measurements 

As a means to further understand the aerodynamic behaviour induced in 

the near-wake of the bluff body when the passive methods were employed, the 

near wake flow physics are examined. The experimental investigations 

involved analysing flow velocity and turbulence intensity measurements from 

LDV. In addition, the upper and lower near-wake vortical structures were 

assessed and the near-wake circulation was quantified for the various diffuser 

types. 

6.4.1 Flow structures of diffuser near-wake region 

 

The centreline (𝑧 𝑑⁄ = 0) wake flow structures for the baseline plane 

diffuser and the diffusers with the various passive methods are compared in 

Figure 6―33, revealing that at the maximum-force flow regime ride height of 

ℎ/𝑑 = 0.191, the wake flow structure of the baseline diffuser is similar to that 

of diffusers with passive flow controls. The upper and lower counter-rotating 

vortices remain present, with the lower vortex dominant. However, the lower 

vortex at the centreline plane for all four diffusers (Figure 6―33) is smaller 

than the lower vortex at the planes on 𝑧 𝑑⁄ = 0.490 and 𝑧 𝑑⁄ = −0.490  for the 

same ride height (Figure 5―35). This implies that the exit flow of the 

longitudinal streamwise vortices along both lengthwise sides of the diffuser is 

responsible for the increase in size of the lower vortex in the near-wake region. 
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Figure 6-33: Centreline plane near-wake 𝑼 flow structures measured with LDV at  ℎ/𝑑 =
0.191 for (a) plane diffuser (b) diffuser with bump (c) diffuser with wing (d) diffuser with 
both bump and wing 
 

6.4.2 Velocity profiles of diffuser near-wake region 

 

As stated in Section 1.2, the diffuser produces downforce through a 

velocity-pressure relationship governed by Bernoulli’s principle, such that fast-

moving flow through the diffuser generates low static pressure within the 

diffuser. Accordingly, increasing the mass-flow in the diffuser at a given time 

will generate more downforce. Hence, flow control applications whether 

passive or active are beneficial only if they enhance the diffuser flow velocity 

and supress flow separation.  
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The near-wake streamwise velocity (𝑢) and the change in velocity 

magnitude (𝛥𝑈) are presented to indicate the increase in downforce. The 

diffuser system as employed does not have endplates sealed to the ground 

plane and also has a mass-flow inlet and exit. Therefore, the diffuser does not 

exist with closed boundaries because the diffuser takes in outside high-energy 

flow through its inlet and along its spanwise sides before reintroducing the 

flow to freestream through its exit. The geometric alterations caused a static 

pressure drop by increasing flow velocity, reducing separation and boundary 

layer thickness close to the diffuser exit. As a result, the passive methods 

increased the outflow from the diffuser. This reflects the interaction between 

the diffuser with passive flow-control and the circulation around the body, 

such that a greater net counter-clockwise3 circulation around the entire body 

implies an increase in downforce.  

As shown in Figure  6―34, the boundaries (dashed lines) of the higher 

streamwise velocities in the near-wake of the modified diffuser bluff bodies 

(particularly at the contour regions indicated by ‘a’, ‘b’ and ‘c’) extend further 

downstream in comparison to the corresponding boundaries of the plane 

diffuser, indicating that circulation around the body had increased. Also, as 

indicated in Figure  6―34, the diffuser with both the bump and inverted wing 

appeared to enhance the streamwise velocity the most. The deficit velocity 

magnitude contour region (labelled ‘S’) of the difference between 𝑈 of the plane 

diffuser and 𝑈 for each of the flow control methods as shown in Figure 6―28 

also indicated that the passive flow control methods enhanced the diffuser flow 

velocity and, thus, net counter-clockwise circulation around the bluff body.  

Figures 6―35 and 6―36 also highlight the differences in flow physics at 

planes on 𝑧 𝑑⁄ = 0.490 and 𝑧 𝑑⁄ = 0 between the plane diffuser and passive flow 

control diffusers in terms of velocity magnitude and turbulence intensity. The 

negative contours in Figure 6―35 indicate the plane diffuser’s deficit in 

                                                           
3
 This refers to an upwash behind the diffuser body and is related to downforce generation (with clockwise or counter-

clockwise directions defined by the freestream flow traveling from left to right). 
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velocity magnitude compared to the diffusers with passive methods. However, 

contour size differences in areas of positive velocity magnitude differences 

show higher velocity regions above and distinctly below the base plate at plane 

on 𝑧 𝑑⁄ = 0.490 relative to centreline plane on  𝑧 𝑑⁄ = 0. This explains the larger 

size of the lower vortex compared to the upper vortex in plane 𝑧 𝑑⁄ = 0.490 

when comparing Figures 5―35 and 6―33. In addition, the contour regions of 

relative increase in turbulence intensity levels in Figure 6―36 indicate an 

increase in flow turbulence on planes at 𝑧 𝑑⁄ = 0.490  and 𝑧 𝑑⁄ = 0 in the 

modified diffusers compared to the plane diffuser. Contour regions of relative 

decrease in turbulence indicate a turbulence deficit in the plane diffuser 

compared to the diffusers with the passive flow control methods. Notably, 

increased areas of turbulence deficit appear in the lower regions of the plane 

on 𝑧 𝑑⁄ = 0.490  relative to the centreline plane on  𝑧 𝑑⁄ = 0. This further 

confirms the presence of the turbulence generated by the diffused part of the 

longitudinal vortices at the diffuser exit.  

Furthermore, the addition of the passive control devices was accompanied 

by an increase in drag. At the maximum downforce and drag ride height 

of   ℎ/𝑑 = 0.191, the coefficient of drag increased from that of the plane diffuser 

by 1.8% (with the convex bump), 1.8% (with the wing) and 2.8% (with both the 

bump and wing). For a 2―D incompressible flow (with density 𝜌) traveling 

around a body, the profile drag 𝐷 (expressed in Equation 6.4) can be quantified 

by the difference in upstream velocity 𝑈∞ and downstream flow velocity 𝑈𝑤 at 

the near-wake area plane 𝑑𝐴 (Barlow et al., 1999).   

 

                                                𝐷 = ∬𝜌 𝑈𝑤 (𝑈∞ − 𝑈𝑤)  𝑑𝐴                                                   (6.4)  

 

This means that at the wake of the diffuser bluff body, there is a loss in 

flow momentum relative to upstream flow and an increase in drag corresponds 

to an increase in loss of flow momentum. Therefore, the relative velocity 

magnitude differences (𝛥𝑈) and the corresponding turbulence differences (𝛥𝑢′) 

across the near-wake planes (Figures 6―28 and 6―29) are in general terms 
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related to the additional profile drag induced by the convex bump and the 

inverted wing.  

 

Figure 6-34: Centreline (𝑧 𝑑⁄ = 0) plane near-wake non-dimensionalised 𝒖-component 

contours measured with LDV at  ℎ/𝑑 = 0.191 for (a) plane diffuser (baseline), (b) diffuser 
with bump, (c) diffuser with wing, and (d) diffuser with both bump and wing 
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Figure 6-35: Near-wake non-dimensionalised 𝜟𝑼 contours measured with LDV at ℎ/𝑑 =
0.191 between plane diffuser and (a) diffuser with bump: plane at 𝑧 𝑑⁄ = 0.490, (b) diffuser 
with wing: plane at 𝑧 𝑑⁄ = 0.490, (c) diffuser with bump: plane at  𝑧 𝑑⁄ = 0, (d) diffuser with 

wing: plane at 𝑧 𝑑⁄ = 0, and (e) diffuser with both bump and wing: plane at 𝑧 𝑑⁄ = 0 
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Figure 6-36: Near-wake non-dimensionalised 𝜟𝒖′ contours measured with LDV at ℎ/𝑑 =
0.191 between plane diffuser and (a) diffuser with bump: plane at 𝑧 𝑑⁄ = 0.490, (b) diffuser 

with wing: plane at 𝑧 𝑑⁄ = 0.490, (c) diffuser with bump: plane at 𝑧 𝑑⁄ = 0, (d) diffuser with 
wing: plane at 𝑧 𝑑⁄ = 0, and (e) diffuser with both bump and wing: plane at 𝑧 𝑑⁄ = 0 
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6.4.3 Circulation in diffuser near-wake region 

 

The flow physics of the circulation 𝛤 on the near-wake planes can provide 

additional information on the lift generated by a bluff body. The Kutta-

Joukowski lift theorem relates the circulation around a 2―D body to the lift 

acting on the body. It also states that the circulation around a lift-generating 

body is finite and is related to the body’s boundary layer vorticity. As a result a 

positive lift force on the body, is accompanied by a net circulation increase 

(clockwise circulation) associated with a counter-clockwise boundary layer 

vorticity at the trailing edge. The lift force, 𝐿, generated, or in this case the 

body downforce, is expressed as a product of the fluid density, freestream 

velocity and the circulation  (𝐿 =  𝑈  ). The circulation can be defined 

(Equation 6.5) as a line integral of the flow velocity vector �⃑⃑�  with respect to 

distance 𝑑𝑙 around a closed curve  𝑆, or by applying Stokes’ theorem 

(Equation 6.6) where circulation is defined as the integral over an enclosed 

surface 𝐴 of the curl of the velocity field (vorticity) �⃑⃑�  for an area element 𝑑𝐴⃑⃑⃑⃑  ⃑ in 

the normal direction �̂� of the vector field across the surface.   

 

                                                                     ∮
𝑆
 �⃑⃑�  · d𝑙                                                         (6.5) 

If  �⃑⃑� =   𝑥  �⃑⃑� , then; 

  

                                                   =  ∮
𝜕𝐴
 �⃑⃑�  · d𝑙 =  ∬

𝐴
  �⃑⃑�  · d𝐴                                        (6.6) 

                                                                     

If we assume flow symmetry about the body centreline plane, examination 

of the relative changes in the wake circulation in this plane, if independent of 

other vortical flow structures such as in the 𝑦―𝑧 plane, changes in the 

circulation in the 𝑥―𝑦 plane should correspond to relative changes of lift and 

drag generated by the body. Therefore net wake circulation levels were 

calculated in the centreline plane on 𝑧 𝑑⁄ = 0  by expressing 𝜔 as the curl of the 

𝑢―𝑣  LDV velocity vector field and applying Stokes’ theorem across the surface 

of the centreline plane (Figure 6―37).   
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Hence this result would infer, based on the centreline plane, a counter-

clockwise circulation exists over the body, consistent with the generation of 

a net downforce.  The result in part also corresponds to observed streamwise 

velocity differences between the plane diffuser and the modified diffusers 

illustrated in Figure 6―34 and discussed in Section 6.4.2 of this thesis. Table 

6―5 outlines the relative changes in circulation with respect to the 

baseline diffuser and compares these changes to lift and drag data for  ℎ/𝑑 =

0.191.  

It can be seen in Table 6―5 that the circulation integration predicts a 

reduction in lift in the centreline 𝑥―𝑦 plane with respect to the baseline case of 

up to 23.5% for the diffuser with the bump. If this is compared to the change in 

overall body lift and drag coefficients, there is no correlation with either the 

magnitude or sense of the change, with respect to the diffuser baseline case. 

Therefore although the diffuser geometry modifications, including the bump 

and the wing influence changes in velocity, turbulence, and circulation in 

the 𝑥―𝑦 plane of the bluff body near-wake region, the dominant flow features 

(longitudinal and spanwise vortices) that determine the lift and drag 

characteristics on the body, reside in the 𝑦―𝑧 plane. The dominant effect of 

these 𝑦―𝑧 flow structures also is evidenced by minimal changes in overall lift 

and drag when the diffuser geometry is changed in both cases. 

 
Figure 6-37: A vector field schematic across the near-wake streamwise centreline plane 
(𝑧 𝑑⁄ = 0) 
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Table 6-5: Comparisons of relative changes in the near-wake streamwise centreline plane 
(𝑧 𝑑⁄ = 0) circulation to changes in measured body lift and drag  

Diffuser Type 
 

𝑪𝑫 𝑪𝑳 Circulation 
 

Plane Diffuser (Baseline) 
% from Baseline 

0.4637 
― 

-1.915 
― 

-1.092 
― 

Diffuser with Bump 
% from Baseline 

0.4721 
+1.8 

-1.954 
+2.0 

-0.836 
-23.5 

Diffuser with wing 
% from Baseline 

0.4722 
+1.8 

-1.973 
+3.0 

-0.926 
-15.3 

Diffuser with bump & wing 
% from Baseline 

0.4766 
+2.8 

-1.983 
+3.6 

-0.940 
-13.9 

 
 

6.5 Further Discussion 

The aerodynamic performance of the diffuser is dictated by its pressure 

recovery from the peak suction at the diffuser inlet to the near-freestream 

pressure at its exit. Therefore, enhancing the downforce generated by the 

diffuser lies in delaying its pressure recovery to freestream pressure at the 

diffuser exit by inducing a drop in local static pressure near the exit. 

Extending the area ratio of the diffuser increases the diffuser flow channel 

thus increasing downforce. However, as indicated by Jowsey & Passmore 

(2010), and Jowsey (2013), increasing the diffuser angle, which in turn 

increases downforce, is not indefinitely beneficial because the gain in 

downforce reaches a maximum after which further increases lead to downforce 

losses as a result of significant flow separation. As a result, altering the 

pressure recovery behaviour of the diffuser involves the inclusion of flow 

control devices within the diffuser to interact with the velocity-pressure 

relationship of the diffuser flow. 

In this study, novel passive flow control techniques have been investigated 

and analysed. Passive methods have been chosen over active methods due to 

their cost-efficiency. However, active systems that involve blowing or suction 

actions on the diffuser flow boundary layer or employing the diffuser ramp 

surface as a moving surface as a means of mitigating boundary layer growth, 

can also prove effective. An established passive application on the diffuser flow 
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channel is the subdivision of the channel into multiple flow channels using 

strakes. Jowsey (2013) discovered that subdivision mitigated flow separation 

and enhanced the diffuser pump-down effect and pressure recovery by 

inducing secondary longitudinal vortices along the inner strakes. However, the 

novel concept as investigated and presented in this study involves altering the 

diffuser pressure recovery by inducing a second pressure drop and recovery 

region downstream of the peak drop at the diffuser inlet and close to the 

diffuser exit. Notably the inclusion of the inner strakes (by Jowsey, 2013) 

enhanced suction closer to the diffuser inlet and thus enhanced the diffuser 

pump-down effect. In the case of the second-stage pressure drop and recovery 

implemented in this present research work, the centreline surface pressures 

for the five ride heights that represent the different flow regimes indicate that 

the suction peak measurement at the diffuser inlet for the baseline diffuser 

case is similar to those of the diffuser with the various passive methods. In 

addition, the pressure distribution upstream from the location of the passive 

devices did not significantly change from between the various diffusers. This is 

because the passive methods have no control on the diffuser flow upstream of 

their location near the diffuser exit. 

The downforce increments measured across the five ride heights (ℎ/𝑑 =

0.764, 0.318, 0.191, 0.153, and 0.064) decreased respectively with reducing ride 

height: +4.9%, +0.7%, +2.0%, +0.8%, and +0.56% with the convex bump; 

+12.0%, +3.1%, +3.0%, +2.4%, and +1.9%  with the wing; and +11.6%, +2.9%, 

+3.6%, +3.7%, and +0.9% with both the bump and wing. As indicated earlier in 

this chapter, the reducing trend is due to the increasing size of the 

longitudinal vortical structures which induce flow recirculation on the suction 

surfaces of the passive devices. Hence, in the case of the diffuser with the 

inverted wing or the diffuser with both the bump and wing, the use of a double 

element in place of the single element wing as employed in this study, can 

reduce the flow recirculation. The addition of a second element allows for the 

higher pressure from the pressure surface (top surface) of the main element to 
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escape to the suction surface (lower surface) through the slot gap between the 

main and flap elements. Therefore, the flow recirculation can be reduced 

because the flow velocity on the suction surfaces of both elements increases 

and boundary layer separation reduces. Consequently (as described by Smith, 

1975 and studied as 3―D  flow by Zhang and Zerihan, 2003 as the circulation 

effect of a double element wing), the circulation of the flap element increases 

the circulation of the main element thus enhancing the aerodynamic 

performance of the double element wing as a passive device. However, in terms 

of the additional drag induced by the passive devices across the five ride 

heights (ℎ/𝑑 = 0.764, 0.318, 0.191,  0.153 and 0.064), the additional drag 

measured are respectively: +3.5%, +1.4%, +1.8%, +1.3%, and +0.5% with the 

convex bump; +11.0%, +4.3%, +1.9%, +2.6%, and +0.3% with the wing; and 

+11.3%, +4.9%, +2.8%, +4.1%, and −0.2% with both the bump and wing. The 

additional drag is due to the profile drag of the bump and wing. Nonetheless, 

the marginal increase in drag may have been kept low due to the drop in the 

skin friction (component of the profile drag) at the latter part of the suction 

surfaces of the bump and wing as the flow gradually decelerates and pressure 

recovers towards the diffuser exit.  

6.6 Summary 

In this chapter, the use of passive flow control devices (convex bump and 

an inverted wing separately and in combination) to enhance the downforce 

generated by the ground effect diffuser has been investigated. The 

aerodynamic principle governing the operation of the passive devices involves 

the inducement of a second pressure drop and recovery downstream of the 

suction peak of the diffuser inlet. The convex bump surface and suction surface 

of the inverted wing induce the second-stage pressure drop and recovery 

through their surface curvature, which in turn induces curvature to the flow. 

In comparison with the plane diffuser (baseline), the diffuser with the 

passive devices generally produced more downforce across the four distinct 
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flow regimes established for the diffuser flow. It was observed that in the 

maximum downforce diffuser flow regime, the diffuser with both the convex 

bump and inverted wing produced the most downforce as a result of the 

combined suction generated by the suction surfaces of the bump and wing. 

However, it was also observed that with decreasing ride height the downforce 

increments reduce with the various passive devices. This was attributed in 

flow regimes A and B to the increasing flow recirculation on both sides of the 

suction surfaces of the passive devices as a result of the increasing size of the 

longitudinal vortices. In flow regimes C and D, the decrease in downforce 

increments was as a result of the flow recirculation and reversed flow induced 

by the breakdown of one of the longitudinal vortex pair. 

In the near-wake of the diffuser bluff body at the maximum-force flow 

regime, higher flow velocities appear further downstream with the use of the 

passive devices relative to the plane diffuser. Therefore there is a net deficit in 

near-wake flow velocity and turbulence between the plane diffuser and the 

diffuser with passive devices and as a result the passive devices increase net-

circulation around the bluff body. However, flow structures in the diffuser bluff 

body near-wake appear similar for all diffusers and the lower near-wake 

vortex is larger at either side of the diffusers as a result of the strong upwash 

of the diffuser longitudinal vortex pair. Finally, the drag increments with the 

use of the passive devices across the diffuser flow regimes were discovered to 

be as a result of the profile drag induced by the passive device. The skin 

friction component of the drag was found to increase at the early part of the 

diffuser where the longitudinal vortex is strong. At the location of the passive 

devices in the diffuser, skin friction drag increased at the early part of the 

location due to flow acceleration and decreased at the latter part due flow 

deceleration as static pressure recovery occurs.  
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Chapter 7  

 

 

Conclusions and Future Work 

Recommendations 
 

In this final chapter, the various findings that cover the objectives of this 

research study are summarised. The chapter then ends by proffering ideas and 

recommendations on future research avenues that could further provide clarity 

on the flow physics and enhance the aerodynamic performance of the ground-

effect diffuser. 

7.1 Conclusions 

Experimental and parallel numerical investigations have been conducted 

on a bluff body diffuser, firstly to confirm findings on the diffuser flow from 

previous studies, secondly to provide further understanding on the diffuser 

flow physics, and thirdly to study potential means of augmenting the diffuser 

aerodynamic performance. This research confirmed the following from 

previous studies. 

 The downforce generated by a ground-effect diffuser is dictated by the 

peak suction at the diffuser inlet and the pressure-recovery downstream 

towards the diffuser exit. 

 

 The downforce and drag curves of the diffuser comprises of four distinct 

3―D flow regimes A to D.  

 

 The type A (force-enhancement) diffuser flow regime, which occurs at 

higher ride heights, is a reasonably symmetrical flow made up of two 

strong counter-rotating longitudinal vortices, which induce lower static 
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pressures along the sides of the diffuser. The vortices increase in size 

with reducing ride height and the velocity at the vortex core is above 

freestream but gradually reduces towards the diffuser exit. 

 

 The type B (maximum-force) flow is as a result of further decrease in 

ride height, which induces a change in the gradient of the force curves 

and ends at a maximum downforce and drag. The diffuser flow remains 

reasonably symmetrical with enhanced low-pressure vortex cores 

inducing lower static pressures relative to the type A regime. The 

diffuser flow is under a severe adverse pressure gradient, which induces 

a separation bubble near the diffuser inlet and along the lengthwise 

centre of the diffuser ramp surface. However, the vorticity and core 

velocity of the vortices are strong at the early part of the diffuser but 

gradually become weak and unsteady as the cores of the vortices grow in 

size and become diffused at the later part of the diffuser thus inducing 

flow turbulence towards the diffuser exit. The behaviour is as a result of 

vortex breakdown occurring at the latter part of the diffuser. 

 

 The type C (force-reduction) flow regime occurs below the ride heights of 

the type B regime and is marked by a significant gradient drop on the 

force curves. This is due to the complete breakdown of one of the 

longitudinal vortices within the diffuser thus the diffuser flow becomes 

asymmetric. The surviving vortex on one side of the diffuser is weak, 

unsteady and close to the diffuser inlet, while on the other side the flow 

is dominated by flow separation and reversal. The merging of boundary 

layers at the diffuser inlet and on the moving ground does not occur, 

however the flow entering the diffuser appeared to be boundary-layer 

dominant (blockage) thus inducing the complete vortex breakdown on 

one of the vortices. 

 

 The type D (low-force) flow regime occurs at ride heights lower than 

those of type C regime. Similarly, the flow remains asymmetric with a 
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weak surviving vortex on one side of the diffuser. However, on the other 

side dominated by flow reversal, there is flow recirculation with a core 

that stretches diagonally across the diffuser ramp. 

 

This research also revealed the following new findings. 

 

 The onset of the complete breakdown of one of the vortices in the type C 

flow regime begins in the type B regime and the choice of vortex upon 

which the breakdown phenomenon occurs does not appear to happen at 

random as indicated in previous studies. Boundary layer velocity and 

surface pressure measurements at maximum-force ride height indicated 

that the vortex along the side of the diffuser with lower boundary layer 

velocities and lower suction is the particular vortex that undergoes the 

vortex breakdown in the type C regime.  

 

 Previous studies have indicated the presence of transverse upper and 

lower vortices in the diffuser near-wake induced by the flow off the top 

of the bluff body and the upwash from the diffuser exit respectively. 

However, on the side of vortex breakdown in the type C regime, the 

diffuser near-wake is dominated by a single low-velocity vortex flow 

travelling 𝑖𝑛𝑡𝑜 the diffuser exit. In the symmetrical type B regime, the 

near-wake flow on both sides of the diffuser comprises of a low-velocity 

flow of the upper and lower vortices above the diffuser exit, a high-

velocity flow at the upper part of the diffuser exit, and a low-velocity 

flow at the lower half of the diffuser exit. Also in the type B regime, the 

diffusion of the longitudinal vortices at the diffuser exit generates high 

turbulence intensity in the bluff body near-wake.  

 

 The inducement of a second-stage pressure drop and recovery near the 

diffuser exit using the pressure gradient generated by the curved 

surfaces of a convex bump or the suction side of an inverted wing inside 

the diffuser flow channel leads to an increase in downforce across the 
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diffuser flow regimes. However, the application of the bump and/or wing 

did not delay the emergence of the type C flow regime (force-reduction) 

as ride height was reduced because it had no control over the vortex 

breakdown at the diffuser inlet associated with the type C flow regime. 

 The aerodynamic performance of the bump is dictated by its length and 

thickness. Aerodynamically efficient (lift-to-drag ratio) for length and 

thickness were respectively found to be within 25% to 30% of diffuser 

ramp length and ∼ 20% of the diffuser ramp boundary layer thickness.  

 The aerodynamic performance of the inverted wing is dictated by its 

angle of attack, chord length and the gap between the pressure surface 

of the wing and the flat diffuser ramp surface or the convex bump 

surface. Optimal aerodynamic performance (lift-to-drag ratio) was found 

at an angle of attack of the wing that is equal to the diffuser angle and 

with a chord length within ∼ 25% of the diffuser ramp length. 

Significant aerodynamic efficiency (lift-to-drag ratio) was also found 

with a gap between diffuser ramp and wing that is about ∼ 30% and 

∼ 50% of diffuser ramp boundary layer thickness for the diffuser with 

the wing and bump, and the diffuser with the wing respectively.  

 With decreasing ride height, the additional downforce generated by the 

bump and wing reduces. This was found to be due to the rotating 

vortical structures of the vortex pair (in type A and B regimes) growing 

in size and in turn inducing flow recirculation regions on both sides of 

the bump and wing. However, in the type C and D regimes this was due 

to the flow recirculation on about half of the diffuser area as a result of 

the vortex breakdown on one side of the diffuser. 

 The skin friction drag distribution on the diffuser ramp surface was 

found to be at its peak at the diffuser inlet due to the inlet peak velocity 

and at the early part of either side of the diffuser where the longitudinal 

vortices are strong; skin friction drag is also high as a result of the 
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thinning of boundary layer by the vortices. The convex bump and 

inverted wing as passive flow-control devices also induced additional 

drag (profile drag and lift-induced drag). The skin friction drag 

component distribution along the diffuser ramp surface where the 

devices are located indicated that frictional drag gradually increased at 

the early part of the location of the devices as flow accelerates but 

gradually reduced at the later part as the flow decelerates towards the 

diffuser exit. 

 Streamwise velocity measurements indicate that the passive flow 

control methods (relative to the plane diffuser as the baseline case) 

enhanced the near-wake diffuser exit flow velocity and also the net 

counter-clockwise circulation around the bluff body.  

 

 Circulation levels on the 𝑥―𝑦 centreline plane indicated that the diffuser 

with the convex bump has the most significant effect on the 𝑥―𝑦 wake 

circulation. However, the relative changes in this circulation plane with 

respect to the baseline case, were an order of magnitude greater than 

the overall changes in body lift and drag. Therefore it must be concluded 

that the 𝑦―𝑧 spanwise plane circulation dominates the bluff body lift 

and drag characteristics. 

 

 Computational investigations using the combined approach of steady 

RANS turbulence models with time-averaged transient URANS and 

advanced IDDES methodologies generally agreed with experimental 

data, however, there were degrees of deviation with respect to under- 

and overpredictions of forces and surface pressures. With reducing ride 

height, the percentage deviation in force measurements (particularly 

drag) significantly increased as a result of the inadequacies in modeling 

the complex flow physics in the diffuser body near-wake. In terms of the 

percentage deviations for surface pressures, this is largely due to the 

resolution of the computational grid in efficiently modelling the 
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displacement thickness of the boundary layer. However, the use of the 

transitional turbulence models in transient state (URANS or IDDES) 

adequately modelled the laminar separation bubble where the nose 

section merges with the flat underbody section of the body. This was 

paramount in capturing the downstream flow features on the diffuser 

ramp surface. 

 

7.2 Recommendations for Future Work 

The research study presented, although extensive still leaves room for further 

exploration in extending the knowledge of diffuser flow physics and the 

investigation of other efficient means of enhancing the aerodynamic 

performance of the diffuser. The following research ideas are recommended. 

 

 The significant reduction in downforce associated with the type C 

regime is as a result of the complete bursting of one of the longitudinal 

vortex pair within the diffuser. Hence, to significantly enhance the 

diffuser performance flow control measures can be implemented close to 

the diffuser inlet on the side of the diffuser where the vortex breakdown 

phenomenon occurs. Active flow control systems that involve blowing or 

suction actions that respectively energise or extract the slow-moving 

boundary layer should be investigated. 

 

 In the passive methods investigated in this study that involved the use 

of the single-element inverted wing, recirculation region(s) were found 

to be induced on one or both sides of the wing suction surface by the 

diffusing longitudinal vortices or the breakdown of one of the vortices. 

As a means of mitigating this flow disturbance which in turn adversely 

affects the additional downforce generated, the use of a double-element 

wing to induce slat and dumping effects and enhance circulation can be 

explored. Another concept worth investigating is the use of strakes (or 

vortex generators) on the suction surfaces of the wing and bump to 
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generate strong secondary longitudinal vortices that can further 

energise the flow and consequently suction, which can lead to further 

increases in downforce. Other methods that could also be explored is the 

trapping of a spanwise vortex close to the diffuser inlet using a cavity or 

groove across the diffuser span, or employing a convex bump along the 

span of the diffuser inlet to further increase flow velocity at the inlet. 

The trapped vortex rotating in the opposite direction to the streamwise 

diffuser flow, can enhance downforce by accelerating the flow through 

the diffuser inlet although an active suction system may be needed to 

maintain vortex stability and to keep the vortex within the cavity 

 

 It was deduced that the dominant flow features that significantly dictate 

downforce and drag levels reside in the spanwise (𝑦―𝑧) plane. Therefore 

an integration of circulation in the spanwise (𝑦―𝑧) plane should be done 

to examine if the flow features reported in this present study or in 

previous studies induce significant levels of circulation that dictate the 

aerodynamic performance of the diffuser. If such an investigation 

supports this inference then any geometric changes to the diffuser 

(passive flow control) or active flow control systems must be setup to 

influence the spanwise (𝑦―𝑧) plane features if substantial increases in 

downforce are desired. 

 

 This study generally focused on a diffuser in isolation. However on a 

racing car, flow disturbances due to the presence of external geometries 

such as near wake and squirt from the dynamic deformation of the rear 

tyres (under loading) interfere with the diffuser flow. Future studies can 

focus on understanding these flow interactions and their impact on the 

diffuser aerodynamic performance. 

 

 The use of a high-resolution unstructured hybrid grid (tetrahedral and 

prismatic cells) with transient URANS and IDDES modeling approaches 

although generally capturing the diffuser flow physics, showed 
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deviations in force and surface pressure quantities between 

computational and experimental data. Thus, a higher resolution 

structured grid with the use of advanced LES methodologies should be 

explored to further reduce the deviations and improve correlation with 

experimental data.  
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Appendices 

 

Appendix A ― Measurements Uncertainty and 

Repeatability Analysis 
 

Measurements Repeatability Analysis  
 

 

The repeatability of the wind tunnel measurements were assessed in short, 

medium and long terms. The short-term repeatability involved repeating two 

consecutive test runs in a single test session. Non-consecutive test runs were 

done for the medium and long-term repeatability which involved resetting the 

ride height and yaw of the diffuser body before repeating the test runs the 

following day and week respectively. Measurements accessed in the 

repeatability analysis include: force, on-surface pressure and off-surface 

velocity measurements in the diffuser body near-wake using LDV. The 

agreement in the data from the measurements appears to be reasonably good 

as calculated at the reference ride height of ℎ/𝑑 = 0.191 (maximum-force type 

B regime) for the baseline plane diffuser.  

 For the force measurements, the downforce 𝐶𝐿 and drag 𝐶𝐷 data were 

compared between both test runs of the short, medium and long terms. The 

repeatability errors for the short, medium and long terms are given as: short-

term:  ±0.00013   for  𝐶𝐿  and  ±0.00027   for  𝐶𝐷; mid-term: ±0.00011   for 𝐶𝐿 

and  ±0.00022 for  𝐶𝐷; long-term: ±0.00010  for 𝐶𝐿 and  ±0.00024 for 𝐶𝐷. 

Measurements at the asymmetrical flow regimes also generally appear to fall 

within the repeatability errors. In terms of the measurement repeatability for 

the on-surface pressure measurement, the repeatability was assessed using 

the peak suction measured close to the diffuser inlet at 𝑥/𝑑 = 3.19. Respective 

repeatability errors for the short term, medium, and long term repeatability of 

surface pressures are given as: ±0.0025, ±0.0034, ±0.003, and measurements 

along the diffuser body centreline and across the diffuser are reasonably 
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within the repeatability measurements. Setting up and running the LDV 

experiments is a time-consuming process. Therefore velocity measurement 

repeatability was accessed at a location on the centreline plane underneath the 

region of low velocity and above the region of high velocity 

(𝑦 𝑑⁄ = 1.6  and  𝑥 𝑑⁄ = 7.84) for the symmetrical type B flow regime at ℎ 𝑑⁄ =

0.191 and the asymmetrical type C flow regime at ℎ 𝑑⁄ = 0.153. Two test runs 

of 2000 data sets each for the 𝑢  and  𝑣 components of the data point were done 

for both ride heights and grouped into batches of 200 data sets. Mean velocity 

at the data point was measured from an ensemble average of the two thousand 

samples and for each of the two hundred samples using a moving-average 

scheme. The mean velocity for each data set is within 5.3% of the mean 

velocity of the total data set for each ride height. 

 
 

Force and Pressure Measurements Uncertainty Analysis 

Error analysis was conducted to determine the total error, comprising the 

repeatability errors, measurement errors and stochastic errors. The model ride 

height was maintained to within ±0.02 mm and yaw angle set to within ±0.05°. 

The freestream velocity and rolling belt speed was regulated by the wind 

tunnel control system to within ±0.06 𝑚/𝑠 and ±0.02 𝑚/𝑠 respectively. 

Uncertainties were evaluated based on variables that influence the force and 

surface pressure measurements as shown in Table A―1. The total 

uncertainties were calculated using the root-mean-square procedure described 

by Abernathy et al. (1985) and Moffat (1988) and were determined, using a 

95% confidence level. The total uncertainties for the coefficients of lift and 

drag at the maximum downforce ride height of  ℎ 𝑑⁄ = 0.191 are ±0.0025 and 

±0.0032 respectively. The total uncertainty of the diffuser inlet pressure 

coefficient is ±0.057. 
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Table A-1: Uncertainties evaluated based on influencing experimental variables 

 

 

 

LDV Measurements Uncertainty Analysis 

 

The seeding response error due to the inability of the seeding particles to 

follow the flow was calculated with the principle presented by Dring (1982). 

The methodology associates the acceleration of a particle in a surrounding 

fluid to its Stokes number 𝑆𝑡 and if the Stokes number is ˂ 0.01 then the 

maximum velocity error is the same as its Stokes number. The estimated 

Stokes number 𝑆𝑡 was calculated to be 2.8 𝑥 10−4 using Equation A. 1 which 

implied that the seeding response error was insignificant.  

                                                       𝑆𝑡 = 
𝜌𝑝𝑑𝑝

2

18𝜇𝑇𝑐
 = 0.00028                                                 (A. 1) 

Where,  

𝜌𝑝 is the particle fluid density =  912  𝑘𝑔 𝑚
−3 

𝑑𝑝 is the particle diameter =  0.9 𝑥 10
−6  𝑚 

𝜇 is the air dynamic viscosity = 1.75 𝑥 10−5  𝑘𝑔 𝑚−1 𝑠−1   

𝑇𝑐 is the characteristic acceleration time that represents time for the particle to cross 

 the shear layer in the near − wake region = 8.5 𝑥 10−3 𝑠    

In evaluating the mean velocity, the velocity bias was eliminated by 

applying the particle transit time 𝑡 (Buchave et al., 1979) as the sample 

weighting factor which is inversely proportional to the sample velocity. This 

was done because at a particular point in a uniformly-seeded flow, a velocity 

fluctuation above the mean value can capture more samples than a 

Variable Error 𝑪𝑳 𝑪𝑫 𝑪𝒑 Source 

Force Balance ±0.016% (𝐿𝑖𝑓𝑡) 
±0.078% (𝐷𝑟𝑎𝑔) 

±0.00013 ±0.000624 ͟ Calibration Report for the 
AEROTECH Force Balance 

Ride Height ±0.02 mm ±0.0022 ±0.00076 ±0.0148 Accuracy of Drop Height Gauge 

Dynamic Pressure ±0.2% ±0.00081 ±0.00093 ±0.0097 Sensor Datasheet 

Pressure Transducer ±0.25% ― ― ±0.0011 Sensor Accuracy (% of full scale) 

Pitch ±0.04° ±0.00048 ±0.00034 ±0.053 Calculated 

Yaw ±0.05° ±0.00043 ±0.0028 ±0.0080 Calculated 

            Total ±𝟎. 𝟎𝟎𝟐𝟓 ±𝟎. 𝟎𝟎𝟑𝟐 ±𝟎. 𝟎𝟓𝟕  
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comparable velocity fluctuation below the mean velocity. As a result, the 

calculated mean velocity will tend to be biased towards the velocities above the 

mean. Thus, velocity bias was eliminated from the mean measured signals  𝑀, 

by using Equation A. 2 below: 

                                                                  𝑀 =  
∑ 𝑠𝑥𝑡𝑥
𝑁∗
𝑥

∑ 𝑡𝑥
𝑁∗
𝑥

                                                            (A. 2) 

Where, 

𝑠 represents the velocity component 

𝑥 as a subcript, refers to the index of the current sample from the population 𝑁∗  

The sampling error was also evaluated because the interval at which the 

samples were obtained influenced the calculation of statistics such as 

population mean and variance. Furthermore, it is difficult to acquire 

statistically-independent samples with LDV because samples are obtained 

when a seeding particle crosses a set measurement threshold. As stated in 

Section 3.2.4, the maximum number of samples and sampling time was set at 

2000 and 20 𝑠 respectively at each measurement point. When one of the set 

measurement thresholds was achieved, the probe moved to the next 

measurement position and this created a variation in sampling time and 

uncertainty for each measurement point. As a result, the uncertainty was 

evaluated with Equation A. 3 by applying the methodology provided by 

Benedict and Gould (1996) where at a 95% confidence level for the mean value 

�̅�  is: 

                                                                    1.96√
𝑢∗2̅̅ ̅̅

𝑁∗
                                                                 (A. 3) 

Where it applies to a population distribution with 𝑁∗ > 50 and with 

statistically independent samples 𝑢∗ 
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However, the other threshold involves the estimation of the potential 

number of statistically independent samples, 𝑁𝑒𝑓𝑓, from the sampling time 𝑇𝑚, 

and the integral timescale 𝜏1  

                                                                  𝑁𝑒𝑓𝑓 = 
𝑇𝑚
2𝜏1

                                                               (A. 4) 

 

𝑁𝑒𝑓𝑓 is substituted into Equation A. 3 only if 𝑁∗ > 𝑁𝑒𝑓𝑓 , and thus a posteriori 

estimation of 𝜏1 is needed for the calculation of 𝑁𝑒𝑓𝑓 

The integral time scale is estimated by employing the methodology of Nobach 

(2000) and is defined by the correlation of two samples from the same 

population as deduced from the autocorrelation function. However, the 

autocorrelation function can be estimated from the inverse power spectral 

density of the data with equidistant samples. In the present case, the data is 

randomly-sampled so a Fourier analysis cannot be done because it could 

generate aliasing error. Nobach (2000) employed a method that does not 

involve re-sampling but includes the use of the weighting transit time to 

eliminate the aliasing error. Software developed by Knowles (2005) was then 

used to quantify 𝑁𝑒𝑓𝑓 and confidence levels of mean values with the estimation 

of the integral time scale 𝜏1 on each data point in the measurement volume. At 

a 95% confidence limit, it was estimated that 50% of the measurements points 

had an error smaller than 1% and the remainder had an error below 8%.  

The LDV probe can measure velocities at any point within the 

measurement volume. This implied a systematic error in the measurement 

location within the dimensions of the LDV measurement volume. The 

maximum location error where the particle velocity is measured was assumed 

to be 50% of the 𝑥―𝑦―𝑧 dimensions of the measurement volume. This equates 

to systematic errors of ±0.28, ±0.28, and ±2.5 𝑚𝑚 in the  𝑥, 𝑦,  and 𝑧 reference 

axes, respectively. 
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Appendix B ― Wind Tunnel Model Geometry 
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Appendix C ― Experimental and Numerical Test 

Conditions 
 

 

 

 

Appendix C-1: LDV controls configuration 
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Appendix C-2: LDV optics configuration 
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SETUP CRITERIA RANS URANS IDDES 
Turbulence model 𝜅―𝜔 SST  

(ℎ 𝑑⁄ =0.764 and 0.382) 
 

transition  𝑘𝑘𝑙𝜔  
(ℎ 𝑑⁄ =0.191 and 0.064) 
 

transition SST  𝑦𝑅𝑒𝛳  
(ℎ 𝑑⁄ =0.153) 
 

transition  𝑘𝑘𝑙𝜔  
(ℎ 𝑑⁄ =0.191 and 0.064) 

 

LES and 𝜅―𝜔 SST  
(ℎ 𝑑⁄ =0.764 and 0.382) 

 
LES and transition SST  𝑦𝑅𝑒𝛳  
(ℎ 𝑑⁄ =0.153) 

 

Time state Steady Transient (Time-averaged) Transient (Time-averaged) 

Solver type 3-D Pressure-based 3-D Pressure-based 3-D Pressure-based 

Material Air  at 
𝜌 = 1.225 𝑘𝑔 𝑚−3 

𝜇 = 1.7894 𝑥 105𝑘𝑔 𝑚−1 𝑠−1 

Air  at 
𝜌 = 1.225 𝑘𝑔 𝑚−3 

𝜇 = 1. 7894 𝑥 105𝑘𝑔 𝑚−1 𝑠−1 

Air  at 
𝜌 = 1.225 𝑘𝑔 𝑚−3 

𝜇 = 1. 7894 𝑥 105𝑘𝑔 𝑚−1 𝑠−1 

Near-wall treatment Standard  Standard Standard 

𝑦+ Baseline, Convex bump 
(𝑦+ ≤ 1)  
Diffuser with wing,  
Diffuser with bump & wing 
(𝑦+ ≤ 0.1) 

Baseline, Convex bump 
(𝑦+ ≤ 1)  
Diffuser with wing,  
Diffuser with bump & wing 
(𝑦+ ≤ 0.1) 

Baseline, Convex bump 
(𝑦+ ≤ 1)  
Diffuser with wing,  
Diffuser with bump & wing 
(𝑦+ ≤ 0.1) 

    

Boundary Condition    

Inlet Type Velocity inlet  
𝑈∞ = 20 𝑚 𝑠

−1 
Turbulence intensity = 0.3% 
Turbulent length scale = 
0.01m 

Velocity inlet  
𝑈∞ = 20 𝑚 𝑠

−1 
Turbulence intensity = 0.3% 
Turbulent length scale = 
0.01m 

Velocity inlet  
𝑈∞ = 20 𝑚 𝑠

−1 
Turbulence intensity = 0.3% 
Turbulent length scale = 
0.01m  

Outlet Type Pressure outlet  
Gauge Pressure = 0 Pa 
Turbulence intensity = 0.3% 
Turbulent Length scale = 
0.01m 

Pressure outlet  
Gauge Pressure = 0 Pa 
Turbulence intensity = 0.3% 
Turbulent Length scale = 
0.01m 

Pressure outlet  
Gauge Pressure = 0 Pa 
Turbulence intensity = 0.3% 
Turbulent Length scale = 
0.01m 

Ground Moving ground 
Velocity = 20 𝑚 𝑠−1 

Moving ground 
Velocity = 20 𝑚 𝑠−1 

Moving ground 
Velocity = 20 𝑚 𝑠−1 

Walls Symmetry condition Symmetry condition Symmetry condition 

    

Solution Methods    

Pressure-Velocity 
Coupling Scheme 

SIMPLE PISO with Skewness and 
Neighbour correction factors 
of 1 

PISO with Skewness and 
Neighbour correction factors 
of 1 

    

Discretization    

Cell Gradient Green-Gauss node based Green-Gauss node based Green-Gauss node based 

Pressure Standard Standard Standard 

Momentum Second order Second order Bounded central differencing 

Turbulent Kinetic Energy Second order Second order Second order 

Laminar Kinetic Energy Second order Second order Second order 

Intermittency Second order  
(Intermittency factor of 0.46) 

― Second order  
(Intermittency factor of 0.46) 

Momentum thickness Re Second order Second order Second order 

Transient Formulation ― Bounded second order 
implicit 

Bounded second order 
implicit 

 
Appendix C-4: Computational test configurations using the ANSYS version 17.2 FLUENT solver 



293 
 

Appendix D ― Experimental Downforce and Drag 

Measurements 

 

Baseline Plane 
Diffuser 

Diffuser with 
Bump 

Diffuser with 
Wing 

Diffuser with 
Bump & Wing 

𝒉 𝒅⁄  𝑪𝑳 𝑪𝑫 𝑪𝑳 𝑪𝑫 𝑪𝑳 𝑪𝑫 𝑪𝑳 𝑪𝑫 

0.764 -0.876 0.282 -0.919 0.292 -0.981 0.313 -0.978 0.314 

0.701 -0.93 0.29 -0.972 0.3 -1.034 0.322 -1.031 0.323 

0.637 -0.997 0.302 -1.037 0.31 -1.101 0.333 -1.097 0.332 

0.573 -1.083 0.313 -1.12 0.323 -1.186 0.347 -1.181 0.346 

0.510 -1.197 0.333 -1.228 0.341 -1.298 0.366 -1.289 0.365 

0.446 -1.359 0.361 -1.38 0.366 -1.442 0.391 -1.435 0.391 

0.414 -1.466 0.379 -1.479 0.383 -1.537 0.407 -1.53 0.406 

0.382 -1.596 0.401 -1.599 0.404 -1.659 0.428 -1.656 0.427 

0.366 -1.67 0.414 -1.672 0.417 -1.737 0.44 -1.739 0.442 

0.350 -1.734 0.424 -1.734 0.426 -1.816 0.45 -1.819 0.452 

0.334 -1.752 0.424 -1.762 0.431 -1.827 0.449 -1.825 0.4506 

0.318 -1.769 0.4298 -1.782 0.434 -1.824 0.447 -1.82 0.4501 

0.303 -1.779 0.4290 -1.783 0.434 -1.813 0.443 -1.812 0.447 

0.287 -1.786 0.432 -1.804 0.439 -1.831 0.445 -1.832 0.45 

0.271 -1.811 0.438 -1.828 0.445 -1.853 0.45 -1.857 0.454 

0.255 -1.827 0.443 -1.865 0.454 -1.872 0.454 -1.882 0.46 

0.242 -1.851 0.449 -1.887 0.459 -1.887 0.458 -1.9 0.464 

0.229 -1.866 0.453 -1.911 0.464 -1.911 0.463 -1.92 0.467 

0.217 -1.892 0.459 -1.938 0.47 -1.939 0.468 -1.951 0.473 

0.210 -1.903 0.461 -1.947 0.471 -1.953 0.47 -1.966 0.475 

0.204 -1.908 0.462 -1.957 0.473 -1.964 0.472 -1.977 0.476 

0.197 -1.914 0.463 -1.956 0.473 -1.97 0.471 -1.9831 0.477 

0.191 -1.915 0.463 -1.954 0.472 -1.973 0.472 -1.9833 0.476 

0.185 -1.91 0.462 -1.949 0.471 -1.967 0.471 -1.978 0.474 

0.178 -1.89 0.459 -1.494 0.424 -1.7 0.444 -1.962 0.471 

0.172 -1.396 0.399 -1.407 0.407 -1.434 0.412 -1.468 0.422 

0.166 -1.339 0.388 -1.35 0.396 -1.388 0.403 -1.4 0.409 

0.153 -1.305 0.38 -1.316 0.385 -1.336 0.39 -1.353 0.396 

0.140 -1.291 0.374 -1.289 0.377 -1.31 0.381 -1.323 0.385 

0.127 -1.276 0.37 -1.284 0.371 -1.295 0.373 -1.307 0.375 

0.115 -1.248 0.367 -1.236 0.365 -1.244 0.366 -1.255 0.365 

0.102 -1.237 0.363 -1.227 0.362 -1.235 0.361 -1.236 0.361 

0.089 -1.2 0.349 -1.187 0.347 -1.191 0.346 -1.187 0.346 

0.076 -1.174 0.329 -1.173 0.329 -1.202 0.332 -1.201 0.331 

0.064 -1.058 0.3009 -1.064 0.3023 -1.078 0.3018 -1.068 0.3003 
 

 

Appendix D-1:  𝐶𝐿 and 𝐶𝐷 wind tunnel measurements at Re = 1.8 𝑥 106 (𝑈∞ =  20𝑚/𝑠) for the various diffusers 
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